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automation tools. Compared to Mask Programmable Gate Arrays (MPGAs), FPGAs
have the advantage of field programmability requiring only few minutes 1o be
customized. FPGAs, however, are not as dense as MPGAs due to their programming area
overhead. The architectural flexibility and gate density of FPGAs far surpasses those of
the well known Electrically Programmable Logic devices (EPLDs).

Several technologies have been used for FPGAs customization. These include, SRAM,
anti-fuse, and floating gate technologies. In contrast to other technologies, the SRAM-
based FPGAs are volatile and hence the configuration data has to be loaded in the
device every time the system is powered-up. Alternatively, anti-fuses are one time
programmable lacking the necessary flexibility for design changes. A new floating gate
technology combining the SRAM and the antifuse advantages was developed. The new
technology uses a new nonvolatile SRAM cell. Compared to the standard SRAM-based
FPGASs, the new technology speed increase by using a charge pump which causes a
reduction of the intercomnect switch resistance. Compared to antifuse-based FPGAs, the
new technology is reprogrammable and fully testable. This results in high performance
FPGA-implemented circuits.. This work reports the initial development of an architecture
based on the non volatile cell. The basic logic module was designed, laid-out and verified
through simulations. The interconnect architectural parameters were studied. A model
was developed to estimate such parameters.
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CHAPTER 1

INTRODUCTION

A brief description of the Application Specific Integrated Circuits (ASICS) will be
given in the following sections. They are compared with the design methodologies
based on SSI/MSI and LSVVLSL Field Programmable Gate Arrays (FPGAs) will be
inuod;xced and their basic components defined. Finally, the work done on a new non
volatile FPGA is summarised. This chapter is concluded by the description of the

organisation of this report.
1.1 ASICs Designs

There is no universally accepted method for classifying logic ICs, however, one widely
accepted classification [Fey87] is shown in Figure 1.1. Logic functions can be
implemented using either a combination of SSI and MSI parts or specially designed
Application Specific Integrated Circuits (ASICs). In general, choosing one of these two
approaches will depend on the gate density requirement and the production volumes

needed. A determinant factor of the IC-related cost of a digital design is the number of



gates per pin. It has been found that designs using ASICs cost less than designs
containing a combination of SSI/MSI and LSI/VLSI devices, provided that the number
of gates per pin is 2-3 times that of the product containing standard devices [Fey87].
Since the number of gates per pin for ASICs is available in a wide range (typically 40-
200 gates per pin), a proper ASIC chip can generally be chosen which results in a
lower design cost. Figure 1.2 shows the cost-effective range of various ASIC design
methodologies related to their gate densities and production volumes. For a successful
ASIC design both a suitable technology and design methodology should be adopted
taking into account the performance requirements as well as the anticipated volume and

cost constraints.

FPGAs design methodology constitutes a revolutionary idea in semiconductor
integrated circuits. This methodology reduces the turn around time (TAT) from 6-8
weeks required by mask programmable gate arrays to only few minutes. In addition,
the design prototyping cost is cut from thousands of dollars to less than a hundred.
FPGAs combine the architectural flexibility and efficiency of the Mask Programmable
Gate Arrays (MPGAs) and the user friendliness of the Programmable Logic Devices
(PLDs). FPGAs are particularly effective in rapid system prototyping and in-field
testing. This allows early product introduction and a good market share. They have
been successfully used in scientific, military, communications and in several other
special digital systems [Fur90]. The whole glue logic of a micro computer can be
replaced by an FPGA. Hence only the microprocessor and memory in addition to an
FPGA are needed to build the kernel of a very compact micro-computer board. Finally,

FPGAs have been used to build reconfigurable computer peripherals such as disk and



printer controllers. FPGAs are expected to be the third paradigm shift in electronics

industry after semiconductor memories and microprocessors [East91].

1.2 Architecture of Field Programmable Gate Arrays

The architecture of an FPGA refers to its basic building blocks, the position of these
blocks relative to each other and their interconnect strategy. In addition, it also takes
into account the used programming technology.

SEMICUSTOM

Figure 1.1: IC Design Alternatives
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Figure 1.2: Density vs. Volume of Production for ASICs

To customise FPGAs to a given configuration, programmable switches (clements) are
used. The programmable elements are built using two main technologies. The first uses
an NMOS pass transistor whose gate is controlled by data stored in a static RAM cell
[Car86]. In this case, programming refers to storing proper configuration data into the
SRAM cell. The second uses anti-fuses [Ham88] to electrically connect or isolate
specific nodes. An anti-fuse is a normally open electrical element which is shorted
when stressed by a high voltage. In this case, programming refers to shorting the anti-
fuse to connect two particular nodes or leave it open according to requirements.
Programming an anti-fuse is an irreversible operation. Other programming technologies
have also been reported, e.g. EPROM and EEPROM memory cells [Won89,Gup90].

In addition to the control and programming circuitry, FPGAs mainly consist of three
basic building blocks: the programmable interconnect, the configurable logic modules
and the configurable i/o blocks. The basic logic module of an FPGA provides the
functional elements from which intended designs are constructed. Generally, it consists

of a combinational part and a sequential part. Reported combinational parts include very



fine grain blocks (e.g., 2-input NAND gates [Has90]), medium grain blocks (e.g.,
multiplexer-based logic modules [Gam89]) and fairly large grain blocks (e.g., table
Iookup function generators [Car86]). Figure 3 shows an example of a large grain table
lookup logic module. The lookup table is implemented as a general function generator
which is customised into a particular function using a set of programmable elements
(switches). The sequential part usually consists of one or more D-FFs with
programmable control. The outputs of the logic module may be directly taken from
combinational part or it may be registered through the D-FFs. They may also be
provided with tri-state facility. Large fan-in AND/OR based logic modules have also
been used, especially in the type of FPGAs derived from PLDs [Won89].

Sl DFF m

e 7T Tuable Lookp 0
Inputs] -1 Logic u
l 1 Vee !
cLock L P

u

Tri-State Enable ’t

Figure 1.3: Table lookup Memory-Based Configurable Logic Module [Rose90b]

Figurc 1.4 shows an example of a multiplexer-based logic module [Gam89]. In this
case, Sequential functions are implemented by feeding back the module output to one of

its inputs.



Figure 1.4: Multiplexer-Based Configurable Logic Module

The FPGA architectures have a programmable interconnect structure which provides
routing paths to connect inputs and outputs of I/O and logic modules into logic
networks. Interconnections between modules are composed of metal segments in one
or two metal layers. Metal segments are connected using either anti-fuses or pass
transistors controlled by SRAM, EPROM, or EEPROM memory cells. The
interconnect segments may be regular in length and locaﬁoﬁ [Car86] or they may have
variable lengths [Gam89] and is generally distributed all over the array. Some
architectures use a global interconnect bus as well as local interconnect lines running

between logic modules [Won89].

The /o blocks provide an interface between the external pins and the intemal logic.
Outputs may be direct or registered. An output may also control a tri-state buffer.
Similarly inputs may be registered or direct. Figure 1.5 shows an example of a

configurable i/o block.



Device programming refers to the process by which the user configures the FPGA
programmable elements to implement the desired logic. Configuration data are usually
shified in serially to the array. Two shift registers are used, one defines the addresses of
the elements to be programmed while the other defines their data. Figure 1.6 shows an

example of such an amrangement.

§

Figure 1.5: A configurable i/o block
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1.3. CAD Support

One of the advantages of an FPGA design approach is its short TAT compared to other
design approaches. For FPGAs to retain this advantage, adequate CAD support is
needed. For FPGA design style there are three principal phases: design entry, design

implementation, and design verification.

1.3.1 Design Entry

Design entry refers to the process of specifying the logic of the circuit to be
implemented within the FPGA. Schematic editors are the most widely used CAD tools
for describing a new design. They rely on a macro library, and sometimes, they
support a netlist interface. Boolean equations, truth tables, state machine descriptions,
and even waveforms are among the many other forms of design entry used to specify

the logic that the FPGA must implement.

Usually, most of the design entry forms come assisted with device specific CAD tools
called fitters. The main task of these fitters is to optimize the logic to fit the available
resources of the target FPGA architecture. Recently, hardware description languages
(HDLs) have been suggested and used as a higher form of design entry. The logic of
the circuit is described using some HDL. The HDL description is then synthesised to fit
the target FPGA architecture. This approach is still in its infancy, and is the subject of

intensive research.



Several FPGA and CAD tool suppliers are collaborating in an ad-hoc effort to define a
standard language for the interchange of the logic of new FPGA designs. The language
is called LPM (library of Parametrised Modules) and is for the descriptions of designs
at the macro level. These descriptions may be generated manually or synthesised
automatically. Each macro function can then be optimised to fit the target FPGA

architecture.

1.3.2 Design Implementation

In most general terms, design implementation refers to the process of mapping the logic
to be implemented into the configurable logic modules, the I/O blocks, and interconnect
structure of a target FPGA architecture. The two principal tasks of this phase are
placement and routing. Placement consists in assigning locations to the blocks while
optimising a certain objective function and/or satisfying a number of criteria (e.g.
geometric fit, routability, timing, etc.). Routing consists in assigning routing tracks to

the signal nets so that all the blocks are properly interconnected.

For hierarchical design methodologies, partitioning tools are used to introduce one or
many intermediate hierarchical levels. At a higher level, the description is in terms of
major functional blocks. At a lower level, the description gives the details within each
major block. At the lowest level, the logic of the circuit is giyen in terms of the
configurable logic modules of the target FPGA architecture. Hierarchical design
methodologies require a design library or design database, where all predefined macros

are stored and available for instantiation.
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The quality of the implementation CAD tools is measured by the quality of the produced
FPGA design. Good tools should lead to efficient implementations with respect to area
usage and most importantly with respect to performance (timing). Some work on
performance driven physical design (mainly floorplanning, placement, and routing) has
already been reported in the literature [Sutan91]. The techniques suggest coupling the
timing verification step with the following physical design step. Besides verifying the
design for logic related timing problems, the timing analyser also identifies the most
timing critical paths and nets of the design. In some reported work, the timing analyser
computes delay bounds/weights on all the nets of the design. Predictions from the
timing analysis step are used by the placement/routing program to produce an

implementation consistent with the initial user timing (speed) requirements.

Timing driven design methodologies require the accurate pre-characterisation of the
timing properties of the configurable logic modules and IO blocks of the target FPGA
architecture. Such accurate timing characterisation requires that a good delay model, of

the kind supported by the EDIF language, be adopted [ You90a}.

1.3.3 Design Verification

Design verification consists of checking the functionality as well as the iming of the
proposed design. As opposed to other design styles (such as mask programmable gate
arrays), the functional correctness of reprogrammable FPGAs is readily testable in the

circuit implementation itself. Therefore, for suach FPGAs only the timing properties of
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the design need be checked. As mentioned in the previous subsection, the necessary
timing attributes of the primitive elements of the FPGA (from which the configurable
logic modules and I/O blocks are built) must already be known.

There are two general approaches used for timing verification: dynamic timing analysis,
and static timing analysis. The dynamic approach performs a detailed functional level
timing simulation of the design. The processing time of simulation is pmporﬁonal to
the number of events, which is exponential in the number of circuit inputs and .circuit
elements. Therefore, simulation has very high computer resource requirements in time
as well as space. Furthermore, simulation can only report the existence of timing
problems. It cannot be used to identify all of the critical paths or compute delay bounds
on the interconnects for the purpose of performance driven phyéica] design. Also,
because it is unfeasible to simulate the design for all possible input test vectors,

simulation may fail to detect some of the timing problems within the circuit.

With the increasing sizes of FPGA designs, static timing analysis is completely
replacing dynamic analysis. Static timing analysis is based on a graph theoretical
approach. The design is modelled as a directed graph with the blocks being the vertices,
and the connections the edges of the graph. Unlike simulation, static timing analysis
ignores the logic functions of the blocks. Therefore, this approach is less accurate than
simulation and may point to some logically impossible paths as having timing
problems. Proponents of this approach rightly claim, that it is safer to flag a false path
as having timing problems than fail to report a path with actual timing problems. In a

static analysis, the circuit is traced to cnumerate all paths with long or short path
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problems. The design is said to have long path problems if some of the signals have
excessive propagation delays and violate the setup time requirement at the paths sinks.
A design has short path problems when the delay on each of these paths is too short,

which may violate the hold time requirements at he sinks of these paths.

A timing verifier using the static approach usually produces all of the timing critical
paths and nets. It can also be easily augmented with the necessary routines to compute
delay bounds or weights on the nets for the purpose of performance driven

placement/routing [You90b].
1.4. Drawbacks of Existing FPGA Architecture

Anti-fuse based FPGAs have fairly flexible architectures and wiring interconnect
schemes that reduce signal capacitance resulting in a reduced ac power consumption
and signal delays. Anti-fuse programming, however, is a destructive irreversible
process. Whereas this causes the configuration pattern of such FPGAs to be non-
volatile, it also makes it non-reprogrammable. Being one time programmable, anti-fuse
based FPGAs do not offer the flexibility required for new prototype designs. In
addition, such FPGAs cannot be fully tested before shipment to customers since the
anti-fuse devices cannot be properly tested without device destruction. SRAM-based
FPGAs, however, are ideal for prototype designs. They can be easily reconfigured by
storing different patterns in the configuration memory cells. Since they are fully
reprogrammable, SRAM-based FPGAs can be fully tested before shipment to

customers. Onc major disadvantage of such FPGAs, however, is the volatility of the



stored pattern where the FPGA configuration pattern has to be loaded each time the
system is powered up. The configuration pattem can be stored in an EPROM memory
or it can be down loaded from the processor. In addition to complicating the design,
larger board area may be required to accommodate the configuration EPROM memory.
Moreover, designs using such systems suffer from the lack of proper security where
the configuration bits can be read and reverse engineered. Another disadvantage of

SRAM-based FPGAs is the relatively large area of the programming element.
1.5 Scope of the Study

This work is an introductory study into the design of an FPGA architecture which is
based on a novel' non-volatile static memory cell [Amin92]. The new design combines
the user reprogrammability and full testability advantages of the SRAM-based designs
together with the non-volatility aﬁd design security advantages of anti-fuse based
FPGAs. The new FPGA architecture whose characteristics are given in Figure 1.7,
relies on a new memory cell. The memory cell uses a charge pumped power supply that
significantly reduces the programmable element resistance resulting in faster designs.
The new cell, however, occupies a slightly larger area than the conventional SRAM
cell. In addition, the new cell uses a flash EEPROM transistor, therefore requiring a

more complex process.

' Patent Pending
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Figure 1.7: The FPGAArchitecture Characteristics

The study includes the choice of a proper logic module, an interconnect scheme and
design of proper programming circuitry. The choice of the architectural parameters,
e.g. logic block granularity and structure were guided by earlier empirical studies. The
choice of the routing structure should be flexible enough to efficiently achieve full
routability of a large number of circuits of a given size. In addition to the interconnect
flexibility factors, choice of the necessary number of tracks and the required track
lengths are critical parameters in this regard. A Stochastic model of interconnection of
the FPGA circuits methods was employed to help decide the values of these

paramelters. These and other issues are adressed in the remainder of this thesis.
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1.5 Organization:

This dissertation is organised in a bottom-up manner. In Chapter 2 we review the
reported literature on major FPGAs where FPGA architectural parameters of interest to
this work are stressed. In Chapter 3, the memory cell is described and and its
programming modes are explained, and a detailed description of the design of the logic
module is also given. In Chapter 4, the new FPGA interconnection structure and
parameters are defined. Parameters critical to the FPGA design, e.g, the clock and
power distribution systems are detailed in chapter 5. The overall floorplan of the FPGA
is outlined in chapter 6. A summary of the results obtained from this work and

suggestions for future work are given in chapter 7.



Chapter 2

Literature Review

Since their appearance in 1985, FPGAs have captured the interest of both the industry
and academia. Reported FPGA architectures are targeted either for random logic
applications or for special application, e.g. digital signal processing or high speed
processor interfacing. In the following review, representative FPGA architectures are
described. In addition, the major FPGA architectural parameters, e.g logic module

granularity, interconnection parameters, and speed/area performances are discussed.

2.1 FPGA Architecture

2.1.1 SRAM Based FPGAs

The first FPGA family, the Logic Cell Array (LCA) [Car86, Xil91}, was introduced in

1986. The generic architecture for the LCA is illustrated in Figure 2.1. The LCA is

16
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based on a small logic module, the configurable logic block (CLB). Each block
contains programmable combinational logic and a flip-flop capable of implementing
any Boolean function of its input variables, as well as some sequential functions. The
blocks are distributed over the core of the chip in the form of a matrix. At the periphery
of the chip programmable input/output blocks are used. Each such block can be
independently programmed as an input buffer (TTL or CMOS compatible), as an output
buffer with tri-state, or as a bidirectional input/output buffer. In addition, each input or
output block contains flip-flops to allow for latched input or output options. The
interconnect resources include a 2 layer metal network of lines which run in routing
channels horizontally, and vertically between rows and columns of the CLBs. Typical
interconnect lines are shown in Figures 2.2 and 2.3. Programmable switches connect
the inputs and outputs of CLBs and I /O blocks to nearby metal lines. At the
intersection of columns and rows, cross point programmable switches are provided to
switch signals from one path to another. A signal may go through several pass
transistors before reaching its destination. Long lines running the entire length and
width of the chip, bypassing interchanges, are provided for the distribution of critical
signals and the system clock with minimum delay and skew. Direct interconnect lines
are the most efficient way to connect adjacent CLBs or I/O blocks. Signals routed this
way undergo the least amount of delay. The array has an SRAM-based programming
technology, with the programming data shifted serially into the device. The memory
array does not have a conventional memory system structure, rather it is distributed
throughout the whole core of the chip. The combinational logic section of the CLB is

implemented as a lookup table. This scheme allows a constant delay through the CLB
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regardless of the combinational function implemented. Each CLB has four general
purpose inputs in addition to a clock input. Two outputs are available from each CLB.

These outputs can be used to drive the interconnect or they can be fed back internally to

the input of the CLB.
Consrol and IO
/
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1 . 3
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logec block

o ~
R RS %

Figure 2.1: Generic LCA Architecture

The second generation of the LCA, [Hsi87, Hsi88] differs from the first generation in
density, CLB structure, i/o blocks, and an added internal bus structure that can be used
to route multiplexed signals. The number of flip-flops per CLB has been increased to
two and the number of CLB inputs (data and control) has been increased as well. Five
of these input lines are combinational inputs while the temaining five are used for flip-

flop control.

A third generation of the LCA family was introduced in 1990 [Hsi90, Xil91a]. The
CLB has a total of thirteen inputs and four outputs with three independent function
generators. Two generators, with four inputs each, are provided with two flip-flops

while the third has three inputs and the same number of flip-flops. The architecture
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allows the 32 configuration memory cells of the 3 function generators to be configured
as a read/write memory. It can be configured as a 16x2 RAM or as a single 32x1 RAM.
The inputs to the configuration memory constitute the address lines with one or two
data lines. Other added features of this family is the possibility of implementing
decoders and fast adders. Implementing wide decoders in previous generations required
a large number of CLBs. The decoders were not fast enough for certain applications.
Dedicated hardware was also added to each CLB to implement fast adders where an
arithmetic carry is generated and can be used by the next CLB. To simplify board level
testing of electronic assemblies in which the LCA will be integrated, this family

implements the IEEE1149.1 Boundary Scan standard.
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Figure 2.2: Interconnect resources for the LCA
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Figure 2.3: Typical Simple Signal Path for Memory-Based FPGA
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2.1.2 Anti-Fuse Based FPGAs

In 1988, an anti-fuse-based [Ham88] family of user configurable gate arrays [Ayat88,
Gam89] was announced. Its generic architecture is given in Figure 2.4. The
interconnect structure is similar to that of a conventional row based gate arrays with the
exeeption that the channel wire segments are predeﬁned not only in number but also in
length. Wire segments of variable lengths are used. Each input and output of a logic
module is connected to a dedicated vertical wire segment. Such input/output wire spans
several horizontal channels in case of an output signal, and one channel in case of an
input signal. Some other vertical segments are used as feedthrough logic modules to
allow signal flow between channels. Programming of the interconnect anti-fuses is
done using a number of pass transistors and control logic at the periphery. The
programming data are shifted serially into the device. A logic module consisting of
three 2-input multiplexers and a 2-input OR gate is used. All modules are single output
gates. The logic module implements all combinational functions of 2 input variables,
many of 3 or 4 variables and others ranging up to 8 variables. The sequential functions
are configured using one or more modules with appropriate feedback routing. The
architecture uses long lines to avoid using resistive anti-fuses along critical signal path.

A higher integration second generation of this family of devices was announced with
8000-16000 gates [Ahr90]. The architecture uses a mix of two logic modules: one
optimised to accommodate high fan-in combinational basic functions such as wide
AND gates. The second is optimised for configuring basic sequential functions such as

latches and flip-flops in addition to many combinational basic functions of up to scven
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Figure 2 4: Anti-fuse-Based FPGA Generic Architecture

2.1.3 PLA-Based FPGAs

Another FPGA architecture [Wong89], directly derived from EPLD uses EPROM
transistors as programming elements, in addition to multiple AND/OR arrays as shown
in Figure 2.5. By using multiple AND/OR arrays, each with a fixed number of inputs,
this architecture avoids the conventional PLD exponential growth in area with the
number of inputs. This new architecture uses an interconnect scheme which connects
multiple distributed logic modules through buses. The integration of 5,000 gates was
reached by such architecture. Each logic array block consists of a number of macrocells
(basic logic modules). The programmable interconnect array is a separate array with a
small number of lines driving the inputs of the logic array blocks. The programmable

interconnect array global busses consist of outputs of all macrocells and all /o pins,



which are decoupled from the macrocells. This approach provides global connectivity
throughout the chip and limits the size of each logic array block since it routes only the
needed signals.

2.2.4 Other FPGA Architectures

Several other architectures have been reported. A RAM-based reconfigurable FPGA
(called Labyrinth) uses a basic cell with four inputs and four outputs. The basic cell
can be configured as a single bit register, a half adder, an identity function (wire) or as
the logical constant “1” [Fur90]. This architecture has been used to map algorithms

directly into hardware, e.g., video compression algorithms used in multimedia.

Another SRAM-based architecture [Kow90] uses content addressable memories to

implement logic functions.

nputs to
FPGA High Speed Bus

Inputs and Outputs
to MacroCells

Figure 2.5: AND/OR Macrocell-Based FPGA Architecture
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The architecture uses an efficient logic module interconnect structure to reduce the delay
in signal propagation delay. The logic module contains a combinational logic function
generator and two flip-flops. It has four general purpose inputs, a flip-flop load,
together with control inputs and four outputs. A dynamically reconfigurable array based
on Write Only Memory (WOM) has also been reported [Has90]. It consists of a
conventionally structured static RAM to control the connections in addition to an array
of NAND gates in the form of a sea of gates. Due to the speed at which programming

data can be shifted in this device, it can be used to implement hardware subroutines.

2.2 FPGA Architectural Parameters

Several theoretical studies were performed to relate the various FPGA design
parameters to its area and performance. Issues such as logic module granularity, logic
module architecture and the interconnect structural parameters that are of concern to the

FPGA architecture have been investigated.

2.2.1 Logic module Granularity

Logic module granularity refers to the size of the logic module and hence its
functionality. The logic module functionality and area, i.e. granularity, is generally
related to its number of inputs. This is particularly true for lookup table logic modules.
Thus, the number of inputs to the logic module is considered as a good measure of its

granularity [Rose90b].
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The relationship between the logic module granularity and the total area required to
implement a given circuit was empirically investigated [Rose90b].In performing this
study, several industrial circuits were mapped onto FPGA architecture similar to LCA
architecture. Technology mapping of each circuit into an FPGA with this architecture is
performed and the mapped circuit total area is calculated. A general logic module with
one output and a varying number of inputs was used. This was performed for five
different technologies using logic modules with and without D flip-flops while varying
the numbe.r of logic module inputs from two to ten. The FPGA was modelled as an
NxN array with horizontal and vertical routing channels. Based on these models, the
total area required to implement a given circuit was estimated as a function of the
number of logic module inputs and programming technology. In this study two
problems were addressed. The first is the choice of the number of logic module inputs
required to minimise the total area independent of the type of programming technology.
The second is the effect of including D flip-flops in the logic modulé on the total

required area as shown in Figure 2.6.

Circuits in standard cell array design style and programmable array logic (PAL)
methodology were also mapped into FPGAs [Rose90b]. FPGAs that use table lookup
logic modules with a varying number of inputs and programming technologies were
also used. A simple model for each logic module and its associated routing area was
employed (Figure 2.6). The result of the experiment showed that the minimum total

area varies slightly with the programming technology. In addition, it was found that the
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average number of logic module inputs that minimises the total area is between 3 to 4.
The total FPGA area was found to be largely dominated by the routing area which
represents from 50% to 90% of the total area depending on the logic module
granularity. The inclusion of a D-FF was found to reduce the total average area. In
some implementations, the ratio of area without D-FF to the area with D-FF was 2.8
while the area of the D-FF itself contributed only 25% of total area. This was attributed

to the fact that implementing D flip-flops using logic modules requires more area.

K: Namber of Inputs of
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BA: Area of & Programmimg

Element.
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= (2 * W= (SORTVActive Area)) = Wire Pitch)) + ((W ** 2) ® BA). for an architecrure with

both Hori. and Ch

Figure 2.6: Arca Model For Table Lookup FPGAs

Another experimental study was conducted to investigate antifuse-based FPGA
architectural parameters[Gam91]. It explored tradeoffs between various architectural
parameters affecting the area and performance of the FPGA. In particular the effect of
the basic cell granularity on the performance and the area of the FPGA. The FPGA
model used in this study was similar to that of Figure 2.4. The basic logic module used

consists of a combinational table lookup circuit of k inputs and m outputs with an
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optional flip-flop at the output. The experiment showed the following:
« The total number of cells in a design decreases as the cell granularity
increases.
» The average net delay is an increasing function of the number of inputs of the
logic module.
« The critical path delay in a design varies with the number of logic module
inputs as well as the switching delay of the programming element (SRAM or
anti-fuse) time constant tg.
» Technologies with a small programming element time constant ; favour small
module granularity, while those with larger time constant favour larger
granularity.
» Adding a second output can significantly reduce the total number of cells
required to implement a design. Further increase in the number of outputs does

not lead to any further gain in area.

2.2.2 Logic Module Architecture:

The effect of logic module architecture on the speed of the FPGAs was investigated
[Sat92]. Four classes of logic module architectures have been explored. These are
NAND gates, multiplexer configurations, lookup tables and wide AND/OR gates. An
experimental approach was used to measure the speed of the FPGA for each of these
logic module architectures. A major limitation of the FPGA overall speed was found to

be the RC delay of the programmable element. This fact causes the mask programmable
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gate arrays (MPGAs) to be much faster than FPGAs since signal delays are
proportional to the number of programmable switches in their paths. The performance
of FPGAs can be improved by reducing the number of programmable elements used in
routing critical paths. One way to overcome this problem is by using logic modules
with higher functionality. This, generally, reduces the number of logic module levels in
the critical path. The experiment also showed that five- and six-input lookup table
modules exhibit the lowest total delay. The multiplexer-based module comes close
behind. The module based on NAND gates exhibited the largest delay, while the delay
of the wide AND/OR gates was between those two limits. The dominant part of the

total delay was shown to be mostly due to the interconnect delay.

2.2.3 Interconnect Structural Parameters

The effect of tlexibility of the interconnect structure of FPGAs on routability and on the
wiring resource rcquirements was studied {Gam91, Rose91]. The FPGA model
adopted in this study is similar to the LCA architecture. Flexibility was defined as the
total number of choices offered to each wire entering an interconnection block as
illustrated in Figure 2.7. It was shown that, for high routability the connection box
should be highly flexible, while the switch blocks are not required to have such high
flexibility. In addition, a trade off between the switch and connection blocks up to a

certain value of the switch flexibility was observed.

The study showed that there is minimum flexibility beyond which it is easy to achieve
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near minimum possible number of tracks. Using a number of industrial circuits, the
study showed that the minimum number of switches occurred with switch flexibility Fs
between 3 and 4 and a connection block flexibility to the number of tracks per channel

ratio (Fc/W) between 0.7 and 0.9.
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Figure 2.7: Connection Box and Switch Box Flexibilities



CHAPTER 3

THE NVRAM PROGRAMMING TECHNOLOGY
AND THE UPLM

3.1 The Programming Technologies

The programming technology for FPGAs is the methodology through which the
interconnect, the logic module and the input/output blocks are configured to build the user
logic. These programming technologies can be classified in three categories as shown in
Figure 3.1. These categories are antifuse FPGAs, floating gate FPGAs and SRAM based
FPGAs.

The hard configurable scheme is used in anti-fuse based FPGAs In this scheme, the
interconnect switches and ihe logic module configuration switches have small area
overhead due to the small size of the programming element. The anti-fuse has small
parasitic resistance and capacitance. This reduces the signal transition time and
propagation delay. Antifuse FPGAs suffer the disadvantage of being one time
programmable. The switch programming being an irreversible process prevents full
testability of these switches since a switch can not be tested for connection unless it is

irreversibly programmed.
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l Programming Technology
Hard Configurable Firm Configurable Soft Configurable ,
(Permanently Fixed) | (Non-volatile but Alterable) (Volatile) !
| Anti-fuse FPGAs| | Floating Gate FPGAS | SRAM Based FPGAs

INVSRAMI !EPROM'

Figure 3.1: Classification of FPGAs According to Their Programming Technologies

The soft configurable scheme uses SRAM cells for the configuration of the device. An
area overhead is required to store the state of the interconnect switches, the logic module
and the /o blocks configuration bits. It suffers also the disadvantage of being volatile
requiring an external loading device. The advantage of the soft reconfigurable scheme lies
in their flexibility to be reconfigured as many times as wanted, in addition to being fully

testable.

The firm configurable scheme is represented by both the EPROM and NVRAM
technologies. The EPROMs technology needs ceramic chip carrier to host the quartz
window to allow UV light reach the chip for its erasure. The technology suffers from the
low Write/Erase endurance and long programming time. The NVRAM scheme is an

alternative combining the advantages of both the hard, and soft configuration schemes.
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3.1 The New Static NVRAM Cell

The new static NVRAM! memory cell has been used in this work. The cell uses floating

gate FEEPROM [Amin92a]. The logic diagram of the cell is given in Figure 3.2
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Figure 3.2: The NVRAM Cell

The cell power lines (P, S) as well as the control lines C, R/W and Data assume different
values of voltages depending on the operating mode of the cell. The memory cell has five
modes of operation: a normal mode, a read mode, a programming mode, an erase mode,

and an tnitialization mode.

The full description of the memory cell can be found in [Amin92a, Amin92b]. In the

following a brief description of the memory cell operating modes is given.

IPatent Pending



3.2 Modes of Operations of the New Memory Cell

3.2.1 Normal Mode

In this mode, the configuration memory cell provides the configuration control signals (Q
and Q\) required to configure the interconnect, the logic modules and the i/o blocks of the
FPGA into a particular design. In this mode, P is charge pumped to Vcc'=Vee + 2Vyy,.
Vcc and Vi, are the supply and threshold voltages respectively. This boosts voltage at the
gates of the interconnect pass transistors, considerably reducing their drain resistances.
This allows full rail to rail signal routing eliminating the threshold voltage drop suffered by
earlier SRAM-based FPGAs.

3.2.2 Read Mode

This mode of operation allows reading the stored configuration pattern. It can be used for

the verification of the FPGA programming.

3.2.3 Programming Mode

This mode is equivalent to a nonvolatile write operation of logic 1 data into the memory
cell. This is accomplished by programming M into the high threshold voltage state. The

programming is performed in three steps

1. Voltage setup:
. V¢ = 0 (OFF floating gate "M"),
. VR = Vpp' { ON access transistor "N3"),

. Vg = Vpp = 12 V ( S-line acts as the programming power supply line),
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. Vp = Vpp for cells that should maintain their previous state, while VD = 0 for
cells that should be programmed,
» Vp=V((C- Vin (no need for charge pump P during this mode),

2. Programming step;,
A programming voltage Vpp' pulse (14 volts ) is applied to V¢, thus only programming

all floating gate transistors whose data line D is grounded.

3.Reset step:

All high voltages are reset (note that since V¢ = 0 V no discharging takes place through
M thus avoiding spurious programming), hence,

. Vg =0,

. VR =Vce

. Vp=0.

3.2.4 Erase Mode

This is equivalent to a non-volatile write operation of logic 0 data into the memory cell.
This is accomplished by erasing the floating gate transistor M to its low threshold state.
Either the source or the drain of the transistor M may be used as erase electrode.

3.2.5. Initialization Mode

For proper operation of the FPGAs, all the configuration memory cells should assume

their proper states after power-up. Thus, all configuration control signals (Q and Q') must

assume their correct values as implied by the state of floating gate transistors of their
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respective memory cells. This operation is performed by the proper transistor sizing of the

memory cell.

A summary of the static NVRAM cell typical operating conditions is given in table 3.1.
The memory cells will be distributed throughout the array with cells in the same row
sharing the R/W and P control signal. Cells in the same column will share the Data line,
the S line and the C control line.

In the following paragraphs a full description of the logic module will be given and how
this memory cell have been used in the design. In the following chapter, the memory cell

will be used to design the FPGA interconnect structure.

Table 3.1: Modes of Operation of the Static NVRAM Cell

Yoltages v
Modes P Vs Ve Vr vd
Normal Vee | Gnd Vec | Gnd X
Read Ve Gnd Vref | Veco
Programming

1) Voltage Setup {Vec-Vin Vpp | Gnd Vpp' F(’giﬁﬂd-J
2) Programming | ¢**) ¢ {Vep' | |

3)Reset X Gnd | Gnd | Vec | Gnd
, | Erase
Erase Vee-Vin{ Float | Gnd | Vee Pulse
[nitialize (***)
*) Vpp i taken for cell that have to keep their previous states, and Gnd tor cells that have to be programmed.
** Previous values of the voltages are kept

**" Conditions have to be sct by the cell design parameters (e.g, transistor sizes).

Vpp = 12V, Vg <16V, Ve = Vog + 2V
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3.3 The Logic Module Architecture and Granularity

3.3.1 The Logic Module Architecture

The logic module provides the basic functional elements from which the user's logic is
constructed. The basic logic module architecture of the FPGA affects the speed at which
the implemented circuit can operate. Four classes of basic logic modules of the FPGAs
were reported [Has90, Car86, Gam89, Won89]: NAND gates, table lookup based,
multiplexer configuration and wide AND/OR plane based logic modules. These logic
modules are shown in Figure 3.3. The NAND gates based logic module uses 2 inpuis
NAND gate as basic logic module. Such a fine grain module is used for both logic and
routing [Has90]. In an table lookup based logic module of n inputs, a memory of 2" is
used to store the truth table of the function. The multiplexer is a universal function
. generator. It generates combinational functions by connecting its inputs to either 0, 1 or
to signals from the interconnect line segments. The wire AND/OR logic modules are used

in PLA-based FPGAs, and are very useful for implementing wide fanin functions.

One important factor which affects the FPGA performance is the granularity of the logic
module. This factor affects both the speed of operation and the total area required to
implement designs. In addition to the logic module granularity, speed is also affected by
the interconnect structure For FPGAs the interconnect delay is a major component of the
overall delay. This is due to the fact that the FPGA interconnect contains significant
resistance and capacitance incurred by the programmable switches present in the signal
paths. FPGA speed can be increased by reducing the number of programmable switches in
the critical signal paths. Speed can thus be enhanced by using logic blocks with high
functionality such that the number of ! gic module levels, and hence the number of

switches in the critical paths is minimized
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Figures 3.4 shows an example of a four input AND function implementation using 2-input
AND gates as compared to its implementation using wide AND gate of 5 inputs.

In the first case, the function is implemented in one level of logic (Figure 3.6a) while in the
second case it is implemented in three logic levels (Figure 3.6b). In the first case the
switches are in parallel and incur one switch delay, whereas in the second case the
switches are in series and thus incur 3 switch delays. However, the wide AND gates have

larger combinational delay compared to the 2-input AND gates.

T flabc.defe)

NAND Gate Based Logic Modale Multiplexer Based Logic Module

g

f

o

w
[-%

(aby

(]

o

b g a

a b

i > f{a,b)

fx1,x2.x3,...,xn)

|

function truth tabi:

AND/OR Baased Logic Module Table Lookup Busod Logic Module

Figure 3.3: FPGA Logic Modules
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Figure 3.4: Module granularity vs. speed

This increased combinational delay is justifiable if it is less than the reduction in routing

delay.

Considering the four reported logic block types, it has been shown that the wide AND/OR
based logic modules have a larger combinational delay [Sin92] as compared to the three
other logic blocks, while the 2-input NAND gate based logic module gives the largest
total average delay. The table lookup based logic modules exhibits the lowest delay. The
multiplexer based logic modules come close behind the lookup table based logic module.
Since table lookup modules exhibit the least average delay they have been adopted in this
work.

Furthermore, the inclusion of a D flip-flop in the logic module was shown to reduce the
chip area [Rose 90b], since more area is required if they are implemented using purely

combinational logic blocks. D flip-flops are needed in most circuits.

3.3.2 Logic Module Granularity

The number of outputs of the logic module also affects the total area to implement a

circuit. It has been shown that the number of modules to implement a circuit in an FPGA



38

.is reduced if the number of outputs is increased [Gam91]. This reduction is significant if
the number of outputs is increased from one to 2. No substantial reduction is noticed if the

number of outputs is increased to more than two outputs.

3.3.3 Table Lookup Log!'.c Module

The circuits proposed by Yau and Tang [Yau70] can be used to implement any random
Boolean function. These circuits and those having similar properties are known as the
universal logic modules (ULMs). Modules capable of realizing any combinational
functions of n-or less input , are called n-ULM. The number of combinational functions

that can be realized by an n-UPLM is 2*"-

Any function f{X, , X,, X3, ..., X;) of n variables can be expanded with respect to any r
variables r<n in the following form:

V¥ r<n

X, %, X3, s X) = D Y1y2. Yr1yof (205, Xr ety Xa)  (3.1)

iLi2,..ir
where, i, €{0, 1}, and
Yk =%, =1
=X, ifi, =0.

For example the function f = f{x,, x,, X3, X,, X;) may be expanded with respect to the
variables x| and xy as follows:

fx1, %z X3, Xg, X5) = 213,00, 0, %5, %, Xs) + X %800, 1, X5, X, X5)

+x1x2f(1, 0, X3, X,, X5) + xixf(1, 1, x5, X, Xs)
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.The expansion of a function of four variables x,, x, x,, x, with respect to all of them will
be as follows:
f(xy, X, X3, Xg) = x 1’—52;53’—‘4f(0’ 0,0,0)+ J_‘1’_‘2-"‘:'."4f(0, 0,0,1)

+ X ,X,%3%,K80,0, 1, 0) + x, x,%,%,f0, 0, 1, 1)

+ x%,%;3X,R0, 1,0, 0) + x ,x,x,x,f0, 1, 0, 1)

+ X X% %80, 1, 1,0)+ X 1%,%:%,f0, 1, 1, 1)

+ x,%,%3%,K1,0,0,0) +x,x,x.x,f1, 0, 0, 1)

+ X, X% %,f(1,0, 1, 0) + x, x,xx,K1, 0, 1, 1)

+ XXX 01, 1,0, 0) + x,%,x,%,K1, 1,0, 1)

+ x%,%3X 1, 1, 1, 0) +x,,%,%,f(1, 1, 1, 1)

The general logic diagram which generates these functions is shown in Figure 3.5 The

circuit performing this function is called function generator.

x1 X2 x3 x4

0,0,0,0)
]0,0,0,1)
f{0,0,1,0)
| Mx1,x23,x4) 5

f(1,LLY)

Figure 3.5: General Function Generator
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.3.3.4 Residue Functions and the UPLMs

The primary inputs to the function generator (ULM) ( €.2X) Xy X3 X4 in the previous
example) are called the side terminals, while the terms fij, iy, i3, iy) are called the front
terminals or the residue functions. The residue functions when fully expanded ( = n) have
constant values (either Oorl) represenﬁng the truth table of the implemented function f.
Thus, the function can be implemented as a multiplexer with its inputs fixed to either Vcc
or ground representing the residue functions while the side terminals are used as select
inputs. Antifuse FPGAs logic modules use multiplexers whose inputs are not tied to 0's or
I's but rather to input variables. In that case the residue functions are not fully expanded
with respect to n (r < n). The residue functions can also be stored as a table in alterable
memory cells (table lookup). 7his is the implementation used in SRAM based FPGAs and
is adopted in this work. Since the adopted table-lookup module uses a table of
alterable/programmable memory cells it will be referred to as a Universal Programmable
Logic Module (UPLM) is obtained. The UPLM can implement any Boolean function of its
n side terminals using the same physical configuration by proper choice of the table

contents according to the function to be implemented.

Equation 3.1 describes the function generator acting as a 1 of 27 selector where the 2f data
lines are the residue functions and the r control variables are the inputs of the function.
The output of the selector is the desired function to be implemented by the function

generator.

There are several possible ways to implement function generators some of which are
depicted in Figure 3.6 for the case n=r=3. In Figure 3.6a and 3.6b , the logic module is
based on the selector circuits (regular and non regular implementations) whereas in Figure

3.5c it can be thought of as a conventional memory organization with only one bit-wide
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.data bus. The address bus consists of the inputs of the function. Even though that scheme
is simple, its implementation is quite involved due to the need for decoders and sense

amplifiers.

MC

MC

b. Modular MUX Implementation 2

X y
X-decoder

p Vv

MC

Y-decoder Sense Amplifier

c. Regular Memory Implementation
MC: memory Cell

Figure 3.6: Implementations of Table Lookup UPLMS



.The implementation of the function generator using AND/OR CMOS technology with
pull-up and pull-down networks requires a larger mumber of transistors as compared, the
implementation of such generator using NMOS pass transistor logic [Whit82]. This
implementation, significantly reduces the power consumption and the delay through the

network.
3.4 The UPLM Design

Fine-grained FPGA logic modules have the advantage of high logic utilization, while
coarse-grained ones enjoy higher performance. Thus, it is desirable to choose the
granularity of the UPLM two main criteria are optimized:

1) Area efficiency:

An area efficient logic module has a high functionality per input/output pin. In addition,
the architectural choice of the module granularity depends on the used programming
technology. Thus, the number of inputs of the logic module should minimize the total
average area of the implemented logic. This has been shown to fall between 3 and 4 for
the SRAM and anti-fuse programming technologiesf{Rose 90b,Gam 91].

2) performance:

In addition to the area efficiency, the number of inputs of the logic module also affects
both the overall speed and power consumption of the FPGA. In the selector
implementation, pass transistor logic (Figure 3.6) is used. Typically, the voltage across the
transistor is very small, and the current drawn from the supply is also small, resulting in a

small power consumption. Figure 3.7 shows a simplified model of the pass transistor.
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Figure 3.7: Pass Transistor and its Simplified Equivalent Circuit

The time constant of this pass transistor model is given by:

Ty = CtrRtr

Where C4 and Ry are the gate capacitance and on-resistance of the pass transistor,
respectively. This time constant gives a good estimate for both the high-to-low and the
low-to-high propagation delays through the pass transistor. It represents the time to
charge t, to 63% of its final value and to discharge it to 78% of its initial value [Hor83].

The transistor on resistance is given by:

Rer ~ WWY/(1Cgox VD)

Pass transistor logic function generators use several cascaded transistors. The delay in

each enabled path of n-cascaded pass transistors can be approximated by [Hor83]:
teff =(n(n+1)/2)RtrCtr
It can be seen from this formula that the total delay through a series of pass transistors

varies quadratically with the number of pass transistors in the path. Such delay is venerally

independent of the function implemented. The number of pass transistor levels rrom the



front terminals of the function generator to its output is defined by the number of side
terminals r. Shorter transistor chain will thus result in smaller delay.

As it was found that the inclusion of the D flip-flop reduce the overall area [Rose90b], the
UPLM is designed to consists of a combinational as well as a sequential part where the
sequential part consists of 2 D flip-flops (Figure 3.8). The combinational logic of each
UPLM is basically a 4-input function generator which consists of two 3-input function
generators in addition to a 2-to-1 multiplexer. The two function generators can be
configured independently, giving the user the flexibility of implementing two functions of
up to 3-variables each. Alternatively, the two generators are combined through the
multiplexer controlled by the 4th input allowing the generation of any function of 4
variables. The outputs of the combinational logic part may either be buffered or used as
input to the sequential part of the UPLM. The sequential portion of the UPLM, consisting
of two configurable master/slave D-flip-flops is designed to ease the implementation of
shift registers and counters. The D flip-flops, in conjunction with the programmable logic
interconnect will allow the configuration of other types of flip-flops, e.g., T, JK, or RS
flip-flops. The D flip-flops have direct inputs allowing the implementation of these

functions.

The clock polarity of the D-FF is controlled by a memory element allowing either rising
or falling edge triggering. The clock may be enabled or disabled depending on the content
of another memory element. The D flip-flop can be loaded directly from the interconnect
lines allowing independent uses of the a combinational and the sequential functions. In
such a case the output of the function generator bypasses the sequential portion of the
UPLM and the sequential part use the direct input. The UPLM block diagram is given in

Figure 3.7 and the function table of the Dff is shown in Figure 3 9
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Figure 3.8: The UPLM Logic Block Diagram
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Comb/~Seq Cr -Pr 0204 Operation
1 0 1 Combinational
o 9 1 Secquential
0 1 1 0 .
0 0 0 I .
1 1 x Not allowed
1 x 0 Not allowed

- Output varies with the Infput

* Constant Outpes

Figure 3.9: The Dff Function table

Figures 3.10 shows the waveform of the output function and an input variable of the
function generator implementing the unity function f{i}, i,i3,i4) = 1. The clock to output
waveforms of the generator is given in figure 3.11. A summary of the UPLM performance
figures is given in table 3.2

Table 3.2: The UPLM Performance Figures

Function Generator:
Dypical Rise Time: 2.31 ns
Dypical Fall Time: 2.31 ns

D Flip-Flop:
Clock to Output Delay: 2.31 ns
Clear to Output Delay : 3.07 ns
Preset to Qutput Delay: 3.20 ns
Setup Time’ :2.80 ns
Hold Time: 231 ns
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3.5 Conclusion

The logic module architecture and granularity was chosen for the new FPGA architecture.
A table lookup-based logic module was found to be suitable for the static NVRAM
programming technology. A universal programmable logic module (UPLM)was designed
and verified through SPICE simulation. With a sequential and combinational parts that can
function independently, the module also has high functionality. The number of logic inputs
of the table lookup was chosen to be four and the number of the UPLM outputs is chosen

to be five.

2.50

- !

83.3M battataa gy ..[: -t ::::'.... s

—
T
(b

~2.42

2: Generator Output in Volts
@
2: Generator Input in Volts

-5.08 -4.92

20.0N 69.0N 100N 146N 186N
Time in Secs

Figure 3.10: The Function Generator Input and Output
(F= 01/03/05 = F(ilizi:; )= 1)



2 Clock Input Volts in Volits

2.88

8: UPLM Output in Volts

43

5.08 +
T [ Dlez.en =
T <§ 3.7 >
N ZIrvL
2.58 Fafe 2]
x} 57.50 2:/
<{ 2.92u > ]
7|9 P
B it r:".':_: Lo L 2 3 -t +
5| 4 -
-2.58 +
-5.08 ¥
S4.88 58.6N 62.6N 66.6N 78.6N

Time Secs in Sacs
&x = 5.33M Ay = 3.97

Figure 3.11: Clock to Output Delay of the UPLM



CHAPTER 4

THE INTERCONNECTION STRUCTURE

4.1 Introduction

The general architecture of FPGAs is highly influenced by the array topology and structure.
The topology model of a circuit deals exclusively with the circuit connectivity. The
structure adds placement and layout of the circuit. The structure of an island style FPGA
with vertical and horizontal routing channels is shown in Figure 4.1. Such structure is
suitable for the large size non volatile RAM (as compared to antifuse programming
element). The UPLMs and input/output blocks in an FPGA are interconnected using a set
of switches to form the user logic. Such switches are located at specific locations in the
array, namely the switch boxes and connection boxes. The interconnection switches
(NMOS pass transistors) which establish the desired paths are controlled by the NVRAM
memory cells. In this chapter, the FPGA models used in the definition of the interconnect
parameters, e.g. the number of tracks per horizontal and vertical channel, will be presented.
The distribution of track segment lengths in each channel will be derived and the flexibility
of the switch and connection boxes will be defined. A stochastic topological and structural

models have been developed to estimate such FPGA interconnection parameters.
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4.2 Interconnect Flexibility

The flexibility of the switch block, Fs, is defined as the total number of possible connections
offered to each incoming wire as shown in Figure 4.2. The connection box flexibility, Fc, is
defined as the number of channel wires to which each pin of the logic module can be

connected (Figure 4.3).

]
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BEEEB B ||

Horizontal Channel
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pmgmma!!h!.og'chlodult
(Active Area)

Figure 4.1: The FPGA Array.
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Figure 4.2: The Switch Box Flexibility Figure 4.3: The Connection Box Flexibility



CB: Connection Box
SB : Switch Box

Figure 4.4: Connections of Logic Module i/o's to the Connection Boxes

The connection box, switch box and the logic module relationships are depicted in Figure
4.4. Tt has been shown [Rose90a] that the minimum number of switches required for full
routability occurred with switch box flexibility F, between 3 and 4. This means that switch
boxes need not to be highly flexible. On the other hand, it was found that a high connection
box flexibility factor is required for full routability [Rose90a] according the following

relation.:
0.7<F/W<09
where W is the channel track density. For the routing process of FPGAs to achieve high

rate of completion without unnecessarily increasing the arca, a tradeoff is required between

the flexibility of the switch and connection boxes.
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Consider a 2-pin path between two logic modules, which goes through n switch boxes of
flexibility F, (Figure 4.5). Let the flexibility of the connection boxes be F_. The source logic
module pin can connect to F_ different tracks in the source connection box. Each track in
the source connection or a switch box can connect to F¢/3 since only one pin of the switch
box is to be chosen. Then, the total number of different paths between the initial physical

pin in the source logic module to a destination block is given by:
Paths = F, (F/3)"
In the case where Fg = 3, the number of possible paths reduces to

# Paths = F,,

Switch Box  Switch Box
n

TRl

Source
Logic
PossiblcPath _| © [H Hl
: Connection
1 =
Source -
Logic —
Module e
W l | \switch Box 1
1.
Source
Connection
Box

Figure 4.5 : Path Between Two Logic Modules

This value would ease the implementation of the router, since it reduces the choice of

possible paths [Bro92].



4.3 The FPGA meodels

Different logic circuits are implemented in an FPGA by mapping logic to UPLMs. These

UPLMs are then interconnected using interconnect segments and programmable switches

Programmable T
Switch Box Destination

Figure 4.6: Example of WiringNet in an FPGA Array

As an example, Figure 4.6 shows the output of a source UPLM (1) connected to the
vertical channel segment by the programmable connection CS1, switch box (SB) changes
the direction of the signal to a horizontal channel segment, and a programmable connection
switch (CS2) completes the path to the destination UPLM (4).

FPGA models provide mathematical formulations to determine the architectural and the
interconnect parameters of the array. These models should abstract the essential features of
the array. The topology of a circuit defines how the circuit is connected and can be studied

using Rent's rule [Land71]. The structure of a circuit, however, defines the layout of the
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FPGA components together with their connectivity. The architecture of a circuit deals with
both the topology and the structure. These two factors greatly affect routing flexibility of
the interconnection and hence the wiring area, signal propagation delay in the FPGA and
the density of the circuit that can be implemented in the FPGA. The topology and structure
models of the FPGAs will be defined. These two FPGA models will be used to find the

FPGA interconnect parameters.
4.3.1 FPGA Topelogical Model:

The FPGA topological model consists of a two dimensional grid as shown in Figure 4.7.
Each grid point represents a single UPLM. Lines crossing the grid points represent the
input/output signals to the modules represented by these points. The vertical and horizontal
logic modules center point to center point distances are represented by the grid point
vertical and horizontal spacings. The normalizing unit length of a track segment is defined

as the distance between two consecutive logic modules and is depicted in Figure 4.8.
4.3.2 FPGA Structural Model

Given the large area of the new NVRAM programming technology, the best structure for
the new FPGA is that of an island-like gate array. In this structural model, the FPGA is
represented by a two dimensional array of logic blocks separated by horizontal and vertical
channels. The channels are composed of track segments of varying lengths. A simplified
model for such an architecture is given in Figure 4.9. Track segments are to be
programmed for the construction of various nets in the array. Each unit length is a measure

of the distance between the centers of two consecutive channels.
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' Figure 4.8: Definition of the Normalized
Figure 4.7: The FPGA Topological Model Unit Length
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Logic Module
—_—

1 Unit Length

Figure 4.9: FPGA Architecture
The structure of the FPGA represents the floor plan of the array. Before the derivation of
the FPGA track density and track length distribution, the interconnect flexibility of the

architecture should be defined.
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4.4 The FPGA Interconnect Parameters Estimation

In the following, the channel density and track segment length distribution will be
investigated. This is done taking into account both the structural and topological models of
the FPGA. The topological model allows the use of results from previous work [Feu82].
This model was found for general random logic circuits and is used to find the average wire
length in a random logic circuit. It was also used to estimate the wire length distribution
within a channel track [Don81]. The structural model will constrain those results to apply
to the new architecture taking into account the layout of the components of the FPGA.
This model, in conjunction with the topological model, is used to estimate the channel

density of the array [Gam81].

4.4.1 Parameters From Topological Model

Various connectivity models to represent logic networks may be adopted. A full
connectivity model can be described as a cross bar switch network connecting C blocks,
each having A input/output pins. In this case, the required number of switches Ny is given
by [Siv88]:

Ns =C?2 42
The switches need not be clustered, but rather they can be distributed within the array. In
this full connectivity model, the number of switches varies quadratically with the number of

pins in each logic module as well as with the total number of logic modules. Even though
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Figure 4.10: Full Cross Bar Switch Structural Model

such a network has high interconnection flexibility, the large number of required connection

switches is prohibitively expensive in terms of silicon area.

An alternate, more realistic, model of interconnection is based on Rent's rule [Land71].
Rent's rule is an empirical relationship between the number of wires T which cross an
arbitrary boundary containing C logic modules, each having A input/output pins. Rent's rule

is given by the following formula:

T=ACP @.1)

The parameter P, known as Rent's constant, is characteristic of the circuit connectivity.
Theoretically, 0<P<1 with higher values of P indicating parallel connection of the logic
modules, while lower values indicating serial or cascade connections. Typically, however,
the range of P is narrower 0.5<P<0.75 [Land71]. In this model the circuit is represented

as a graph with the vertices, representing the logic modules and arcs representing the



_ interconnection wires. This relation was also derived theoretically from a stochastic model

[Don70,74].

In order to use this model and to help estimate the average track segment lengths, the

following assumptions are made:

6.

All nets in the array are restricted to two pin nets.

The programmable logic modules are modeled as points or zero-area logic modules.
The array has infinite dimensions.

The distribution of connection wires is a uniform function.

The probability of a connection between two nodes depends only on the distance
between them.

The channel width and the logic module width are equal.

Module
Il

The inside region of the boundary contains C modules (or blocks),
Each block have an average A pins, all the blocks are interconnected ( not shown),
the number of wires crossing the boundary is T.

Figure 4.11: Illustration of Rent's Rule



'Using Rent's rule under the above assumptions, it has been mathematically shown [Feu82],

that the average normalized wire length (in multiples of unit length) is given by:
R=212[2 P(3+2P)/(1+2P)/(2+2P) J[CP-1")4(1+CP-1))] 4.2)

where:
P is Rent's constant as defined in equation (4.1),
C is the number of logic modules in the array, and

R is the average normalized wire length

The average wire length values obtained from this formula are reasonably close to those

obtained from experiment [Feu82].

Rent's rule was used by [Don81] to find the wire length distribution in random logic
circuits. The approximation made in this work is that this distribution is applied to channels
of an FPGA rather than to non regular structures. A track segments length distribution
function fz for good two-dimensional placement, which was experimentally verified, is

estimated using equation (4.1) and is given by:

fo= g/ (1<k<(C/2)
N0 (k>(C/2)) (4.3)

where q =3 - 2P, and f, is the fraction of wires with length k ( 0<k<C/2, for a CxC array)

and g is a normalizing constant satisfying the condition.

Zkfk=!
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‘4.4.1 Parameters from Structural Model

This model, in conjunction with the topological model, was used to estimate the channel

track densities. The channel width is estimated according to the results in [Gam81] based

on the following constraints:

1.

o

~
J.

The number of wires emanating from every logic module is taken to be randomly
distributed according to Poisson distribution with parameter A.

Each wire length is assumed to be independently chosen according to a geometric
distribution with mean R. The wire length is assumed to be independent among the
different modules.

Restricted wiring directions are also .(See {Gam81] for more details).

In this case the expected value of the width of routing channels is:

W, avg =(RA2) 4.4

where R is the average wire length in the array and A is the average number of pins

emanating from one logic module. Before using these results for the estimation of FPGA

normalized interconnect length, we list their effect on the FPGA architecture:

L.

The model maps each logic module into a point (zero area), while FPGA logic module
has finite non zero area.

The nets are assumed to be 2 pin nets, whereas the FPGA may implement circuits
with multiple pin nets in general.

The array is assumed to be of infinite dimension, whereas real FPGAs have finite array
dimensions.

The number of wires emanating from each logic block is constant.

The programmability of the FPGA interconnect is not taken into account by the

model.
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6. The model used to derive equation (4.2) assumes a uniform distribution function for
the wire length, whereas the model used derive equation (4.4) assumes a geometric
distribution. This does not affect the estimation since none of the two assumed
distributions is used in the derivation of the two equations.

7. The model assumes that the width of the channel and that of the logic module are
equal, which is generally not true.

8. The models do not take into account the fact that the array is /o bound, ie., no
restrictions are made on the number of pins of the chip.

9. The models do not take into account the physical properties of FPGA components

such as the interconnect capacitance and resistance, and their physical dimensions.
4.4.3 Procedure for the Interconnect Parameters Estimation

The necessary equations for the estimation of FPGA interconnect parametres are given by
equations 4.2, 4.3 and 4.4. In the following, the necessary steps to apply those equations to

this particular problem are detailed.

The regularity factor is defined as the number of physical transistors in a chip divided by the
number of individually designed transistors [Gla85]. Clearly, it is recommended to have a
high regularity factor for better design productivity and layout efficiency. High regularity
factor can be achieved by having a single design of each FPGA component. The logic
modules of the FPGAs are the same all over the array, however, the interconnection
structure is irregular within a single channel due to the varying track segment lengths. This
will be translated into irregular switch boxes. For a switch box of flexibility 3, 6 pass
transistors are needed for each pin coming to the box on one side and leaving in the three
other sides. For a switch flexibility of 3, the switch box in Figure 4.12.a the required

number of pass transistors is 12, whereas 18 pass transistors are needed for the switch box



in Figure 4.12 b. Obviously an FPGA array having both of these switch boxes will be
irregular. The design objective of the interconnect structure is to constrain the theoretical
values found using the FPGA models, such that regularity is maintained all over the array.
The approach taken to estimate the FPGA interconnect track density and the track length
distribution in each channel makes of use equations (4.2), (4.3) and (4.4), according to the

following procedure:

wl — fm €3
wl ] e €2 w2 ] Lol —e2

W2 e p—el w3 - it—et

a. 2-pins/side Switch Box b. 3-pins/side Switch Box

Figure 4.12: Regularity of the Switch Box

1. Find the Rent constant which maximizes the regularity factor as it will be explained in
section 4.4.7.

2. Use equation (4.2) and the connectivity constant found in step 1 to define the average
wire length R in the array.

3. Use the result of step 2 and equation (4.4) to find the maximum channel density of the
array. The number of pins is the same for each logic block in the array.

4.  Use equation (4.3) to estimate the track segment length distribution in each channel.



4.4.4 Track Segments Length Distribution

As an illustration, an FPGA of 8x8 UPLMs will be used, each UPLM is assumed to have
14 pins. In addition to the regularity factor, the choice of track segment lengths in
segmented channels is driven by tradeoffs involving physical factors which are not
represented in the topological, nor the structural models. These factors include the switch
resistance, the capacitances of various wire segments and the connectivity of the circuit to

be implemented. These tradeofls are illustrated in Figures 4.13 and 4.14.

Short segments are useful for connecting nearby logic blocks. A fully segmented channel
consists of a set of wire tracks with each track consisting of wire segments of one unit
length each. Such segmented channel will penalize long nets by incurring unacceptable
delays due to the large accumulated resistance and capacitance of the programmable
switches. An alternative approach would be to provide channels with continuous long
tracks such that there is enough tracks to accommodate all possible nets. In this case even
though the track segment resistance is small , their capacitance is large, and area may be
wasted since each net occupies a full track. Finally design of the interconnect structure
should be regular enough to ease the automation of the device customization process. For
the hypothetical FPGA array of 8X8 logic modules and 14 pins per module, the possible
track segments that can be present in a wiring channel are shown in Figure 4.15.
Considering the case of .an island style FPGA (Figure 4.9) where the array consists of only

one type of segments, the regularity of the switch boxes will be studied.

If the ﬁnay has fully segmented channel with one only unit length segments, the switch
boxes (at the intersection of horizontal and vertical channels) will have equal number of
lines emanating trom them leading to a regular layout. In the case where the array has track

segments two units long only, the switch boxes are also regular except for the first and the
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last one. In the case of track segments of length 3 units, 6 units or seven units. the switch
boxes do not have the same number of pins coming out of them, introducing inegulaﬁty in
the array. For the case of track segments of length 4 or 5 units the switch boxes are regular
except for middle switch box. In conclusion, for this particular case (8x8 array of logic
modules), to maximize the switch box regularity throughout the array we should restrict
the channel segment lengths to include only 1, 2, 4, 5 or 8 units (the last value represents
long lines which traverse the whole channel without going through any switch box).

Further constraints will be imposed to account for the models described earlier.

Destination Logic Module Source Logic Module Destination Logic Module

00 0, |5{0]0)0

Source Logic Module

N |
L L)

/

—
Wasted Portion of the Track

%
5

L
L]
L]

(Extra Capacitance)

Figure 4.13: A Wiring Net With Long Lines Figure 4.14: A Wiring Net in a Fully

Segmented Channel
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4.4.5 Connectivity Constant vs Channel Density
Consider the example of 8x8 array and 14 i/o pins per logic module. Varying P from 0.45
to 0.95, it was found that a P increases, the channel density increases as well (Figure 4.16).

It can be concluded that for serial circuits (low P), the required channel density is low

asexpected. For a highly parallel circuits (High P), the required channel density is high.

Chinl  Chan2 Cha3  Chand Chan3 Chan6 Chan? Chm¥  Chand

] Segment Lengh - 1

Segnent Lemah, =2

Segment Length =3

Segment Length =4

@\@\%Mﬂﬂﬂ/ﬂww
gmamﬁmﬂﬂﬂmm
D\D@j 0 oo 00 /0 s

r"‘[ ﬁ P r"‘l Long Lines

Figure 4.15: Track Segments in a Channel of an 8x8 Array.
4.4.6 Connectivity Constant vs. Track Segments Length Distribution

Table 4.1 gives the channel segments lengths distribution as function of P, which is varied

from 0.45 to 0.95 (roughly representing typically reported values). The trac’. segments
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Figure 4.16: Channel Density vs. Connectivity Constant

lengths are varied form 1 to 8 normalized units. The table entries are the percentages of
tracks of a given segment length in a channel. The last row of the table represents the
percentage of track segments of length greater than 2. The track length distribution is

shown in Figure 4.17 for 3 typical values of P (0.45, 0.65 and 0.95).

4.4 7 Estimation of Connectivity Constant

Table 4.1 and Figure 4.17 show that as P is increased, the distribution of channel segments
representing the regularity (channel track segments assumed to have one and two unit
leﬁgths) is also increased. It is noticed that, the cumulative distribution of the channel
segments representing irregularity (channel segments of 3, 6 and 7 unit lengths) increases.
For high regularity factor, this type of tracks may be replaced by track types which lead to
more regular layout. The fraction of track segments of length greater than 2 is, thus,
replaced by track segments which allow regular structure of the switch boxes. An accepted

fraction is ~25% which corresponds to P=0.65 (see table 4.1) leading to a reasonable

number of tracks and i/o pins for the FPGA array. This value of P has also been suggested
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by Feuer [Feu82]. The fraction of segments leading to irregularity may be replaced either
by short segments or by long segments or by a combination of short and long segment
tracks. Short segments require additional switches and increase the array area. Long
segments are more suitable since they can be used for other purposes such as clock

distribution. So the discarded track segments are preferably replaced by long lines.

Table 4.1: Track Segments Distribution vs. Connectivity Constant

Connectivity Constant

0.45 1050 [ 0.55] 060 ] 0.65| 0.70 | 0.75 [ 0.80 | 0.85 | 0.90 { 095

1 67.8 16547 [62.97 |60.36 }57.63 |54.8 151.90 |48.93 |45.91 }42.86 |39.82

2 15.8 11637 }16.87 §17.33 }17.74 | 18.08 ] 1835 ]18.54 ] 18.65 ]18.66 {18.56

3 6.75 | 7.27 } 7.81 | 835 [890 | 9.45] 999 [10.51 [11.01 }11.47 [11.89

3 369 1409 1452 | 498 | 546 | 596 6.64 | 7.03 | 667 | 821 | 867

Normalized
Track
Segment Length

5 231 [262]296 | 333 [3.74 |4.17 | 649 | 5.14 | 557 | 621 | 6.78

6 1.58 | 1.82 | 209 | 240 [ 274 | 3.12 | 3.53 | 398 | 4.47 } 499 | 5.55

7 LI41134 [1.56 |1.82 | 2.11 |2.44 | 2.80 |3.21 | 3.66 | 4.15 [4.68

8 0.86 | 1.02 | 1.21 | 143 | 1.68 | 1.97 § 229 | 2.66 | 3.08 § 336 | 4.04

v >2  [16.33]18.16 |20.15 | 223 [24.63 |27.11 |29.75 |32.53 |35.45 |38.48 | 41.6

In conclusion, the interconnection parameters for the FPGA array have been determined.
Theoretical and practical assumptions have been made to approximate the Connectivity
constant P. Once P is determined, equations 4.2, 4.3 and 4.4 are used to determine channel

density, and the track segments length distribution.
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Figure 4.17: Track Segment Length Distribution

4.5 Discussion

In this section, the results from the model used are compared with industrial data [Xil91}.

The effect of replacing short segments with long lines are also discussed.

The connectivity constant of an FPGA can be increased to accommodate highly parallel
circuits, however, this would increase the irregularity of the interconnect switch boxes,
particularly if the number of pins per module is large. Since Rent's rule can be used to
estimate the number of i/o pins, the number of chip i/o pins would also increase when P
increases. One way to go around this problem is to use a small value of P then scale up the
channel density by a certain factor. Equation 4.4 gives the expected value of the width of
any channel. The expected channel width will be at least this value and most probably larger

[Rose90b]. The modification proposed on to this equation would be:
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W =[12(AR)][(AR)]

Where « is a non linear function of A and R. This relation can be seen from the data of
actual arrays data [Xil91]. Since R is a function of the number of logic modules in the array

C, the factor a depends on C as well.

For those industrial arrays [Xil91], the P constant is found to be small. P decreases as the
number of pins of the logic block increases. This is due to the fact that a large P requires a
large number of i/o pins. On the other hand, the ratio of the observed (table 4.2) channel
density to the calculated channel density increases as the number of pins in the logic module
increases. Figure 4.18 and 4.19 show the calculated Rent's constant P versus the number of
logic blocks and the number of /o blocks respectively for the XC3000 arrays. It can be
seen that P is almost constant. The maximum relative variation for P is less than 4%.
Figures 4.20 and 4.21 show the calculated Ren't constant P versus the number of logic
blocks and the number of Vo blocks respectively for the XC4000 arrays. The maximum
relative variation for P is less than 8%. Once enough data is available, linear regression
could be used to find the relation between the Actual/Estimated ratio and the parameters of
the FPGA.

Track segments with length greater than 2 are taken as long lines, this has the effect of

increasing the segments capacitance. This increase is given by:
ACi = ( 8 - i)CI
where i is the track segment length for an 8x8 array (i.e, 3<i<7) and Cj is the capacitance

per unit length of the interconnect. This capacitance increase is less than the capacitance

increase when the tracks
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are segmented and the switch capacitance is large. Another effect of approximating track

segments of length greater than 3 is that these tracks can be used by only one signal path at

atime.

The approximation made agrees with the interconnect length distribution for random logic
reported by Tewkbury [Tew89] shown in Figure 4.22. Figure 4.23 illustrates the
approximation adopted for FPGAs where the medium length segments are ignored and
replaced by long lines.

4.6 Conclusion

Mathematical models with the help of some practical assumptions have been used to

calculate the FPGA array interconnect parameters, namely the channel densities and the
track segments distributions. The idea was illustrated by a hypothetical array of 8x8 logic
modules and 14 pins per module. The idea can be extended to arrays of any size. The
parameters derived in this chapter, in conjunction with the logic module described in

chapter 4, completely defines the architecture designed in this work.
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* Logic

# Pins

Estimated

Estimated
Channel

Actuat
Channel

Device Modules | Blocks :::k P Density | Deasity (A“)!(F,m
(Es(?) _§(Act) 4

XC2063 & 58 6 0545 3136 6 i

Xcote 100 e ] 6 0545 3387 LG}

XC3020 (23 (2] 10 0.446 3321 15 2

xcsase | o1eo s0 10 0.451 3315

xcso | 13s % 10 0.455 3299 -

xc3068 | >3 10 16 8.459 3263 -

Xc30%e | 320 (173 10 0.462 32 -

XCawz | oos 64 16 0.33 3.602 - 33

XC-3003

16

0325

3047

XCH004

113

2912

XC3008

16

0368

2802

XC3006

16

0375

2705

XC-008

323

16

038t

2621

XC4010

16

0384

576

16

0391

2482

XCi016

676

16

XCi020

16

0398

274

~

*: Estimation from the developed interconnect model.

**: No data is available tor cmpty entrics.
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Figure 4.23: Approximation of Wire Distribution in an FPGA



CHAPTER 5

The CLOCK AND POWER DISTRIBUTION SYSTEMS

Among the design issues that have to be addressed in the FPGA design are the clock and
power distribution networks. In this chapter the design of the clock and power distribution

systems are explored.

S.1. Design Requirements of the Clock Distribution System:

The majority of digital circuits are synchronous. For the purpose of analysis, synchronous
designs are modeled as Moore finite state machines. To ensure a deterministic behavior,

each closed signal path should contain at least one flip-flop.

The signal flow between various UPLMs in the FPGA array is synchronized by a master
clock. The clock is distributed from an external pad to all synchronizing elements (flip-
flops) through a distribution network which includes the clock distribution logic and
interconnect. The clock serves to unify the temporal design by determining the precise

instants of time at which *ip-flops change state. This system clock imposes certain
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constraints on the timing behavior and performance of the entire FPGA implemented
circuits. Hence, it is imperative to properly plan the clock distribution network so as to

achieve fast system operation.

A simple FPGA-implemented sequential circuit consists of two registers: a source register
and a destination register separated by some combinational logic. A signal path consists of
the path through the three elements: the originating register, the combinational logic and
the destination register (fig 5.3). The combinational logic performs specific functional
manipulation on the signal going from the originating register to the destination register.
The clock signal triggers the processed data into the destination register through the
combinational network. When designing the combinational network between the two
registers care must be exercised to avoid critical path problems, namely the short path
delay and the long path delay problems. Paths with short path problems are paths for
which the propagation delay is so short that the hold time requirement at the destination
flip-flops is violated. Long path problems occur when the propagation delay through the
combinational logic is so long that the destination flip-flop setup time requirement is

violated. Figures 5.1 and 5.2 illustrate the concept of short path and long path delays.

Clock __[__\__ Clock __/_—\_

Data should be valid at this point Data should be valid at this point

Figure 5.1: Long Path Problems Figure 5.2: Short Path Problems
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The delay of a specific sequential signal path consists of six components [Fri86]:

e coyg the active clock edge to valid register output Q delay of the originating register
in the signal path,

> Yogic: signal propagation delay through the combinational logic ,

* tinger: the RC signal delay of the path,

* tsenyp- the minimum time through the data input of the destination register must be
stable prior to the active edge of the of clock ,

s tskew -the time difference between the triggering edges of the processing clock
presented to two registers in the signal path. A significant clock skew between the
source and destination registers may cause critical race condition,

* ty/f: Delay caused by the effect of variation of the input transition time on each
transistor within a specific sequential path. For slow rise and fall times, the
propagation delay of the device can increase significantly. This delay is described as a
time difference since the delay components of a synchronous signal path (the delay
components cited previously except the skew and interconnect) change as a function

of the input transition time [Fri86].

Input

R D Qb
Register 1 L_CMbM1onﬂ | eger

el Logie

>Clk. AN - — > Cik

Clock

Figure 5.3: An Example of Sequential Path
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The total propagation delay from valid register to the valid output of another register in a

sequential path (Figure 5.4) is given by:

tpd = tc—q * togic + tsetup * tskew + Atpf (5.1)
For the clock distribution network to meet the design requirements, the maximum

operation frequency f,,+ should not exceed ll(max(tpd), 1e.,:

Sfmax < 1/max(tpq) (5.2)
¢ e
Tnput Out
e PRSP D @
Register | L Combinational Register 1
> Ci Lose > x|

Clock

Figure 5.4: Propagation delay in a Sequential Path

In order to increase the performance of the FPGA-implemented circuits, it is necessary to
minimize tdp- This can be achieved by decreasing its component delays and in particular
nonfunctional parasitic delays. One component delay which is related to the clock
distribution network is the clock skew component. Decreasing this parameter will result in

better circuit performance.
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Consider two UPLMs in an FPGA array as shown in Figure 5.5. The clock skew depends

on:

» The RC delay of the clock signal between the source and destination points (or

UPLMs).

 The propagation delays through the active elements (buffer or repeaters) if used in the

clock paths.

UPLM1
ti

D Clockl

Clock Source

{r

UPLM2

D Clock2

Figure 5.5: Clock Skew Between two UPLMs

F/

The largest component of clock skew is due mainly to the clock line interconnect RC-

delay. A good clock distribution network should be used to minimize such skew. One such

network uses an H-tree structure as shown in Figure 5.6 [Wan83]. This structure is

symmetric (tree branches are equalized). Due to the fact that long lines are not restricted

to carry only clock signals, adoptir;g this scheme will reduce the interconnect flexibility of

the array.



| UPLM

| UPLM

§ UPLM

UPLM

UPLM UPLM UPLM

UPLM UPLAS UPLM ;
i Clock
~d

UPLM UPLA UPLA

UPLM UPLM UPLM

Figure 5.6: H-Tree Clock Distribution Network
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This clock distribution scheme, even though suitable for other regular structure, can not

be applied to the FPGA arrays due mainly to the programmability characteristics of these

arrays. Long lines that run the entire length of the array should be used to distribute clocks

so as to mimimize the skew. Such lines can carry other global signals depending on the

array customization. A clock distribution network suitable for this case is shown in Figure

5.7. If the clock signal enters the array at the middle of the vertical channel as shown in

Figure 5.7, the worst case clock skew occurs between the UPLMs located near the clock

buffer and the one located farthest from the buffer

.5.2 Estimation of the Clock Interconnect Minimum Width:

The dissipated ac power in the clock interconnect line is given by:

P=CV2F

(5.3)
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Figure 5.7: Functional Diagram of the Clock Distribution Network

Where C is the total capacitance of the line, V is the supply voltage and F is the clock

frequency. The root mean square value of the allowed current is given by:

Lms=2.C.V.F 5.4)

For signal lines, this is the ac current from the supply during both the charge and discharge
of clock cycles [Boon89]. The critical current density J, through the clock metal line
determines the width of the clock line so as to avoid the electromigration effect in the

metal conductors. Thus,

J.= VA, (5.5)

where [ is the current flowing in the conductor, and A, is the critical cross sectional area

of the conductor. Thus, from equations 5.4 and 5.5, the minimum metal width should

satisfy
W221'Cr T, (5.6)



where T, is the critical thickness and W is the metal width required. Only long metal lines
will be used for the clock distribution since they incur the smallest RC delay and hence the

smallest skew.

5.3 Clock Buffers Design:

The following argument is valid for the design of the clock buffers and for the interconnect
long line buffers. The clock interconnect lines represent a significant capacitive load to the
clock driver. Buffers are used to drive the capacitive loads. A capacitive load mismatch

may occur as shown in Figure 5.8.

Driver

Load
T a

Clock Interconnect Driving

Figure 5.8: Clock Interconnect Driving

The driver ac fan out is Y = C1/Cg. If this funout is large the propagation delay may
increase to an unacceptable value. If the propagation delay through the driver is to the
time taken to charge the capacitive load is Yt,.The insertion of a buffer of comparable size
to the load size will not solve the problem since the driver still have to charge a large load.

One approach to solve this problem is to use a cascade of buffers of gradually increasing



sizes [Mead82]. The largest of them will drive the large capacitive load. If the smallest
driver have a capacitance of Cg, the next will have a capacitance fC o the next will have a
capacitance of fZCg, the nth will have a capacitance of t“Cg_ fis a factor depending on Y

such that:
y=p
The required number of stages is directly derived from the above formula as :
n = In(Y)/In(f)

The propagation delay in each stage is ﬁp- The propagation delay through the n stages is
then:

tpd = nfip = FiplIn(/In()]

The minimum delay through the cascade of drivers is found by taking the derivative of tod
with respect to f. It is assumed that Y is constant. This minimum is found for f = e. The

minimum propagation delay through the chain of cascaded drivers is then::

tpd = € tp In(C)/Cy)

where e is the base of the natural logarithm. Therefore, the required number of stages for

minimum delay is:

n=In(C 1Cg) (5.7)
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The steps to design the clock buffers are as follows:

. Design of minimum size driver. The driver sizes are chosen such that the high to
low and low to high transition are the same. Also calculate its gate capacitance.

. Find the equivalent capacitance of the network seen by the driver

. Find the number of stages needed to drive the capacitive load using equation 5.7.

. Design each stage.

Long interconnect lines may present a significant resistance to the clock signal. In that
case, the repeaters must be used to transform the RC delay in the network to a capacitive

load.

5.4 Power Distribution Network

Power distribution is one of the important issues that should be addressed in the chip
design. The routing of the power distribution network should be well blaned in order to
avoid electromigration and heating problems, The conductor size should be properly
chosen for that purpose. The size must at least satisfy the limit imposed by the
electromigration phenomenon. Factors that influence electromigration rate are: current

density, temperature, and crystal structure.

Another factor that has to be taken into consideration in the power distribution conductor
size is the voltage drop that may occur if the conductor has a large resistance. This is
illustrated in Figure 5.9. The power lines resistance can cause appreciable voltage drops
since the current in the power lines is usually larger than that in signal lines. The width of
the power distribution network W should be large enough to reduce the power line
voltage drop. The effect of the power line drop can be seen from Figure 5.9. The input of

the first inverter is 1, the output of the second inverter is supposed to be 1. But since
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Ves2 = Vast *Ranalgna 2V

a large IR drop may cause an error at the output of the second inverter .

M L

aff e

Vdsl
Vgs2
- w Gnd
d Rend

Figure 5.9:The Power Line Drop.

Ign

Routing the power network consists of two main tasks: (1) the construction of the
interconnect topologies-and (2) the determination of the width of various segments in the
topologies. The FPGA power distribution network consists of two networks, Vcc network
and ground network in addition to Vpp and Vss networks. The following discussion
concerns Vcc and ground; the same arguments are valid for other networks. Due to the
regular structure of the FPGA the Vcc and Gnd network topologies as illustrated in Figure

5.10. The power network uses metal lines. Polysilicon or diffusion are used only as
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"jumper" connection to cross the Vcc lines over the ground lines and can not be used to

run power over a long distance because of their large resistance.

% PRI R AR AR ARV R A AR AR ARRARRARAAR

FPGA Components Layout

Figure 5.10: Vcc and Ground Networks Topologies

For a normal operation of the FPGA, and since the technology used in the design is
CMOS, there is no quiescent power dissipation. There is only switching power dissipation
during transitions. For an inverter, when the output switches from low to high, a charge of
Op = C[V¢c is transferred to the load capacitance. When the output switches from high to
low, a charge Oy = CjV,. has to be removed from the power supply to ground. If the
output switches at a frequency f Hz, the charge transfer to ground is fQ per second. The

average ac current from Vcc to ground is:

Irms= fQl= fCVee
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This value should determine the width of the power and ground conductors. The minimum

width needed to avoid the electromigration problem is given by:

W>VCFT,J,

From this formula, the conductor size depends on:

. the maximum frequency at which the FPGA flip-flops can be operated,
. the capacitive load, and
. the supply voltage.

A schematic tree of the power network is shown in Figure 5.11. From the formula of the
rms value of the current, the only factor that depends on the physical dimensions of the
interconnect lines is the value of the capacitance load presented to the power signal at the
entry of every branch in the tree (CO, C1 and C2 in Figure 5.11). This capacitance has two
parts: the interconnect capacitance and the load capacitance in each branch. If the
operation frequency is known and the voltage source value is known, the metal width can
be calculated depending on the process specification for the electromigration phenomenon

avoidance.

Power Pad

UPLM1  UPLM2 UPLM3 UPLM4

Figure 5.11: A Power Distribution Tree
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5.5 Conclusion

The design of the clock and power distribution networks for the FPGA array are crucial
for proper operation. Design issues related to these systems have been discussed. One of
the critical parameters is this design is the conductor width. The minimum width should
satisfy the requirement of the RC delay and skew in the case of clock distribution system
and the power current drops in the case of the power distribution system. The minimum

width should satisfy the electomigration phenomenon avoidance in both of the networks.



CHAPTER 6

FLOORPLANNING AND CONFIGURATION MEMORY
ORGANIZATION

6.1 Introduction:

Floorplanning refers to the task of planning the flow of signals, power bussing and logic
placement on the chip. For efficient floorplanning, the dead zones or areas that are usually
occupied by the interconnect wires should be minimized. Larger reduction in the total chip
area typically results from improved block tiling rather than from individual optimization
of individual block areas. The minimization of the interconnect wiring areas can be
achieved by:

1.  Suppression of pure interconnect zones by cell abutment.

2. Superposition of logic and interconnect, where the logic is implemented beneath the

interconnect.

(7%

Exploitation of the block transparency, where the interconnect is routed through a

block rather than around it.

ha

Use of tiling.

FPGAs are composed of the following constituent blocks: logic blocks, connection box
blocks, switch box blocks, and wiring channels. The general FPGA architecture is depicted
in Figure 6.1. Special attention should be paid to the capacitive and resistive wiring

parasitics on signal lines. By minimizing wire length between the constituent blocks of the
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Figure 6.1: The FPGA Architecture
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FPGA and within the constituent blocks themselves, both the chip area and the wiring
parasitics are reduced, therefore improving performance.
Placement of FPGA modules in the floorplan is straight forward. This is due to the

regularity of the array architecture and to its structure.

6.2 Layer Assignment

A CMOS process technology using double metal and double polysilicon layers is assumed.
The diffusion and Polyl layers are used only for the logic and local interconnect. The two
metal layers and the Poly2 layer are used for global interconnect. The global interconnect
lines carry power, clock, and global signals, e.g., memory cell control signals. The memory
cell control signals P and R/W are run horizontally in Metal2, while its control signals S
and Data run vertically in Metal 1. The control signal C is run vertically in Poly2, while the
clock, Vcc and Gnd lines run vertically in Metall. The horizontal channel segment lines
run in Metal2, while, the vertical channel segments run in Metall. The principle of block
transparency and th superposition of logic and interconnect were used to optimize the
layout. The memory cells are distributed all over the chip, and their control signals are

driven by control circuitry located at the periphery of the chip.

6.3 The UPLM Floorplan

6.3.1 Memorv Cell Layout

Memory cells are distributed all over the core of the FPGA chip. This arrangement allows

them to be near the circuitry they control. A conventional memory floorplan would



require unacceptably long connections between the memory cell outputs and the

controlled circuitry and the buffering of such signals.

The memory cell control lines cross the entire array either horizontally or vertically. The

floorplan of a memory cell is shown in Figure 6.2.

S Dam C

RW — 4 e e RAW

S Daa C
Figure 6.2: A Memory Cell Layout

These lines are shared by all memory cells located on the same row or the same column.
The S , data, and C lines are shared by cells in the same column, whereas R/W, and P lines
are shared by cells in the same row. The Q an Q' configuration outputs of the memory
elements are used by the local UPLM, interconnect switches or the i/o blocks. The Q, Q'
and Gnd signals are routed in Polyl and Metall in such a way that thev abut within the

combinational circuit inputs as well as the sequential circuit inputs.



6.3.2 The UPLM Lavout

The functional diagram of the UPLM was given in Figure 3.10.. It consists of 2 parts: a
combinational part and a sequential part. The combinational part has two function
generator the inputs of which come from table lookup non volatile memory cells. Each
function generator uses a table of 8 bit memory cells. The outputs of the memory cell Q
and Q' are connected to pseudo inverters which provide the inputs of the function
generators. The schematic diagram of the pseudo inverters is shown in Figure 6.4. These

devices are used to drive the function generators since the drive capability of the memory

cell is very small.

S| Data T
D =
‘ Gnd
. —Qr
S NN SN R P Q] I:
: N Output
o ——
S Data C (Q and Q\ are the autput n;';xc memory cell
Output is input to the tunction generator)
Figure 6.3: Layout for a pair of Memory Cells Figure 6.4: Pseudo Inverter

The pseudo inverters share the same Vcc and Gnd lines, which run vertically across the
array. The output of the pseudo inverters are abutted to the inputs of the combinational

function generator. The general floorplan of the logic module is given in Figure 6.5.
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RW
-1 Cell

P 3-bit Memory

Figure 6.5: The Logic Module Floorplan

The S, C, Data, P and R/W lines are the control lines used in the memory cell. These lines
~ are extended all over the chip. The ABCD signals are the input of the function generators.
These lines are extended into the wiring channels to the connection boxes. The outputs of
the logic modules (not shown) are also extended to the neighboring wiring channels
vertically and horizontally. The clock and power lines (not shown) run vertically. The clear
(Cr), preset (~Pr), and clock enable (Ce) signals are global lines coming from the
interconnect channels. A set of four memory elements are used to control the clock

polarity and activation, the logic module outputs and the D flip-flops outputs.



6.4 The Connection Box Floorplan

The connection boxes connect the outputs and inputs of a logic module to the neighboring
channels. This channel can be on one of the four sides: top, bottom, left, and right. The
connection box width, including the channel wires, is limited by the UPLM dimensions.
The connection box consists of a set of pass transistors controlled by memory elements.
The length of the connection box floorplan can be different from that of the UPLM. The
memory elements share the control signals with that of the logic modules and switch

boxes. The connection box foorplan is given in Figure 6.6.

Figure 6.6: Horizontal Connection Box Florplan.

6.5 The Switch Box Floorplan:

The switch boxes change the directions of horizontal signals to the vertical direction and
vice versa. A Switch box consists of a set of transistors controlled by memory elements.
The memory elements of the switch box share some control signals with the remaining
components of the FPGA array (namely the UPLMs and the connection boxes).

The switch box floorplan is given in Figure 6.7. Depending on its location in the array the
switch box have different configurations as shown in Figure 6.8. A general floorplan of the

FPGA is given in Figure 6.9
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Figure 6.7: The Switch Box Floorplan

6.6 Programming Memory Organization

To minimize wiring area, the configuration memory cells should be laid out close to the
various FPGA programmable modules they control (UPLMs, interconnect and /o clocks).
The minimum wiring connections are obtained when the constituent cells and the memory
cells are abutted onto the other.

So, unlike the conventional memory organization, the memory cells for the FPGA. array

should be distributed all over the array. This arrangement is illustrated in Figure 8.10.

The array memory cells are laid out in such a way that they share horizontal and vertical
control signals. Such arrangement facilitates the cells programming and erasure. The
memory array memory is organized as illustrated in Figure 6.11 where three rows (x, y,

and z) and three columns (p, q and r) are shown.
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At the intersection of each of the horizontal and vertical memory cell control lines, there
may or may not be a memory cell. The intersection may be empty due to the fact that the
number of memory cells in the logic module, in the connection box and in the switch box

are not necessarily the same.

The addressing of the FPGA memory cells can be performed as in conventional memory.
This requires extra address decoding hardware and external pins. In configuring an FPGA
speed of data transfer between the FPGA memory cells is not as critical of a factor as the
total chip area and the number of external pins. Only two pins are needed to program the
array. Each pin is the input of a shift register. One shift register is used for the cell data,

the other is used for address.

The different modes of operation of the memory are selected by the appropriate choice of
the address and data words (%, y, z) and (p, q, r) respectively (Figure 6.11). For individual
cell operations, the two words must be shifted in each of the data an address shift
registers. The data and address words specify which cell will be activated. For sector
operation, one row or column is activated. In this case, either the address or data word has
to select the row or address respectively. The data or address bits in the shift register will
be the same (all 1's). The other shift register content will select the row or column. For
flash operation, data and address shift registers will contain the same data bits (all 1's). In
this case the operation is done on the entire array. This operation is usefui for flash erase

of the entire array.

6.7 Conclusion

The general floorplan of the FPGA array has been discussed. The floorplan of -he logic

module was detailed. The memory organization was given, and the general ad !ressing
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scheme was also discussed. Due to its regular structure, the FPGA layout is simplified due
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Figure 6.11: Functional Representation of Typical Memory Cells in the FPGA

to the limited number of components that have to be designe&. Those components are the
connection box, the switch box and the logic module. These components are laid out such

that cell abutment is used wherever possible. The FPGA components share control lines
running either horizontally or vertically. These guidelines result in reduced silicon area and

increased performance.



CHAPTER 7

RESULTS AND SUGGESTIONS FOR FUTURE WORK

7.1. Results

A new FPGA architecture based on a non volatile SRAM technology has been
developed. The new architecture enjoys the user programmability and full testability
advantages of SRAM-based FPGAs, together with the design security and non-
volatility advantages of the antifuse-based FPGAs. It uses a charge-pumped power
supply which significantly reduces the ON-resistance of interconnect programming
switches. This improves circuit speed and performance as compared to RAM base
FPGAs. The new architecture, however, suffers from a larger programming element as
compared with the antifuse and the RAM based FPGAs. Furthermore, a more complex
process is needed for its implementation as compared to the SRAM based FPGAs. The
work reported here represents the initial design phase for this new type of devices. It
involved the definition of the overall device architecture including such critical
architectural parameters as the logic module granularity and the interconnect structure
flexibility parameters as well as wiring channel densities, and wire length distribution.
In addition, the layout and simulation of the UPLM has been completed. In summary,
the work included:

1. Definition of appropriate architecture for the new static NVRAM programming

technology. This has been found to be an island based FPGA architecture.
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. Definition of the basic Universal Programmable Logic Module to be used with this

new technology. This included the definition of the logic module granularity,
tunctionality, layout and SPICE simulation.

Definition of the required connection and switch box flexibilies.

A general procedure was proposed and formulas were developed to determine the
wiring channel density and the track segments length distribution within each

channel.

. General guidelines for the design of the clock and power distribution networks were

given.

Suggestion for Future Work

Being a recent technology, several research areas are wide open for future work. This

includes:

1.

[88]

Developing new FPGA architectures both for random logic and for specific
applications.

Use of FPGAs in the design of new computer architectures such as compute
engines.

Study of the FPGA testability.

Development of various CAD-Tools including design entry, partitioning, logic
optimization, technology mapping, and routing.

Development of performance driven CAD tools.

[nvestigation of mathematical FPGA architectural models.

Investigation of new programming technologies.
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