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Chapter 1

INTRODUCTION

We are witnessing today the third phase of computing. To clearly differentiate
from the mainframe-oriented and PC-oriented computing of the first two phases,
the computing of the third phase is often defined aspbst-PCor ‘post.com’
computing[35]. The post-PC computing, featuring applications such as ubiqui-
tous communication and ambient intelligence, has been made possible thanks to
advances in integrated circuit (IC) technology within the last few decades. During
this time, a positive-feedback-like dependence between computing systems and
semiconductor technology has appeared [88]. The ever-continuing CMOS scaling
allows the number of transistors per unit area to be doubled every process gener-
ation [56]. At the same time, the increased transistor density enables designing
more complex yet more demanding systems which, in turn, challenge silicon tech-
nology.

The continuous demand for performance and bandwidth has been, and still is, the
main driving force behind such technological evolution [28]. However, while sil-
icon area has been the predominant cost function of computing up till now, today
power consumption is becoming the main limiting factor [28]. This is because
power dissipated in integrated circuits increases with the increase of the IC com-
plexity (the increase of the total switching capacitance), an operating frequency
[108] and a bit-rate [83]. Furthermore, a low cost and a small form factor are the
key requirements for ICs targeting ubiquitous terminals and ambient devices. Ac-
cording to today’s predictions, within a five year scale the price for a Z tnfior

this type of applications (excluding the battery and package costs) will be about
20 dollar cents [16]. To reach such a cost level, inexpensive chip packages and
miniature smart batteries as the main power source will have to be used. Unfortu-
nately, standard chip packages have strictly limited power dissipation capabilities
today and the battery life-time is measured in months rather than years.

As the complexity of modern IC increases, so do their design and manufacturing
costs. The non-recurring engineering costs (NRE) are the subject of a particularly
dramatic growth. For example, the cost of the mask set for a single chip exceeds
half a million dollars today [124]. This puts an additional constraint on the design

of cost-sensitive consumer electronics products. At the same time, the market-
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dependent economy enforces very short product design cycles and the frequent
change of the product features. In consequence, intrinsic flexibility as a means of
reducing design and production costs, but also as a way of extending the product
life-time, is of key importance today [39, 62, 88, 20]. We defieibility as a ca-
pability of an electronic device to change its function after the device is fabricated.
We also use the ternefficiency to describe the degree to which an electronic
device uses its resources to realise its function [59].

In the light of the above-presented facts, finding a balanced trade-off between flex-
ibility and efficiency in computing systems, and in particular in embedded sys-
tems on silicon, is crucial today. The mature semiconductor technology and rich
computing ‘know-how’ open new possibilities of successfully bridging the cost-
efficiency gap induced by traditional design approaches. In this thesis, we focus
on one of such promising paradigms, nanrelyonfigurable computingnd apply

it to the design of embedded systems on silicon.

1.1 Trends in IC technology and applications

The technology, on the one hand, and applications, on the second hand, define the
context. In this section, we survey current trends that can be observed in the IC
technology and its applications.

1.1.1 Technology scaling

The idea okcalinghas been the primary enabler of an exponential growth in semi-
conductor technology. The scaling principles [40, 10] describe the pace, expressed
in a scaling facton, at which geometrical parameters of MOS devices, intercon-
nect wires and the supply voltage value scale when moving to smaller process
technologies. The actual scaling trend observed throughout the years follows Gor-
don Moore’s predictions from 1975 [74] (the so-calddore’s law). The scaling
factora = 0.7 is assumed today to characterise this trend. Assuming the fixed
complexity of an IC, the scaling translates into the following effects [108] that
accompany each new process generation (about every 18 months [57]):

e the reduction in the silicon area by a factor oft),
e the increase of the chip performance by roughly a factor ofd 3,

e the reduction of power consumption by a factor obZ)(

The key benefit of the scaling phenomenon is thus the reduction of cost and in-
crease in performance.
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1.1.2 System-on-a-chip

The dramatically progressing silicon scaling has enablid-large scale integra-

tion. As a result, various system components, such as memories, logic, RF mod-
ules and sensors, which were traditionally integrated on a printed circuit board
(PCB), could be integrated on a single chip using silicon as an implementation
medium. To express this level of integration, the tesystem-on-a-chip’ (SoC)

has been introduced.

The SoC market has experienced a steady and consistent growth over the last few
years. One estimates that today 50% of all ASICs are produced based on the SoC
concept, and this percentage is expected to grow to 80% in 2005 [89]. This can be
explained by the advantages of SoCs, such as a greater integration of components,
an increased speed of the communication between the system components, lower
packaging and test costs, and improved reliability of a system.

1.1.3 Ambient computing

One of the major consequences of the ultra-large scale integration is a clear change
in the use of computing. Unlike the first tvgeneral-purpose computinghases,

the third phase features computing which is seemingly hidden in the background
and thus almost invisible to a user (‘People to the foreground, technology to the
background’). This type of computing is referred to‘asmbient computing’ Its

main characteristics are: an embedded context, awareness of the environment,
personalisation, and an adaptive and anticipatory character [27].

The ambient computing devices are distributed in the human environment (e.g.
home and work) to maximise human efficiency and improve well being. The use
of ubiquitous communication networks to connect such devices will be essential
in the near future [84].

Ambient computing is considered as a possible future of consumer electronics that
can stimulate the market growth [16]. Already today, simple electronic devices
with an ambient-like character are being made. Moreover, many institutes all over
the world fund research projects aiming at the investigation of new technologies
for ambient computing. It has been declared that about four billion dollars will be
spent on such activities over the next several years [27].

1.1.4 Embedded systems on silicon

The emerging applications, and ambient computing applications in particular, are
realised in the form of embedded systems. éinbedded systeim a system de-

signed to perform a dedicated or a narrow range of functions as a part of a larger
system, usually with a minimal end-user interaction. Because of the tight cost
constraints (in terms of size, power, performance, unit price, time-to-market, etc.),
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today’s embedded systems heavily exploit the system-on-a-chip design concept al-
lowing all system components to be integrated on a single piece of silicon. There-
fore, in this thesis we will restrict ourselves to embedded systems implemented as
systems-on-a-chip.

Unlike other, general-purpose computing systems, embedded systems are
application-domain-specific. Furthermore, their behaviour is defined by the
interaction with the environment [46]. Due to real-time constrains imposed by
the environment, signal processing, which deals with a transformation of signals
from the environment (mostly in a digital way), plays an essential role. Therefore,
embedded applications impose very high requirements on the overall system
performance. For example, the computational load of an ambient intelligence
system ranges from 10 MOPS (Mega-Operations-Per-Second) for lightweight
audio processing to 1 TOPS (Tera-Operations-Per-Second) for synthetic video
generation [16].

1.2 Design challenges

A design is a result of the search for a satisfactory match between a target appli-
cation and an available technology. However, the design is, to a large extent, also
constrained by economic and other factors [20]. To explain this, we describe the
main challenges IC designers face today.

1.2.1 Silicon economics

The cost aspect has always been the main consideration in SoC design [56]. To-
day, the exploding complexity of process technology has reached the point where
design and chip fabrication costs impose stronger limitations on the performance
and function of produced systems-on-a-chip than physics itself [12, 45] (see Fig-
ure 1.1). The NRE (Non-Recurring Engineering) costs related to each design, and
mask set costs in particular, are of especially great concern [112]. The cost of a
complete photo-mask set in a state-of-the-art Qrbh3process is about 0.75 million
dollars today. Due to the continuously raising complexity of sub-length lithogra-
phy [20], which will be even more significant in nanometre process technologies,
this cost will reach a level of almost two million dollars in two process generations
from now (that is, for the 65 nm technology node) [124]. This trend is accompa-
nied by sky-rocketing chip fab costs. A basic plant for Qui8production costed

four billion dollars ($4 billion) and, according to what is known as Rock’s law, the
cost of equipment to produce ICs will be doubling every four years [58].

Already today such quickly rising costs have a strong impact on the chip produc-
tion, especially for low-volume markets. A much higher volume or a much higher
cost per unit are required to amortise the expenses. It is predicted that this trend



1.2 Design challenges 5

will lead eventually to a considerable decrease in the overall number of chip de-
signs (see Figure 1.2) since only a very few companies will be able to afford them.

1000

/’ o i

; — - —

0 . ‘ : /
250 nm 180 nm 130 nm 90 nm 65nm
1966 1895 1997 2001 2005 M5

Technology Generation
(a) (b) Year

Fab. cost ($ hillion)

Mask Costs (in million $)

Figure 1.1 The increasing IC costs: (a) a mask set costs increase (Source: Zuchowski et
al., ICCAD 2002 [124]), (b) a fabs costs increase (Source: Kellog TechVen-
ture, 2001).

Finally, there is an increasing effect of logistic costs. Such costs are associated
with managing a large variety of different products or product families, marketing,
management, supply chains, etc.

Number of Chip Designs

20 000

16 000

12 000

8000

4000

Figure 1.2 The predicted decrease in the number of chip designs (Source: Gartner
Dataquest, November 2001).

1.2.2 Design productivity gap

The shift towards more and more advanced process technologies is accompanied
not only by the design cost increase but also by a dramatic increase of the design
complexity. Firstly, the complexity of components being designed, and conse-
quently the system complexity (in terms of the number of transistors and com-
plexity of embedded software) are growing exponentially [56]. Secondly, due to
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more devices available on the same die, but predominantly due to deep-submicron
effects [108], the technology in which it is being designed is becoming more com-
plex. Finally, the tools that are used to design today’s systems are becoming more
and more sophisticated in their usability and are characterised by increased run-
times. For example, the verification phase of a design process allocates today more
than 50% of the total human and computer resources [56].

Potential Design Complexity and Designer Productivity =]

10,00 100,000 =
o = 4 | Equivalent Added Complexity i
£ 1,000- Logic Tr/Chip - 10000 2y
(] ——TrJSM. s ®
e 1T 1 1,000 =
@ S8% . compoundad g E
:,--. 10- Complexity growth rate — 1 400 E E]'
==
EE 1 4 - "] 10 D: &
o _,__,———""'_'_— |
= i —
= oA = k_———""—* T1 =
= - X 21%M 1. compound —
m % :
= 0.01 Productivity growth rafe 0.1
= B 2
E'r 0.004 = - =t R Co e Y t 0.0
[} m 2 8 5 8 353 2 465 &8 35 2835 &
- sePE2r T EeERAERERA

Figure 1.3 The design productivity gap being a result of a disproportion between the com-
plexity of silicon and the design complexity which can be handle (Source:
ITRS 1999 [56]).

Figure 1.3 illustrates a big gap between design complexity and design productivity

which is a direct consequence of the above-mentioned trends. The complexity of
designs which can be realised in a state-of-the-art technology grows 58% per year,
while the designer’s productivity grows at a pace of only 21% per year.

1.2.3 Time-to-market versus time-in-market

The increasing complexity of integrated circuits has led to a considerable increase
of the design time that is needed before the release of a new generation of prod-
ucts. This time is often referred to &sme-to-market. At the same time, the
constant availability of more and more sophisticated devices on the market has
increased the customers’ expectations towards the functionality and the frequency
of appearance of new products. This caused a steady reduction of the product life-
time, which is often calledime-in-market, resulting eventually in a collision of
both, as illustrated in Figure 1.4.

Itis not uncommon today that for certain classes of products the time-to-market ex-
ceeds the time-in-market. The unpredictable behaviour and the competitive char-
acter of the market imply that only economically-healthy companies, which offer
products with a clear advantage over the competitors, can survive.

1.2.4 Computational efficiency gap

Because of the key importance of the low-power capabilities, modern ICs are de-
signed for the largestomputational efficiencgxpressed in MOPS per Watt, that
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Years

| | |
i Time—to—market |

70s 80s 90s 00s
Decades

Figure 1.4. The collision of the product life-time (time-in-market) and the product devel-
opment time (time-to-market) (Source: Lautzenheiser & Wersall, November
1999 [66]).

is Mega(million)-Operations-Per-Second-per Watt, rather than for a highest per-
formance only. In Figure 1.5, a comparison between intrinsic computational ef-
ficiency of silicon (ICE) and computational efficiency of programmable proces-
sors projected onto different technology nodes is shown [88]. The comparison is
based on the hypothetical assumption that a full match between the application and
the architecture, and thus the maximum performance in operations-per-second, is
achieved. A 32-bit addition is used as a basic benchmark function.

Computational efficiency

105 4[MOPS/W]
105 o : : —f
Intrinsic computational efficiency
1

* g
; j-Jr/’- &)
103 I

7400
1o - m';.n:“—']&:f"n“‘;elsuo
i306SX g Wi - ey, L0

1 TBEDR® - Siper T
10 s e A
100

2 1 0.5 0.25 0.13 0.07

— Feature size [|1m]

Figure 1.5. Computational efficiency of silicon and programmable processors versus tech-
nology (Source: Roza, December 2001 [88]).

Itis apparent from the figure that there is a two-to-three order of magniajolee-

tween the available (silicon) and achievable (processors) computational efficiency.
The gap represents a mismatch between pure-hardware and pure-software imple-
mentations that are typical for ASICs and programmable processors, respectively.
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1.3 SoC architecture

The realisation of a given computing task (application) involves various trade-offs.
The decisions that are made by a designer based on the essential design criteria
determine the effectiveness and cost-efficiency of the final IC [59]. In the system-
on-a-chip design, different, more complex, design metrics and design constraints
are used than in traditional hardware or software implementations. In this section
we focus on the trade-offs that are typical for the implementation phase of the
design process and we discuss their implications on the SoC architecture.

1.3.1 Implementation trade-offs

The large disproportion in the computational efficiency of ASICs and pro-
grammable processors, which has been shown in Figure 1.5, suggests that there
exists a spectrum of possible implementation scenarios that can be deployed to
meet the requireélexibility versus cost trade-off-or example, computational ef-
ficency of programmable processors can be increased if processors are optimised
towards a target application domain. The potential implementation options, in the
order of their increasing cost-efficiency, include then (but are not limited to):

e CPUs (Central Processing Units)general-purpose processing units which
are characterised by a sequential type of processing and a simple instruction
set. CPUs are used typically for control tasks or for handling events that
determine the mode or the configuration of the system.

e DSPs (Digital Signal Processorsprocessors which are optimised for pro-
cessing digital signals. DSPs include dedicated hardware components and
exploit instruction level parallelism. They are typically used for the appli-
cations requiring a medium throughput and the sampling frequencies in the
range of kHz (e.g. audio, speech).

e ASIPs (Application-Specific Instruction-set Processerglomain-specific
processors which are characterised by a well-defined intruction set that is
tuned to the execution of critical parts of the application code. ASIPs target
high-throughput processing with the sampling frequencies in the range of
MHz (e.g. video).

The above-described implementation approaches are compared in Figure 1.6 [81].
Each implementation type is characterised by its computational efficiency (in
MOPS/mW) and by its flexibility which is regarded here as the range of appli-
cations the implementation can cover.

1.3.2 Heterogenous SoC

Despite a large spectrum of possible implementation approaches, none of the pre-
sented scenarios fully meets requirements of today’s applications. This is because
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Figure 1.6. Spectrum of implementation approaches with their cost-efficiency. The cost-
efficiency is determined by computational efficiency and flexibility.

a homogenous type of architecture is not suited to efficiently deal with numerous
computational models and various data and time granularity that such applications
require [81]. Therefore, a today’s system-on-a-chip is heterogeneous and contains
components such as: general-purpose processor cores, DSP cores, ASIP cores,
coprocessors, peripherals, buses and network protocols, as well as memories. The
size of a typical IC and the area of a single processor core, which in nanometre
process technologies usually does not exceedmin®, suggest that a complex

SoC may contain between 50 to 100 such cores.

1.3.3 Platform-based design

To guarantee the required level of computational efficiency while avoiding a dis-
proportionate design effort due to the growing complexity and diversity of designs,
the concept of system platform has been introduced [44, 62, 20]syi$tem plat-

form is defined as a family of hardware and software modules, configured in a
prescribed communication structure, that can be shared across multiple applica-
tions from a target application domain, and to which a unified design process can
be applied. We refer to the hardware component of a system platformilasoa
system platforni28, 88]. Typically, the architecture of a silicon system platform is
described by a means of a generic model cakedplate The template instantia-

tion means in this context a process of the creation of application-domain-specific
designs. The designs differ only in the number and kinds of modules integrated
together. By the integration of programmable cores, which are preferred from the
flexibility point of view (i.e. software mapping), and dedicated coprocessor cores
that implement specialised functions, a desired trade-off between flexibility and
cost can be achieved. A typical example of a silicon system platform is depicted
in Figure 1.7.
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Figure 1.7. The architecture of a typical silicon system platform.
1.4 Embedded reconfigurable computing

Silicon System Platform

Although the concept of the system platform represents a significant step towards
designing cost-efficient embedded systems-on-a-chip, it is not the ultimate so-
lution [48]. The system platforms reduce the complexity of the design process
through the extensiveuseof hardware and software components, providing thus

a faster time-to-market. The same reduction in the design complexity is obtained,
however, at the price of reduced flexibility (silicon platforms with dedicated hard-
wired co-processors can cover only a specific range of applications) and reduced
performance (the need for flexibility favours the use of computationally less ef-
ficient programmable cores). Finally, the realisation of a specific instance of a
silicon platform is always associated with the fabrication of a new chip. This takes
time and money.

These problems can be resolved if tieeonfigurable computing (R@aradigm

is applied to the design of embedded systems. To differentiate from reconfig-
urable computing in a traditional sense, that is, concerning stand-alone devices
(such as FPGAs; see below), we will refer to reconfigurable computing in the
embedded context asnbedded reconfigurable computing (eRI@)this section,

we explain what reconfigurable computing is, we motivate its importance for em-
bedded systems-on-a-chip, and we survey state-of-the-art systems employing eRC
paradigm. Finally, we discuss the key challenges in the design of embedded RC
hardware.

1.4.1 Reconfigurable computing up close

Reconfigurable computing a method of performing computations using reconfig-
urable computing devices [37]. Because programmable and reconfigurable com-
puting architectures can be viewed as two extremes in the unified design space
[37], a clear definition of a reconfigurable computing device is difficult. Neverthe-
less, throughout this thesis we assume thegcanfigurable computing devige
characterised by eonfiguration which defines the device functionality and can-
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not be changed from cycle to cycle, andfigxible interconnecthat determines
the data-flow between operations [37].

3—input Look—up Table (3-LUT)

Logic block Programmable interconnect

I
] |
1 |
[

[
[

[

Switch =

\
Switch block Logic tile 1/0 block

Figure 1.8 An example FPGA architecture.

A typical reconfigurable computing device id&ld Programmable Gate Array
(FPGA) (Xilinx, 1985 [24]). The general structure of a classical FPGA is shown
in Figure 1.8. An FPGA is built as an array of computing elements called logic
blocks. A look-up table (LUT) is commonly used as the basic computing element
of a logic block. The logic blocks are connected via a programmable intercon-
nect network and are surrounded by input-output (I/O) blocks. The programmable
interconnect network consists of horizontal and vertical routing channels. Each
routing channel includes segmented routing tracks of a different length. This al-
lows performance-efficient communication at different distances. The intercon-
nect segments are connected via programmable switches located in switch blocks.
In FPGAs, both the functionality of logic blocks and connections between them
are programmable. Programming is done by loading configuration data to a con-
figuration (control) memory. Such a memory controls LUT memory bits and mul-
tiplexers and switches of the interconnect network.

Reconfigurable devices versus ASICs and programmable processors

The key advantage of a reconfigurable computing device is the trade-off between
flexibility and cost such a device offers. The trade-off is reflected in the organisa-
tion of computations and in the functionality binding time [39].

The organisation of computation®r the way of implementing computations) re-
lates to the concepts @bmputing-in-spacand computing-in-timehat describe

ASIC and programmable processor implementations, respectively. Similarly to
ASICs, FPGAs implement computations ussgatially distributedbasic comput-

ing elements. When combined together, such elements realise complex operations.
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This is in contrast to programmable processors in which computing elements are
coarser and ardistributed in time This means that the availability of such el-
ements is dependent on the supplied instruction on a cycle-by-cycle basis. The
important advantages of computing-in-space compared to computing-in-time are
lower power consumption and higher performance. This is achieved by matching
the word-size of computing elements to the word-size of arguments of operations
that are to be executed, and by exploiting lateral parallelism. The result is, how-
ever, a more restricted domain of computations that may be executed. Also, the
final design is characterised by a larger area, longer delays and higher power dis-
sipation than traditional ASIC designs.

The second aspect, thenctionality binding timerelates to the technology. It
determines the moment of assigning functionality (defining the computations) to
the underlying hardware. In this respect, reconfigurable computing devices and
programmable processors fall into the same category. In both, the functionality
is defined after the fabrication of the device. Furthermore, they both use the no-
tion of software (in the form of a configuration context or an instruction) to de-
fine the functionality. But, while the time needed to change the configuration in
a traditional reconfigurable computing device is in the order of microseconds to
milliseconds, the change of instruction in a programmable processor takes usu-
ally only a single cycle. ASICs, unlike reconfigurable and programmable devices,
are characterised by the pre-fabrication functionality binding time. Dependent on
the type of ASIC, this time may be associated with the moment as early as cre-
ating the first mask of a design (custom and semi-custom ASICSs) or as late as
creating the last (metal) mask(s) (gate arrays and structured ASICs [121, 41]).
Furthermore, hardware rather than software is used for the device customisation.
The non-permanent, post-fabrication customisation of reconfigurable devices and
programmable processors implies flexibility. Therefore, the same piece of silicon
may be reused to implement different applications. However, such flexibility is
obtained at the cost of larger area, lower performance and higher power consump-
tion compared to ASICs. In programmable processors, the high intrinsic cost is
due to the control overhead and the fixed width of the data-path. In reconfigurable
logic, the reason for the high intrinsic cost are a large configuration memory, a
large number of programmable switches and a rich interconnect structure.

Spectrum of reconfigurable computing architectures

Reconfigurable computing devices can be classified by two main parameters,
namely the granularity of computations and a reconfiguration model giidreu-

larity expresses the level of complexity of functional primitives (usually defined
by the word-size of their arguments) that can be executed in computing elements
of such devices. The granularity of reconfigurable devices is thus analogous to the
data-path width in programmable processors [39]. Reconfigurability at different
levels of granularity is exploited. For example:
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¢ bit-level granularitywhich is characteristic for devices that control and pro-
cess single-bit-wide or a-few-bit-wide data (e.g. traditional FPGAS),

e word-level granularitywhich is typical for devices with coarse computing
elements (e.g. ALUs, multipliers, adders) and reconfigurability at the level
of words,

e task-level granularitywhich is typical for architectures in which complete
tasks rather than simple operations are reconfigured and switched between.

Often, the bit-level reconfigurability is referred to fase-grain reconfigurability

and the word-level and task-level reconfigurability togethec@arse-grain re-
configurability The lower the level of granularity, the larger is the configuration
memory and its overhead, and thus the higher is the intrinsic cost of a reconfig-
urable computing device. On the other hand, the higher the level of granularity,
the more complex operations can be directly executed at the expense of lower
flexibility. This trade-off is illustrated in Figure 1.9.

COMPUTATIONAL EFFICIENCY

1 } } -

bit—level word-level task—level

Reconfigurability level

Figure 1.9. The impact of granularity on the intrinsic cost and flexibility of reconfigurable
computing devices.

The reconfiguration modetlefines the frequency of the reconfiguration process
and the smallest amount of resources that can be reconfigured at once. Using
these parameters as basic characteristics, we can classify reconfigurable comput-
ing devices into the following categories:

o Statically-reconfigurabléevices, the configuration of which can be changed
only before the operation of a device, adighamically reconfigurablee-
vices in which the change of the configuration during the device operation
is possible. Statically-reconfigurable devices have the single-context con-
figuration memory, while dynamically reconfigurable devices have typically
a multi-context configuration memory. The multi-context memory allows a
fast context switching. This feature is often utilised for the implementation
of the so-called run-time reconfiguratioRun-time reconfigurabldevices
execute computing tasks in phases, with each phase defined by a single con-
figuration context.
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¢ Fully reconfigurabledevices in which even a minor change in the configura-
tion requires the complete reloading of the entire configuration context, and
partially reconfigurabledevices in which only a portion of the configuration
context can be changed with no influence on the rest of the configuration.

The ever-progressing technology scaling has enabled the realisation of computing
architectures that offer different cost-efficiency trade-offs. Therefore today, the
spectrum of (reconfigurable) computing architectures is the continuum of differ-
ent computing approaches, and the choice of a particular approach is dictated by
design criteria.

1.4.2 Focus and motivation

In this thesis we restrict ourselves to fine-grain reconfigurable computing only.
Consequently, we use the tefembedded reconfigurable logic’ (eRb)y simply
‘reconfigurable logic’'to describe the technology that supports this type of com-
puting and allows the on-chip integration. Note, that reconfigurable logic can
be considered as a design (implementation) style that co-exists with other design
styles, such as standard cells and gate arrays, for example. In this respect, embed-
ded reconfigurable logic can be viewed as an alternative to the hard-wired logic
offered by the ASIC technology. This means that from the design point of view,
logic blocks of an embedded reconfigurable logic coregiabedded FPG¥play

a similar role as logic cells of a standard cell library. Also, both in the ASIC
and eFPGA technology connections between logic elements are customised based
on the requirements of the mapped function. The structure and functionality of
the logic elements (logic blocks) and the rules governing communication between
them define thémplementation architecture

The key benefit of applying embedded reconfigurable computing to the design
of embedded systems-on-a-chip is the increase of flexibility and computational
efficiency of the final silicon product. Thus, in the context of the platform-based
design embedded reconfigurable logic may be seen as an extension or a sup-
plement of the spectrum of traditional implementation approaches which are
available in the form of hard-wired and programmable cores. Figure 1.10 illus-
trates two potential application scenarios and the consequence of their use. The
scenarios assume the use of embedded reconfigurable logic as a replacement for
hard-wired logic (theASIC contextand as the way of augmenting the efficiency

of programmable cores (th@rogrammable processor contgxtin the first sce-

nario, the emphasis is on the increase of flexibility at the cost of slightly reduced
computational efficiency (and the area increase) compared to a reference ASIC
implementation. In the second scenario, the main motivation is the increase of
computational efficiency at the cost of some increase in silicon area (not shown in
the figure).
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Figure 1.10 The motivation for using embedded reconfigurable logic for embedded SoC
designs. The bold and thin arrows represent real and ideal (no cost penalty)
cases, respectively.

The main benefits of embedded reconfigurable logic include thus:

e Cost reduction the opportunity of reusing the same piece of silicon for
diverse types of functionality allows sharing the mask set costs between
different products, and thus the reduction of NRE costs. By augmenting
flexibility, logistic costs that are associated with the maintenance and sup-
port of large families of slightly different customised products can also be
decreased. Finally, by allowing the implementation of test, debug and repair
structures in reconfigurable logic, the number of erroneous products can be
decreased.

e Shorter time-to-marketa high degree of reuse and direct availability of
silicon enable a very fast response to the customer’s needs. The long design
cycles are avoided and the final, competitive, product is faster on the market
(even if it still has to be 'tuned’ in the later phase).

e Prolonged time-in-marketthe ’built-in’ flexibility in the offered products
allows the functionality updates that are needed because of the changing
standards, for example. The risk associated with the market uncertainty can
also be decreased.

e Increase of efficiency (computational efficiencyateral parallelism and
matching granularity of operations to the arguments’ size allow building
of cost-efficient hardware accelerators that augment software-based imple-
mentations. The code for the acceleration can be identified on the fly.

In Figure 1.11, a reconfigurable sytem-on-a-chip is shown. Typical methods of
integrating reconfigurable logic fabric with other system resources are illustrated.
The methods are: a reconfigurable functional unit, a reconfigurable data-path, a
reconfigurable coprocessor, a reconfigurable logic fabric. Note, that the first three
methods relate to the programmable processor context, while the latter method to
the ASIC context (see the discussion above).



16 Introduction

Reconfigurable Reconfigurable
data—path coprocessor
/

CPU or DSP /
Reconfigurable m '/

7

1
Functional Unit Reg. file Perinheral
— eripherals
— 00 b

ASIP

Memory

vl

Reconfigurable
logic fabric

SoC

Figure 1.11 Applying reconfigurable logic in the SoC context.

The application examples of using embedded reconfigurable logic in the SoC con-
text include (but are not limited to):

e Hardware acceleration(the processor contextlrine-grain accelerators are
used for speeding-up an irregular or a critical type of application code. Such
a code may contain both logic and arithmetic operations which are ineffi-
ciently implemented using standard resources of programmable processors.
Typical examples are bit-level manipulations and arithmetic operations with
arguments, the width of which is smaller (or larger) than the width of the
processor data-path. The identified code can be replaced by custom instruc-
tions which are implemented in reconfigurable logic [36]. Also Application-
Specific Units (ASUs) are interesting candidates. Rather than implementing
such ASUs in hard-wired logic (as it is done in typical ASIPs), they can be
mapped onto reconfigurable logic. This broadens the application area and
extends the life-time of a final product.

e Product differentiation (the ASIC context) To meet requirements of dif-
ferent customers, companies providing hard programmable cores have to
manage and support a large spectrum of products that only slightly differ
in functionality. This is economically unjustified, even more that a new
chip has to be manufactured for each such a product. By integrating some
amount of reconfigurable logic with a standard core, it is possible to do
per-user-customisations in an already-fabricated chip. As a result, only one
version of such a chip rather than very many of them has to be supported.
An example are peripherals for microcontroller cores.

e Multi-standards realisation (the ASIC context) Today’s ICs (cores or
complete systems) are often designed to support different standards (e.g.
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for interfaces or communication protocols). The typical realisations of such
standards are independent dedicated hardware modules that are integrated
on the chip. This increases the chip area and causes an overhead since
only one or a very few such modules are active at the same time. On the
other hand, including all possible standards on a single chip is practically
impossible and economically unjustified. Due to insufficient performance,
programmable processors are also not an option. For these reasons, using
embedded reconfigurable logic for the implementation of various standards
is an interesting alternative. Eventually, the total silicon area of the final IC
may be even reduced.

1.4.3 State-of-the-art

The methods of using embedded reconfigurable logic in today’s SoC products can
be categorised in two dimensions. One dimension describegsienethowf

eRL, that is, whether eRL is applied to a complete hardware platform or to a
component (core) of such a platform. The second dimension specifissdpe

of eRL within that application area, that is, whether eRL constitutes the whole
element or is only a part of it. Such a taxonomy is shown in Table 1.1 together
with examples of state-of-the-art products belonging to each category.

Use method= Complete Component
Scopel) platform of a platform
Xilinx Virtex-1l Pro Actel VariCore
Altera Excalibur Leopard Logic HyperBlox
Full Atmel FPSLIC Elixent RAP
PACT XPP
(platform-based FPGAs Systolix PulseDSP

Triscend A7 Tensilica Xtensa

Partial Chameleon RCP
(reconfigurable SoC platforms Triscend E5

Table 1.1 Taxonomy of eRL-based SoC products.

The group of products designed as complete hardware platforms features the so-
calledplatform-based FPGAsvhich are offered by FPGA vendors, arstonfig-

urable SoC platformsin the platform-based FPGAs, a traditional FPGA fabric,
consisting of logic blocks and programmable interconnect, plays a central role.
Such a fabric is, however, enhanced with large chunks of embedded memories
(of the total capacity in the range of Mbits), dedicated functional blocks (such as
hard-wired multipliers), programmable input/output blocks supporting different
interface standards, peripherals, and a sophisticated clock management circuitry.
Last but not least, the newest platform-based FPGAs include also single or multi-
ple embedded CPU cores (e.g. four embedded IBM Power PCs cores in the largest
Xilinx Virtex-1l Pro device) that complete the whole system. Examples of the
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platform-based FPGAs are: Xilinx Virtex-Il Pro [119], Altera Excalibur [7], and
Atmel FPSLIC [9]. While embedded reconfigurable logic comprises a dominant
part of the platform-based FPGAs, reconfigurable SoC platforms contain only a
small amount of eRL supplementing the rest of the platform resources. Further-
more, in this case eRL is used almost exclusively for the implementation of com-
putations. Unlike the platform-based FPGAs, which rely on the FPGA-specific
technology (e.g. an increased number of metal layers, relaxed design rules [124],
etc.), reconfigurable SoC platforms are typically realised in a standard CMOS pro-
cess. An example is Triscend A7 platform [102].

In the group of the platform components, two types of products can be distin-
guished. The first type concerns cores implemented entirely in reconfigurable
logic. Such cores may differ in the granularity, which typically ranges from the
bit-level, through the nibble-levklo the word-level granularity. The bit-level re-
configurable cores are used for mapping ‘glue-logic’, control logic and sometimes
also arithmetic, whereas the nibble-level and especially word-level reconfigurable
cores are used predominantly as hardware accelerators. The cores from this group
are offered in different shapes and with different aspect ratios. They are avail-
able as hard cores (typically bit-level and nibble-level reconfigurable cores), or
soft IP cores (typically word-level reconfigurable cores). Examples are: Actel
VariCore [1], Leopard Logic’s HyperBlox [67], Elixent's Reconfigurable Array
Processor [43], PACT XPP processor [76], and Systolix PulseDSP [98]. The sec-
ond type of cores in the components of a platform group features programmable
cores augmented with reconfigurable logic. In this case, eRL comprises only a part
of the complete core and is used mainly for the acceleration purposes. Examples
are: Tensilica Xtensa [101], Chameleon Systems’ Reconfigurable Communication
Processor [25], and Triscend E5 [103].

1.4.4 Key challenges

Embedding reconfigurable logic onto a system-on-a-chip poses various hardware-
related and software-related challenges. One of the main hardware-related chal-
lenges is theeduction of intrinsic cosbf reconfigurable logic. A reconfigurable-
logic-based implementation is costly because the high degree of flexibility it offers
is obtained by the introduction of a huge number of configuration switches, mul-
tiplexers and large configuration memories. This leads to the one-to-three orders
of magnitude cost penalty in area, performance and power compared to an ASIC
implementation [37, 124]. The finer the reconfigurability grain, the higher is this
cost (compare Figure 1.9).

Due to the high intrinsic cost, and particularly the area overhead, only a limited
amount of embedded reconfigurable logic can be integrated on a system-on-a-
chip. The question about the exact amount of reconfigurable logic that should be
embedded is a fundamental design issue [124], and has to be resolved before a

1The term ’nibble’ is often used to describe groups of four bits.
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system-on-a-chip is fabricated. The challenge lies in findinggienal size of an
eRL fabricsuch that it accounts for the potential (future) growth of the complexity
of mapped circuits, and in a correct estimation of the eRL utilisation.

During a physical design process, a SoC designer is also confronted with the eRL
challenges. For example, the metal-intensive nature of reconfigurable logic cores
requires a careful chifloorplanning During the floorplanning procedure, the
locations of consecutive cores have to be found such that global interconnect re-
quirements are met and there is no wiring congestion. Furthermore, proper pin
positions for each core that guarantee the required timing have to be found. There
is also atestingchallenge. The specific nature of eRL asks for a robust and com-
plex testing approach that differs from standard testing procedures.

Finally, from the software point of vievpartitioning andsynthesiof the applica-

tion code that take into account the presence of reconfigurable logic in a system
is a challenge. Even more so because usually different design flows are used for
ASICs, FPGAs and programmable processors.

1.5 Problem statement

We have shown that the today’s chip production depends on economic factors
and the market behaviour. As a result, programmable (customisable) products of-
fering a fast time-to-market are a preferable solution. At the same time, however,

emerging applications enabled by the progress in IC technology impose higher and
higher requirements on the computational efficiency of target designs. Such re-
quirements cannot be met using traditional programmable products (e.g. general-
purpose processors or DSPs).

In such a conflicting environment, there is a clear need for a new implementation
paradigm which could help to bridge a cost-efficiency gap induced by traditional
implementation approaches, that is, ASICs and programmable processors. The
new paradigm should allow a cost-efficient design of embedded systems-on-a-chip
for consumer electronics market.

Embedded reconfigurable logic appears as an interesting alternative. Nevertheless,
because a low-cost production is critical for competitive consumer electronics mar-
ket, the high intrinsic cost of embedded reconfigurable logic (compared to the cost
of hard-wired implementations) has to be reduced to allow a full acceptance of
eRL-based products.

The objective of this work is to investigate possibilities of the reduction of intrin-
sic cost of embedded reconfigurable logic and to develop a methodology that fa-
cilitates the design and implementation of cost-efficient embedded reconfigurable
logic cores for consumer electronics applications. The cost-efficiency refers to
all design levels, and covers thus architecture, implementation, and technology-
related aspects.
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1.6 This thesis

1.6.1 Towards a solution approach

As indicated in Section 1.4.2, in this thesis we are concerned with fine-grain em-
bedded reconfigurable logic architectures, that is, architectures with sub-word re-
configurability. The fine-grain architectures are chosen because of their multi-
purpose role in a system-on-a-chip that goes beyond the acceleration-related func-
tionality typical for coarse-grain architectures.

In Section 1.4.4, we mentioned that application partitioning and finding the re-
quired amount of embedded reconfigurable logic are two of the key challenges of
the reconfigurable SoC design. We partially resolve these problems by focusing
on some typical ways of deploying embedded reconfigurable logic in the SoC con-
text, for example such as discussed in Section 1.4.2. The consequence thereof is
the assumption that only relatively small parts of the application code, and with
the (to a certain extent) predictable and manageable growth of their complexity,
can be mapped onto reconfigurable logic. This implies that only a relatively small
amount of reconfigurable logic is required in a system-on-a-chip. Therfore, the
impact the embedded reconfigurable logic has on the total cost of an embedded
system can be reduced.

Finally, we propose a further reduction of the intrinsic cost of reconfigurable logic
by tuning reconfigurable architectures towards requirements of target application
domains. In this way, embedded reconfigurable logic is no longer general-purpose
but rather application-domain-specific.

1.6.2 Main contributions

In this thesis, a template-based methodology for the design of embedded recon-
figurable logic is proposed. The template describes a generic model of a reconfig-
urable logic architecture. The template enables a fast architecture exploration, and
facilitates the VLSI implementation (netlist and layout generation) and the map-
ping process (architecture modelling in the CAD tools) of reconfigurable logic.

Application-domain specialisation is proposed as a means for the reduction of the
intrinsic cost of reconfigurable logic. The method of characterising processing

kernels from different application domains and the process of finding a suitable

implementation architecture for them based on the application domain character-
istics are given.

Three basic classes of domain-oriented reconfigurable logic architectures are de-
rived. Each class is illustrated by an example of a reconfigurable logic core, which
logic and interconnect architectures are described in detail. Various novel tech-
niques at the architecture level and the application mapping level are introduced to
increase cost-efficiency of such cores.
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Finally, a silicon prototype of one of the cores that has been implemented accord-
ing to the proposed template concept is presented.

1.6.3 Organisation of the thesis

This thesis is organised as follows. In Chapter 2, we analyse state-of-the-art FP-
GAs and identify the reasons for their high intrinsic cost. We also propose the
concept of application domain specialisation of reconfigurable logic that aims at
the reduction of such cost. The process of the application domain characterisation
based on three application parameters, which capture the logic and interconnect re-
quirements, is described. In Chapter 3, generic properties of logic and arithmetic
functions are given. Two new properties of binary addition are described that re-
duce its implementation cost in reconfigurable logic. Cost metrics for the quantifi-
cation of such cost are also described. Three domain-oriented reconfigurable logic
architectures, examples of mapping basic primitives onto such architectures, and
the architecture benchmarking are discussed in Chapter 4, Chapter 5 and Chapter
6. In Chapter 7, the template-based methodology that plays a central role in the de-
sign process of domain-oriented reconfigurable logic is proposed. The case study,
that is the silicon prototype of a reconfigurable logic core is described in Chapter
8. The architecture of the core is based on one of the proposed domain-oriented
reconfigurable logic architectures and its implementation is realised according to
the template concept. Finally, the main results of the thesis are summarised in
Chapter 9.
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Chapter 2

APPLICATION DOMAIN SPECIALISATION

Although attractive from the design time, manufacturing costs and time-to-market
perspective, the inherent flexibility of reconfigurable logic is paid in a considerable
cost overhead compared to ASICs. This is the main factor that limits the use of
reconfigurable logic in cost-sensitive embedded system-on-a-chip products.

To analyse this cost, a good understanding of modern reconfigurable logic devices,
such as FPGAs, and their applications is needed. In this chapter, we describe suc-
cessive generations of FPGA devices and discuss architectural trade-offs they ex-
ploit. We also compare the intrinsic cost of the FPGA and ASIC technologies.
Finally, we propose a method for the reduction of the intrinsic cost of reconfig-
urable logic through application domain specialisation. To illustrate this concept,
we analyse a set of kernels from different application domains and we charac-
terise and classify them using the selected criteria. We also present architectural
implications of such a classification.

2.1 Field Programmable Gate Arrays

2.1.1 Anevolving FPGA

The primary applications of the first FPGAs were hardware prototyping, low-
volume production series, a ‘glue-logic’ type of functionality (e.g. interfaces),
and somewhat later networking. In all cases, FPGAs were used as system com-
ponents integrated on a printed circuit board. However, the continuing technol-
ogy scaling has made FPGA devices attractive for a much broader range of tasks
than they were originally meant for. This has resulted in the expansion of the
FPGA application area from the ‘glue-logic’ niche, through hardware acceleration
in general-purpose and DSP computing [82, 50, 53], to the system-central position
today [89, 100]. Recently, next to traditional stand-alone devices, an alternative
way of using FPGAs, that is as embedded intellectual property (IP) cores, has been
proposed [1, 68].

One of the consequences of such a shift was a graduate change of FPGA architec-
tures. This can be observed following the evolution of any commercial FPGA. For
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our analysis we chose the family of Xilinx FPGA devices.

Figure 2.1 shows the logic block structures of five subsequent generations of Xil-

inx high-end FPGA devices. Despite many similarities (e.g. the use of a look-up

table as a basic logic element and the presence of a flip-flop at each logic output),
the presented structures also differ. The differences reflect various architectural
modifications that FPGAs have gone through. Considering both the logic and in-

terconnect parts of an FPGA architecture, such modifications include:

Increase in granularitythe logic blocks of successive generations of FPGAs
are made coarser and coarser (e.g. the change from a single 4-LUT in the
first generation to eight 4-LUTs in the fifth generation); coarse logic blocks
facilitate an implementation of large logic functions (more efficient mapping
of combinational logic) and data-paths (support for multi-bit processing).

Improvement of the arithmetic mapping capabiliti&®m the second gener-
ation onwards, FPGAs include dedicated arithmetic resources such as carry
logic, carry chains and specialised arithmetic modules (e.g. hard-wired mul-
tipliers in Virtex devices). This type of modifications considerably improve
the efficiency of mapping arithmetic (i.e. the number of logic blocks re-
quired per a given function) and are driven by the increasing importance of
signal processing applications.

Introduction of the memory mapping capabilitiesnbedding large memory
blocks into the traditional FPGA fabric is a consequence of the increasing
role of signal and image processing applications and the increasing size of
FPGAs themselves. Because of the latter, larger designs can be mapped
onto FPGAs. Consequently, large off-chip memories that are required for
the data storage are replaced with on-chip (embedded) FPGA memories.

Introduction of other architectural enhancementiirther mapping effi-
ciency improvement is achieved by providing shift-register mapping capa-
bilities (the third generation) and a means for implementing large sum-of-
product structures (the fifth generation). Also, multi-clock domains and pro-
grammable high-speed interface logic are introduced to FPGA devices.

Embedding of CPU core$:PGAs take a full advantage of technology scal-
ing by the on-chip integration of CPU cores (the fifth generation). In this
way, FPGAs are becoming independent implementation platforms that en-
able a realisation of complete systems.

Enhancement of interconnedhe changes in the FPGA logic are accompa-
nied by the changes in the interconnect structure. The reasons are: the per-
formance improvement, dealing with deep-submicron effects and enabling
the mapping of larger complex designs. Consequently, carry chains and
direct connections, segmented and hierarchical interconnect, and active in-
terconnect technology (fully-buffered interconnect) are introduced.
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Figure 2.1 The logic blocks of five successive generations of Xilinx FPGA devices: (a)
first generation XC2000, (b) second generation XC3000, (c) third generation
XC4000, (d) fourth generation Virtex (the Virtex logic block includes two
logic slices; the structure of a single logic slice is shown), (e) fifth generation
Virtex-11 (the Virtex-Il logic block includes four logic slices; only a half of
the logic slice is shown). The LUTs in each logic block are marked with bold
rectangles.

Essential characteristics of five successive generations of Xilinx FPGAs are sum-
marised in Table 2.1.

The above-described evolution indicates that FPGA architectures evolved from
homogeneous ‘sea-of-programmable-gates’ structures almost two decades ago to
general-purposéneterogeneous structures today. Though such an evolution has
been driven by FPGAs ‘riding the wave of Moore’s law’ [17], it has a strictly
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n

Feature : XC2000 XC3000 7 XC4000 7 Virtex 7 Virtex-l1 7
General |
Introduction year 1985 1987 1991 1998 2001
1997 (XC4000XL) 1999 (Virtex-E)
Process 2um5V 1.2um5V 0.8/0.65/0.6um 5/3.3 V, 0.22um 2.5V, 0.15/0.12m 1.5V,
technology 2-layer metal 2-layer metal 2-layer metal 5-layer metal; 8-layer copper,
0.8/0.65/0.6um, 3.6/3.3 V| 0.5/0.35um 3.3/2.5V, 0.18um 1.8V, low-k
3-layer metal 5-layer metal 6-layer metal
0.25um 2.5V,
5-layer metal
System performance ? 50-70 MHz 60-80 MHz 200-240 MHz 300 MHz
Logic resources
#in,#out/CLB 4in, 2 out 5in, 2 out 14 in, 6 out 22in, 14 out
CLB structure 2x3-LUT, 1 FF 2x4-LUT, 2FFs 2x4-LUT+3-LUT, 2 FFs| 4x4-LUT, 4 FFs 8x4-LUT, 4 FFs
Distributed RAM no no 32 bits 64 bits 128 bits
Embedded RAM no no no 4Kbit—32Kbit 72Kbit—3.375Mbit
16Kbit—208Kbit
Dedicated carry logig no no yes yes yes
Mux chaining no no no yes yes
Cascade chain no no no no yes
Interconnect
Local ? direct (direct) internal, feedback| internal, feedback,
direct (all direct.) direct (all direct.)
General-purpose singles singles singles, doubles, (quads) singles, hexs doubles, hexs
Global longlines longlines longlines longlines longlines
Special no no carry chain 2 carry chains, | 2 carry chains, 3-stat
3-state buses | buses, cascade chai
shift chain
Mapping capabilities
Max logic funct. 4-input 5-input 5-input 6-input 8-input
Max arithmetic funct. 1-bit 1-bit 2-bit 4-bit 8-bit

Table 2.1 Characterisation of successive generations of high-end Xilinx FPGA devices.
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economical justification. Firstly, a high degree of flexibility of FPGAs allows an
implementation of potentially any type of application (as long as it fits the FPGA
size, and other parametric requirements, such as performance and power dissipa-
tion, are satisfied). This makes modern FPGAs competitive to traditional ASICs,
especially if the production volume is low. Secondly, making FPGAs general-
purpose is beneficial from the FPGA vendors’ perspective. It limits namely their
efforts to the support and maintenance of only a few crucial device families.
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Figure 2.2 The gradual increase in the intrinsic cost of successive generations of Xilinx
FPGA devices: XC2000 [24, 11], XC3000 [116], XC4000 [117], Virtex [118],
Virtex-II [119]. The cost metric is the number of configuration bits per a logic
cell (LC). The cost figures are calculated for the smallest and largest devices
in a given family, and assuming a device of the similar capacity (884
CLBs).

The clear drawback of the continuous process of augmenting flexibility of FPGA
devices is the increasing cost overhead. Figure 2.2 shows the number of configura-
tion bits per logic cell calculated for five subsequent generations of Xilinx FPGAs.
We chose the number of configuration bits as the primary cost metric since it is
easily available from the FPGA data sheets. We normalised this cost per logic
cell. The 'logic cell’ (LC) expresses a fixed amount of functionality that is equiva-
lent to the functionality of a 4-LUT with a flip-flop The following factors (in the

LC equivalents) are used to characterise configurable logic block (CLB) capacities
of five generations of Xilinx FPGAs: XC2000 - 1, XC3000A - 1.625, XC4000X

- 2.375, Virtex-E - 4.5, and Virtex-Il - 9 [115]. (Embedded memories that are
present in some of the analysed devices are excluded.)

It is clear from the figure that the cost of the similar amount of functionality in
each new generation of FPGA devices is gradually increasing.

1The LC metric has been proposed by Xilinx to allow the comparison of different FPGAs [115].
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2.1.2 Architectural trade-offs in FPGAs

In its broadest sense, the general-purpose nature means the ability of implement-
ing random logic, data-path and memory functions in a single device. The cost-
efficient realisation of such functionality in a homogeneous (i.e. with an unified
type of resources) LUT-based FPGA device is fundamentally difficult. This is due
to different, often conflicting, requirements that are imposed by logic, arithmetic
and memory functions. For example, random logic functions, though being collec-
tions of fine-grain elements (logic gates), usually benefit from the mapping onto
coarse look-up tables (see Figure 2.3(a)). The coarse look-up tables allow a sub-
stantial reduction of the logic depth, and thus reduce delays. Because there is a
direct correlation between the granularity of a logic block, a logic delay and the
complexity of the FPGA routing resources [87], there is an upper limit on the size
of a look-up tablé that should be used in practice. Based on the study described
in [87], 3-input and 4-input look-up tables (3-LUTs and 4-LUTs) have been found
to be the best in terms of area. The results of the complementary study published
in [94] have shown that 5-input and 6-input look-up tables (5-LUTs and 6-LUTS)
are the best in terms of delay. Finally, a similar analysis presented in [3], in which
much more accurate area and delay models have been applied and the clustered
type of a logic block has been considered, has shown that look-up tables with four
to six inputs (4-LUTs to 6-LUTs) and logic block clusters consisting of four to ten
look-up tables guarantee the best area-delay product.

When mapped onto FPGAs, the data-path functions, and in particular arithmetic,
reveal an opposite nature to random logic. The arithmetic functions are usually
coarse-grain, this is, they have multi-bit input and output arguments. To account
for the dependence of the bits of the arithmetic output on the carry signal propaga-
tion, a straightforward FPGA realisation of an arithmetic function would require
very large, multi-bit-output look-up tables [47]. Because such look-up tables are
cost-inefficient, serially connected small look-up tables, which allow the bit-slice
structure of data-paths to be exploited, are used in practice (see Figure 2.3(b)). Of-
ten, a dedicated carry logic circuitry is also added to improve area-efficiency and
performance of the arithmetic-dominated designs.

Since the complexity of designs that can be mapped onto FPGAs is constantly
increasing, on-chip memories are needed. The initial assumption on the homoge-
neous structure of an FPGA device implies that such memories are implemented
as distributed memories. Typically, distributed memories in an FPGA are realised
using look-up tables (see Figure 2.3(c)). Because in a general-purpose FPGA the
look-up table size is a compromise between the requirements of random logic,
data-path and memory functions, the FPGA LUT-based memories are relatively
small (typically, with the total capacity between 32 and 128 bits per logic block).

If the mapped design requires larger memories, they can be assembled from small
LUT memories of the logic blocks. To allow the memory functionality, an FPGA

2The size of a look-up table is regarded as the number of its inputs (see details in Section 3.1).
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Figure 2.3 Typical functions: (a) random logic, (b) arithmetic, (c) memory, and their
LUT-based FPGA implementations.

logic block structure has to be enhanced with extra logic (e.g. write decoders,
control circuitry).

2.1.3 Quantifying the cost

Figure 2.4 shows the cost comparison of the ASIC and FPGA technologies as
presented in [124]. The comparison focuses on the characteristics of a basic com-
putational element in each technology, that iegic gatein ASICs and dook-up
tablein FPGAs. In Figure 2.4(a), thiegic densityof basic computational ele-
ments, which is calculated as the number of equivalent logic gates per unit area (in
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Kgates/mm), is shown. In Figures 2.4(b) and 2.4(dglay(in ps) andenergy(in
MW/MHZz) of basic computational elements are compared. All characteristics are
shown for different technology nodes.

It is clear from the figures that the intrinsic cost of FPGAs is much higher than
the intrinsic cost of ASICs. First of all, to implement a similar functionality an
FPGA needs on averad® times more silicon areahan an ASIC. Furthermore,

an FPGA look-up table is aboab times slowerand consumes abo600 times

more energythan a basic ASIC gate. Though the complexity of a look-up table
(and thus its logic capacity) is higher than the complexity of an ASIC gate, the
delay and energy results given here are representative for FPGA products as the
cost overhead of FPGA interconnect has been omitted in the comparison. Another
important conclusion from Figure 2.4 is that the factor of difference in area, per-
formance and energy between FPGAs and ASICs remains constant regardless the
technology scaling. We may assume therefore that this trend will continue.

According to DeHon [37], the primary reason for the high area overhead of FP-
GAs compared to ASICs is thmnfigurable interconnecHe estimates that such

an interconnect consumes about 80—90% of the total FPGA device area. However,
in DeHon’s model the configurable interconnect comprises not only interconnect
wires (i.e. metal tracks), but also programmable switches and multiplexers (i.e.
transistors) in the connection and switch blocks. In advanced process technologies
the presence of several metal layers (e.g. eight in a typical @riBPGA pro-

cess) facilitate the implementation of complex interconnect structures. Therefore,
in modern FPGAs the ratio of the transistor area to the area occupied by the inter-
connect metal tracks is about 1:1. For that reason, the reduction of the transistor
area occupied by the logic and interconnect elements in a logic tile rather than
the reduction of the metal track number only is essential for the reduction of the
intrinsic cost of reconfigurable logic. This is even more that the reduction of the
dimensions of a logic tile results in shorter connections between logic blocks, and
consequently in shorter delays and lower power consumption of the entire FPGA.

2.2 The concept of application domain specialisation

Despite the general-purpose nature and thus a large potential application area, the
vast majority of FPGAs target the same group of applications [61]. Today, the
typical applications are: digital communication, networking, signal and image
processing, automotive and security. Furthermore, the type of computations and
the accuracy required in such applications favour the word-level processing rather
than the bit-level processing that FPGAs were originally designed for. The higher
degree of flexibility than required [95] represents thus optimisation opportunities
which can be exploited to reduce the intrinsic cost of general-purpose FPGAs.

Our solution that addresses the above-mentioned aspects is the conappli-of
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Figure 2.4. The comparison of the intrinsic cost of the ASIC and FPGA technologies. (a)
Equivalent logic density (in Kgates/nfin (b) delay (in ps), and (c) energy (in
MW/MHZz) of a basic computational element are shown. The computational
element is a logic gate for an ASIC and a look-up table for an FPGA. (Source:
Xilinx & IBM, November 2002 [124]).
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cation domain specialisationf reconfigurable logic. The key idea behind this
concept is to trade flexibility of a reconfigurable logic fabric for the reduction of
its intrinsic cost. The reduction of flexibility is possible because the reconfigurable
logic fabric is meant to map processing kernels (tasks) from a specific application
domain rather then arbitrary kernels of any application. The kernels of the applica-
tion domain are assumed to share similar characteristics, which, to a large extent,
are known a priori. The domain-specific optimisation of the reconfigurable logic
fabric means matching its architectural solutions and their parameters with the
characteristics of the target application domain. In consequence, the fabric is no
longer general-purpose bdibmain-specificand is characterised by a lower intrin-

sic cost. This is analogous to the concept of Application-Specific Instruction-set
Processors (ASIPs) which play a crucial role in designing cost-efficient systems-
on-a-chip [109].

The selection of processing kernels of a similar type and finding a suitable im-
plementation architecture for them are essential elements of the proposed con-
cept. One the one hand, an application domain may be characterised by more then
one type of processing kernels. For example, in an MPEG4 application, which
comes from the video application domain, typical kernels are Discrete Cosinus
Transform (DCT), Variable Length Decoding (VLD) and Motion Compensation
(MC). Such kernels are characterised by a word-level signal processing, a bit-
level control processing, and a storage-dominated processing, respectively. Be-
cause the kernels have different characteristics, a design of a single cost-efficient
application-domain-oriented reconfigurable logic architecture for them is difficult.
On the other hand, the idea of applying application domain specialisation to recon-
figurable logic may be economically unjustified if its result is a large number of
different reconfigurable logic architectures that have to be supported. Therefore,
it is essential that relatively broad yet well-defingets of kernelsicross differ-

ent application domains are found that share the same characteristics and imply a
limited number (ideally one per set) of hardware implementations (implementa-
tion architectures). For the application domains with unified characteristics of all
processing kernels, the set of kernels will be equivalent to the entire application
domain. The essence of this concept is illustrated in Figure 2.5. The comparison
with the implementations using general-purpose FPGAs and ASICs is also shown.

The idea of tuning reconfigurable logic to an application domain is not new. The
benefit of making reconfigurable logic less general-purpose has been recognised in
the past and various domain-specific reconfigurable logic architectures have been
proposed in academia. Though a vast majority of such architectures target mainly
DSP type of applications (e.g. [60, 2, 73]), requirements of other domains, such
as cryptography, are also addressed (e.g. [49]). In parallel, the introduction of
coarse-grain reconfigurable architectures has also been driven by the idea of the
cost reduction in certain application areas. Examples of such architectures include:
RAA architecture of Hewlett-Packard [69] and XPP processor from PAC [76].

An interesting concept of application-domain-specific reconfigurable computing
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Figure 2.5. The concept of application domain specialisation of reconfigurable logic. The
implementation architecture of a reconfigurable logic core is optimised to-
wards processing kernels of a similar type. Such kernels may characterise
an entire application domain or parts of different application domains. The
comparison of application-domain-specific reconfigurable logic with general-
purpose FPGAs and application-specific integrated circuits (ASICs) is also
shown. Dependent on the chosen implementation approach, and consequently
on the size of the target application space, a different trade-off between flexi-
bility and efficiency can be obtained.

has been proposed as a part of the Totem project at the University of Washington
[29]. The software package enabling an automatic creation of coarse-grain custom
reconfigurable architectures using a predefined architecture template [42] and a
set of a priori known algorithms have been developed [31]. By a considerable
reduction in flexibility, the Totem configurable ASIC (cASIC) architectures [30]
are able to achieve the cost level which is closer to the cost of traditional ASICs
rather than to the cost of FPGAs.

There are several aspects that differentiate the concept of application domain
specialisation as proposed in this thesis from the previous work. Firstly, un-
like application-oriented architectures from academia that have been optimised
towards a single application domain only, we suggest a more complete approach
by taking into account requirements of a number of different application domains.
Secondly, we assume that a single implementation architecture may be shared be-
tween similar processing kernels from different application domains. Thirdly, we
aim at much higher level of flexibility than the flexibility offered by the Totem
cASIC architectures [29, 30], which are optimised towards a limited set of well-
defined kernels only. On the one hand, this increases the cost penalty, on the sec-
ond hand, it lowers the risk as the mapped kernels can still be updated or replaced
with new ones after a reconfigurable architecture is implemented in silicon.
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2.3 Application domain characterisation

The purpose of the application domain characterisation is to describe the nature
of processing kernels that have been identified as a part of a target application
domain. The characterisation of the kernels is done usirgpafication domain
modelthat is defined by a number of parameters. As shown in Figure 2.6, such a
model plays a role of an interface between an application domain and the imple-
mentation architecture of a reconfigurable logic core. As we will explain in detail
in Section 2.4 and Chapter 7, the implementation architecture of a reconfigurable
logic core is described by a means of a template. During the process of appli-
cation domain specialisation the parameters of the application domain model are
translated onto the parameters of the architecture template. In this way, a domain-
specific architecture (a template instance) of a reconfigurable logic core is derived.

Application domain Implementation architecture
Q . Ooo architecture template
® 0oo
000

processing kernels

Application domain model

. parameters

Figure 2.6. The process of application domain specialisation. The characterisation of the
processing kernels from a target application domain using the parameters of
the application domain model plays a central role.

The parameters (characteristics) of the application domain model capture the in-
formation about the processing kernels of a target application domain. Because the
parameters should enable an unambiguous characterisation of an application do-
main yet be general enough to justify the use of reconfigurable logic, they have to
be carefully selected. We propose three application domain parameters that meet
the above-mentioned criteria. The first two parameters, thgpes of processing
andword-size describe the computations of the processing kernels, while the third
parameterikRent exponerjb4], describes the communication within the kernels.

2.3.1 Type of processing

The type of processing characterises the functionality of the processing kernels.
The type of processing of a kernel is determined bydiisninant type of logic
such as data-path logic, random logic and memory logic.

Framework

The application domain characterisation using the type of processing as the pri-
mary criterion relies on the information on the implementation of a kernel. The
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dominant type logic, which determines the type of processing of a kernel, is estab-
lished by calculating the area contribution of differentimplementation components
(basic building blocks) to the total implementation area of the kernel. We dis-
tinguish three basic types of implementation components, namely random logic
(e.g. simple logic gates, random-logic multiplexers), data-path (e.g. arithmetic
modules, data-path multiplexers, modules generating multi-bit Boolean functions)
and storage components (e.g. flip-flops, shift registers). Consequently, process-
ing kernels can be characterised as random-logic-oriented, data-path-oriented or
storage-oriented.

VHDL or Verilog netlist

'

Logic synthesis with
technology—independent
mapping using
AmbitWare library

gate—level netlist

Y

Technology mapping
onto standard cells and
area—driven optimisations

Cadence BuildGates

area and resource reports

Figure 2.7. The experiment flow.

Figure 2.7 shows the procedure according to which the application domain char-
acterisation of the benchmark kernels has been realised. Each experiment con-
sisted of two steps, that is, a technology-independent mapping and a technology-
dependent mapping which were performed in the Cadence BuildGates synthesis
framework. During the first step, the high-level netlist of a benchmark kernel (in

a VHDL or Verilog format) was synthesised using the generic Cadence Ambit-
Ware library [22]. The use of the AmbitWare library allowed the macro-functions
(e.g. adders, multipliers, etc.), which were identified during the synthesis, to be
instantiated in the form of macro-components and to be preserved during the en-
tire mapping process. To guarantee the proper treatment of macro-components,
the synthesis parameters had to be set accordingly. We found that the most crucial
parameters weraware dissolvewidth (the number of bits of a data-path compo-
nent below which its structure is dissolved into random logagyare muxwidth

(the number of data inputs of a multiplexer below which its structure is dissolved),
and aware adderarchitecture(the adder type). We used default values of these
parameters as they guarantee the optimal design [22]. Consequently, four bits
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were chosen as the minium granularity of data-path components, eight as the min-
imal number of inputs of a preserved multiplexer, and the ripple-carry structure as
a default adder architecture. In the second step of the experiment, the gate-level
netlist of a benchmark kernel that has been generated in the first step was mapped
onto standard cells of the TSMC 0.[u/h CMOS process [79, 99].

Forty representative kernels from several different application domains have been
selected as the benchmark set. The set included: signal processing kernels pri-
marily in the area of mobile communication (e.g. audio processing, GSM, channel
decoding), bit-level processing and pixel processing kernels from digital video and
still image processing, various interface standards, peripheral blocks of microcon-
trollers, data encryption kernels from security applications, and acceleration ker-
nels from cryptography applications. Each benchmark kernel was characterised
using the information from the area and resource reports that were generated after
the technology-dependent mapping step. In this way, the percentage contributions
of random logic, data-path logic and storage components to the total benchmark
area were established. The macro-components that were identified by AmbitWare
(except multiplexers) were classified as data-path logic. The multiplexers were
divided into groups and classified as data-path or random logic components de-
pendent on the number of bits of their inputs (see Fig. 2.8). Flip-flops and el-
ements implementing constant values were regarded as the storage components.
All remaining components were treated as random logic.

Results and analysis

The benchmark set that has been used in our experiments is described in Table 2.2.
For each benchmark kernel, the table lists the application domain the kernel orig-
inates from and the complexity of the kernel found through the mapping process.
The information about the complexity of a kernel is given both in the silicon area

(a)  1-bit 4:1 multiplexer (b)  8-bit 4:1 multiplexer
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Figure 2.8 The classification of multiplexer structures as (a) random logic components
and (b) data-path components dependent on the number of bits of their in-
puts (outputs). The multiplexers with 1-bit inputs (outputs) are random logic
multiplexers.
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of its standard-cell implementation (jm?) and in the number of 2-input NAND
gate area equivalents. The typical word-size of data in each kernel is also listed.

Figure 2.9 shows the results of the application domain characterisation that has
been performed on our benchmark set using the type of processing as the main
characterisation criterion. The numbers on the horizontal axis correspond to the
processing kernel numbers from Table 2.2, while the vertical axis represents the
percentage of the silicon area occupied by random logic, data-path logic, and stor-
age components. The detailed characterisation of data-path logic (i.e. the contri-
bution of arithmetic elements, multi-bit Boolean logic elements, data-path multi-

plexers) and storage components (i.e. the contribution of flip-flops and elements
implementing constant values) are shown in Figures 2.10 and 2.11, respectively.

As we indicated earlier, the results of our application domain characterisation pro-
cedure are sensitive to the synthesis parameters. To investigate this aspect we
focused on thaware muxwidth parameter as potentially having the strongest im-
pact on the obtained results. For this purpose weagetre muxwidth=2. This
implies that all multiplexers that are identified in a processing kernel are preserved
as macro-components instead of being dissolved and optimised with surrounding
logic. Figure 2.12 shows the considerable number of multiplexers that have been
identified in this way (compare to the results in Figures 2.9 and 2.10). The aver-
age increase of 12% in the silicon area compared to the default case (i.e. when
aware muxwidth=4) has been noted.

We draw the following conclusions:

1. The type of processing is a relevant characteristic of an application domain.
Similar trends in the type of components used for the implementation of
benchmark kernels (Figure 2.9) relate to the origin of the kernels (Table
2.2). Consequently, the type of processing (established via the dominant
type of implementation components) characterises an application domain
(e.g. kernels 1-7, 36—40) or similar sets of kernels of different application
domains (e.g. kernels 18-21, 30-31, 32-34).

2. Three basic classes of processing kernels can be identified, that is random-
logic-oriented, data-path-oriented and memory-oriented.
Using the type of processing as the main criterion allows the classification
of kernels. The three identified classes of kernels correspond to the sets
of kernels 35-40 (random logic), 1-17 (data-path) and 18-34 (memory) in
Figure 2.9.

3. Processing kernels require also other kinds of implementation components
than those indicated by the type of processing of a kernel.
Despite a strong dominance of data-path (arithmetic) components in the
benchmark kernels 1-17, their implementations need also random logic.
Furthermore, the implementations of the memory-oriented benchmark ker-
nel 18-34 reveal the presence of data-path and random logic. Finally, the
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No. Benchmark Application Complexity Word-size
kernel domain [un?] [ gate count] [#bits]
1 || shiftdownl5asu audio 8896 1103 16
2 f_addasu audio 1339 166 16
3 f_subhasu audio 1517 188 16
4 f_mult_r_asu audio 10647 1320 16
5 shift.upl5asu audio 9065 1124 16
6 fob_multm_asu audio 45752 5670 32/48
7 fbb_addcasu audio 18135 2248 32/48
8 deciasu GSM (speech coding) 182 23 6
9 adderasu GSM (speech coding) 3161 392 14
10 macasu GSM (speech coding) 4206 521 12/14
11 viterbi_alpha channel decoding (backend)| 8117 1006 8
12 viterbi_betha channel decoding (backend)| 8103 1004 8
13 viterbi_lambda channel decoding (backend)| 17693 2193 8
14 nyquistfilter channel decoding (frontend) | 174318 21604 2x10
15 radix4_butterfly channel decoding (frontend) | 99317 12309 2x16
16 cordic channel decoding (frontend) | 35224 4366 14
17 ppone image (intermediate processing) 5606 696 10
18 bit_packer video (image coding) 13374 1658 32
19 encasu video (image coding) 105631| 13091 12/32
20 decasu video (image coding) 113847 14110 32/12
21 rle_asu video (image coding) 9913 1229 12/27
22 rnd.asu video (auxiliary unit) 5192 644 7
23 memprtasu video (auxiliary unit) 35362 4383 16,32/32
24 reconasu video (motion compensation)| 12420 1539 8
25 clip_asu video (motion estimation) 44635 5532 12,16/16
26 computeselect video (pixel processing) 17154 2126 2x8
27 interpolator video (pixel processing) 1176 146 8/16
28 erosion video (pixel processing) 17935 2223 10/16
29 mix_select video (pixel processing) 8866 1099 8
30 timer peripherals 5168 641 8
31 uart51 peripherals 8656 1073 8
32 ahhtrafic_ctrl interfaces 22163 2747 32
33 ip-1804 interfaces 32733 4057 32
34 i2¢c interfaces 18669 2314 32
35 ulaw_to_linear security 194 24 16
36 abrfua cryptography 276 34 32
37 desrfua cryptography 216 27 32
38 loki2rfua cryptography 200 25 32
39 magenta cryptography 682 84 32
40 md5rfua cryptography 149 18 32

Table 2.2 Benchmark kernels used in the application domain characterisation procedure
and their basic characteristics derived from the implementation in aj®nl3

CMOS process.
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Figure 2.9. Application domain characterisation based on the type of processing as the
main characteristic. The dominant type of implementation components that
determines the type of processing suggests the classification of the benchmark
kernels onto data-path-oriented (kernels 1-17), memory-oriented (kernels 18-
—34) and random-logic-oriented (kernels 35-40).

Data-path logic details

Figure 2.10 The detailed characterisation of the data-path components and their contri-
bution to the implementation area of different benchmark kernels.
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Figure 2.11 The detailed characterisation of the storage components and their contribu-
tion to the implementation area of different benchmark kernels.
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Figure 2.12 The contribution of the data-path and random logic multiplexers to the im-
plementation area of different benchmark kernels. The multiplexers were
derived foraware muxwidth=2 (by defaultaware muxwidth=4).
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purely combinational character of the benchmark kernels 35-40, for which
the above observation seems to fail, has been determined by the specific
implementation of the compiler that is used to identify the kernels. (Such
a compiler analyses the application code and extracts only a combinational
portion of the critical kernels. For the details see [36].)

4. Multiplexers are common implementation components.
The considerable amount of random logic and data-path multiplexers that
have been identified in the analysed benchmark kernels suggest that multi-
plexers can be regarded as basic implementation components.

2.3.2 Word-size

The word-size characterises tgeanularity of computationsn processing ker-

nels. Consequently, it also characterises the granularity of data (i.e. the number
of bits of data signals) on which such computations are performed. Unlike the
type of processing, which may be different for different sets of kernels of a given
application domain (see the discussion in Section 2.2), the word-size is a unique
characteristic of an application domain. The typical value of the data word-size in
common application domains is generally known.

Framework

The data word-sizes of processing kernels from our benchmark set (see Table 2.2)
were derived based on the typical granularity of macro-components identified dur-
ing the above-described application domain characterisation procedure. Despite
small divergences (e.g. due to the extended bit representation of internal signals),
we found that the word-size values identified for the analysed application domains
match well the generally known values. Therefore, the analysed application do-
mains can be characterised by the following data word-sizes.

telecommunication: 12—-16 bits,

e audio: 16-24 bits,

e image/video: 8-12 bhits,
e peripherals: 8 bits,

e interfaces: 32 bits,

e cryptography: 32 bits,
e coding: 1-8 bits.
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2.3.3 Rent exponent

Until now we considered only the computation aspects of processing kernels. Intu-
itively, there should be, however, a relation between the type of computations and
their internal communication (interconnect structure). For instance, data-path ker-
nels feature intra-macro communication (i.e. short, point-to-point regular connec-
tions between bit-slices of macro-components) and inter-macro communication
(i.e. multi-bit buses between macro-components). In contrast, the communication
in the random logic type of kernels lacks a clear structure (e.g. irregular connec-
tions of different lengths, independent interconnect wires rather then buses, high
fan-out rather than low fan-out signals).

There is no single property by means of which the communication structure within
processing kernels can be fully characterised. Nevertheless, Rent’s rule [64] and
the associated Rent exponent play an important role in the modelling of intercon-
nect structures. Rent’s rule is an empirical formula given by Equation 2.1 that
describes the relation between the average number of ternirala given logic
module (circuit) and the complexit$ of the logic module expressed in the num-
ber of its logic components (gates).is a proportionality constant calledent
coefficientwhich is equal to the average number of terminals per logic compo-
nent; the parametqris theRent exponerduch that O< p < 1. The Rent exponent

is calculated as the slope of the line representing Rent’s relationship on the log-log
scale.

T =tBP (2.1)

Because the Rent exponent depends on the interconnect topabgycircuit,

this parameter is of particular importance for us. As shown by DeHon [38], the
Rent exponent reflects the interconnect growth or the locality in the interconnect
requirements. A small value of the Rent expongn&(0.5) is typical for short

and regular connections, while a large valpex(0.5) is typical for rich and irreg-

ular connections (like in random logic, for example). The Rent exponent can be
therefore considered as a measure of the complexity of the interconnection topol-
ogy of a circuit [75], and consequently as a means for characterising circuits [96].
For these reasons we propose the Rent exponent (and the associated Rent coeffi-
cient) as the third parameter of our application domain model. In this sense, the
Rent parameters reflecting the type of communication within processing kernels
are complementary in nature to the type of processing and word-size parameters
that capture the information about the computations of the kernels.

Framework

Though we have not exploited the possibility of characterising processing kernels
based on their connectivity, we outline briefly a possible implementation strategy

3In this thesis we assume the use of the so-calrinsic Rent exponent [51] which is the
lower bound ofp.
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for such a characterisation procedure. Instead of using directly the information
about the net length distribution (e.g. according to the relation proposed by Van
Marck in [106]), we assume after [122] that the interconnect requirements of a
design netlist are captured by tfen-out distribution(i.e. the number of nets
versus fan-out). We rely on the fan-out distribution because the formula proposed
by Zarkesh-Ha in [122] (see Equation 2.4) takes into account the complexity of the
design. The fan-out distribution is derived using the equivalent Rent pararagters
and peq of a design (see Equations 2.2 and 2.3, respectively), which are geometric
average of the Rent parameters of all logic modules in the netlist.

The value of the Rent exponent is sensitive to the modifications of the netlist that
are the result of different CAD algorithms (e.g. partitioning). Therefore, we as-
sume that in the connectivity-driven application domain characterisation procedure
the netlists of the processing kernels must be first technology mapped onto a proper
type of a logic element and afterwards clustered into logic blocks of a proper size
(see the discussion in Section 2.4). This is in contrast to the computations-driven
characterisation of the kernels (i.e. using the type of processing and word-size
parameters) in which the gate-level format of the netlist is sufficient. To assume
a uniform complexity of the clusters into which the technology-mapped netlist is
partitioned, the Rent exponent-driven clustering method (e.g. such as described in
[92]) is suggested. During such a clustering it must be guaranteed that the Rent
exponent of each cluster is not greater than the Rent exponent of the (logic block)
architecture. The Rent exponent of the architecture is calculated using Rent’s rule
based on the information about the physical number of terminals of the logic block
and the physical number of logic elements in the logic block. The Rent coefficient
is the number of terminals of the logic element. Similarly, the Rent expopent

of thei-th cluster is calculated based on the number of the occupied terminals
of the logic block and the numbé&\; of the occupied logic elements in the logic
block. The Rent coefficieniof thei-th cluster is calculated as the average number
of the occupied terminals of the logic element. The difference between the Rent
parameters of the architecture and the design cluster is explained in Figure 2.13.

The equivalent Rent parametegg and peq of a benchmark netlist that has been
partitioned intoN clusters are given by Equations 2.2 and 2.3, respectively. The
fanout distribution of such a netlist is described by Equation 2.4, whet(@n)
denotes the number af-terminal nets.

N
(il:lti N®)

LN
= 2= (2.3)

(2.2)

Peq

net(m) = teN((M—1) F:j_l —mP) (2.4)
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(a) Rent parameters of architecture (b) Rent parameters of design (cluster)
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Figure 2.13 The example of the derivation of the Rent parameters for (a) an architec-
ture and (b) a design. LE and LB denote logic elements and logic blocks,
respectively.

2.4 Design flow

Figure 2.14 shows the design flow for the generation of domain-specific reconfig-
urable logic cores. The flow relies heavily on the concept of application domain
characterisation that has been described in Section 2.3. The key elements of the
flow are summarised below.

¢ Identification of the candidate processing kerndlbe target application do-
main is represented by a group of applications. The applications are charac-
terised by processing kernels. In this step, the candidate processing kernels
that are to be implemented in reconfigurable logic are identified.

e Characterisation of the kerneld:he selected candidate kernels are charac-
terised by the parameters of the application domain model, that is, the type
of processing, word-size, and Rent exponent, according to the procedures
described in Section 2.3.

¢ Classification of the kernelsThe characteristics of the processing kernels
that have been established during the previous step are used as the classi-
fication criteria. In consequence, the kernels sharing identical or similar
characteristics are grouped into sets. Additional constraints (such as design
effort, a soft or hard type of the generated reconfigurable core) determine
the final partitioning of the kernels between the sets.

e Template parameters matchinghe parameters of the application domain
model that characterise the identified processing kernels are translated onto
the parameters of the architecture template (see details in Chapter 7). The
following relations between the parameters are assumed.
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— Type of processing determines the type of a basic logic element of a
reconfigurable logic block. Consequently, it also establishes the ele-

mentary functionality of the logic block.

— Word-size determines the total number of logic elements in the logic
block. This is equivalent to defining the granularity of computations
that can be performed in the logic block.

— Rent parameters via the fan-out distribution are used as guidelines for
defining the interconnect length segmentation in a reconfigurable logic
core. Similarly to [93], we make an assumption that the fan-out distri-
bution of a circuit netlist is proportional to the distribution of the length
of interconnect segments in a reconfigurable logic architecture.

e Template instantiationThe domain-specific architecture of a reconfigurable
logic core is generated as an instance of the generic architecture template.
The template parameters are instantiated based on the parameters of the ap-
plication domain model and an additional input from a user. Iterative feed-
back is assumed for the final tuning of the architecture (e.g. the interconnect

part).

Application domain

Applications

Processing kernels

Application domain | Application domain|=— Application domain parameters
characterisation model
¢ Sets of kernels
. . I Vo [ ] O_ ___9 AN
Kernel classification .0 O - /, ! ® :,O‘ -~ - '6 O Constraints
\\-’/ \~—’/\\\~ O )
. . User
Parameter matching Architecture =
and template instantiation template
Oon
Domain—specific RL core |[1C1[]
oo

Figure 2.14 Design flow for the generation of domain-specific reconfigurable logic cores.
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2.5 Classification of reconfigurable logic architectures

The type of processing can be regarded as a fundamental characteristic of process-
ing kernels since it influences other characteristics of the kernels (e.g. interconnect
requirements; see Section 2.3.3). Consequently, we choose the type of processing
as the primary optimisation criterion of reconfigurable architectures. The other
proposed parameters of the application domain, that is word-size and Rent expo-
nent, are used for more specific optimisations, if such are economically justified.

Following this reasoning, we propose a general classification of reconfigurable

logic architectures based on the type of processing as the main criterion. Conse-
guently, using the results of the experiment described in Section 2.3.1, we derive
three basic types of domain-specific reconfigurable logic architectures, that is:

e data-path-oriented architectures,
e random-logic-oriented architectures,

e memory-oriented architectures.

2.5.1 Data-path-oriented architectures

Thedata-path-oriented architecturgarget kernels dominated by data-path logic,
and arithmetic in particular (see Figures 2.9 and 2.10). In such kernels, coarse-
grain operations (i.e. of the nibble-level granularity and higher) and the operations
with the carry signal propagation are typical. This type of processing is character-
istic for digital signal processing (DSP).

The data-path-oriented architectures should thus guarantee an efficient implemen-
tation of data-path logic. However, they should also allow an implementation of
random logic, probably less efficiently. This is important since in the implementa-
tion of some data-path functions random logic is also needed (e.g. an implementa-
tion of a binary divider, which is an arithmetic function, requires a small controller
and thus random logic).

According to Figure 2.9, the data-path-oriented reconfigurable logic architecture
would be the most suitable for the mapping of the benchmark kernels 1-17. We
conclude thus that this type of architecture is well-suited for the implementation

of hardware accelerators in the audio and telecommunication applications, for ex-
ample (see Table 2.2).

2.5.2 Random-logic-oriented architectures

Therandom-logic-oriented architecturese meant primarily for the efficient map-

ping of big chunks of combinational and sequential logic. Since in typical applica-
tions random logic is mixed with data-paths, and since random logic elements are
sometimes implemented using arithmetic elements (e.g. a binary counter can be
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implemented using a binary adder), the random-logic-oriented architecture should
enable the mapping of arithmetic functions, that is with a propagating carry signal.

The random-logic-dominated type of functionality characterises the benchmarks
kernels 36—-40 from Figure 2.9. Because such benchmarks have been deliberately
deprived of arithmetic (see conclusion 3 in Section 2.3.1), in practice some sup-
port for the implementation of arithmetic would also be needed. According to
our analysis, the random-logic-oriented type of a reconfigurable logic architecture
suits well the implementation of hardware accelerators in cryptography applica-
tions, for example.

2.5.3 Memory-oriented architectures

The memory-oriented architectureéarget processing kernels requiring storage re-
sources. The storage (memory) resources are needed because of:

¢ the algorithm requirements: the memory components implement algorith-
mic delays by means of a local storage (e.g. small data memories, register
files, look-up tables in distributed arithmetic [113, 111]) or various delay
elements (e.g. FIFOs, buffers, feedback loops etc.),

¢ the implementation requirements: the memory components are inferred by
a specific implementation method (e.g. balancing delays of different paths,
circuit retiming).

Typically, the implementation of the memory-oriented kernels will also require
data-path and random logic components, which relative amounts may differ per ap-
plication. Therefore, to enable an efficient mapping of such kernels, the memory-
oriented architectures will have to be multi-functional (general-purpose).

In Figures 2.9 and 2.11, the memory functionality has been identified in the bench-
mark kernels 13-14 (telecommunication applications) and kernels 18-35 (video,
interface, peripherals, and security application domains). As expected, the mem-
ory components in the implementation of these kernels play different roles. For
example, they implement delays (kernel 13), a storage for constant coefficients of
a digital filter (kernel 14), feedback loops in control structures (kernels 18-35),
complex storage resources such as FIFOs and register files (kernels 32—-34). We
propose to use the memory-oriented type of a reconfigurable logic architecture
for the implementation of kernels from the video, interface, and peripheral do-
mains. However, the choice of a suitable implementation architecture for a given
processing kernel may be determined in practice also by other factors (e.g. the
importance of the kernel, the type and total complexity of the required storage re-
sources). For example, though benchmark kernels 13-14 include memory compo-
nents, they have been classified as data-path-oriented, and the data-path-oriented
reconfigurable architecture has been selected for their implementation. This is cor-
rect since the benchmark kernels 13-14, similarly to the kernels 11-13 and 16-17
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from the same application domain, are characterised by the data-path-dominated
type of processing. At the same time, it is assumed that the data-path-oriented ar-
chitecture contains flips-flops that enable an implementation of memory elements
(see Chapter 4). However, if more sophisticated memory structures (e.g. FIFOSs)
or a considerable amount of storage resources were required, the memory-oriented
reconfigurable logic architecture might be a better implementation choice. A sim-
ilar reasoning can be applied to the benchmark kernels 18-34.

2.6 Conclusions

In this chapter we showed that modern reconfigurable logic devices, such as FP-
GAs, are general-purpose in nature. Although the general-purpose nature allows
the use of FPGAs for a wide range of applications, it also leads to a high intrinsic
cost. For example, the area, delay and energy of FPGA devices are about one to
three orders of magnitude higher than the same parameters of ASICs.

Because low-cost is critical for reconfigurable-logic-based SoCs targeting con-
sumer applications, we proposed a method of the reduction of the intrinsic cost
of reconfigurable logic based on the concept of application domain specialisation.
The key of the concept is the characterisation of processing kernels that are a part
of a target application domain and using this information during the design pro-
cess. Unlike general-purpose FPGASs, domain-specific reconfigurable logic cores
that are a result of such a design process are optimised for a specific type of kernels.
In this way a much better balance between flexibility and cost can be achieved.

We proposed three parameters that can be used to characterise an application do-
main. The first two parameters, that is the type of processing and word-size, de-
scribe the computations of processing kernels. The third parameter, that is the Rent
exponent, captures the information about the communication structure within the
kernels. Using the set of benchmark kernels selected from the application domains
that would benefit from using reconfigurable computing we showed how such ker-
nels can be characterised with the mentioned parameters. We also described the
complete design flow for the generation of domain-specific reconfigurable logic
cores. Finally, based on the application domain analysis we derived three classes
of reconfigurable logic architectures that should be supported, namely data-path-
oriented architectures, random-logic-oriented architectures, and memory-oriented
architectures. Though optimised towards a specific type of functionality, all three
classes of architectures are assumed to allow mapping of other types of functions
as well (but at a higher cost).



Chapter 3

BASIC CONCEPTS

The purpose of this chapter is to acquaint the reader with some basic concepts
which will be exploited in the remaining part of this thesis. We start with elemen-
tary definitions and properties of Boolean and binary arithmetic functions that are
relevant in the context of this work. Further, we propose two properties of a binary
addition that enable the optimisation of the LUT-based arithmetic. Finally, we dis-
cuss the architectural concepts on which our domain-oriented reconfigurable logic
architectures are based (see details in Chapters 4-6). We also present cost metrics
that will be used for the benchmarking of such architectures.

3.1 Generic properties

3.1.1 Background

Boolean algebra forms a mathematical foundation of the analysis and design of
logic circuits. Since binary logic circuits can be thought of as constructed of
switches with two possible states only (i.e. 'on’ and ’'off’) [104], the two-valued
Boolean algebr# = (B, +,-,0,1), where the seB = {0, 1}, is of practical use.

The behaviour of a logic circuit can be unambiguously described by means of
Boolean functions An n-variable (single-output) Boolean function is a mapping
of the form

f:B"—B. (3.1)

Often, the termswitching function’is used to describe a Boolean function defined
in the two-valued algebra with the carriBr= {0,1} [18]. In this thesis, we will
use the term 'Boolean function’ to mean a 'switching function’.

Let f(X1,Xo,...,X,...,X;) be a Boolean function of variables. The cofactor
of f(xq,%2,...,%,...,Xn) With respect to variable;, also called gositive cofac-
tor, is flx=1 = f(X1,%2,...,1,...,%). The cofactor off(x1,x2,...,Xi,...,Xn)
with respect to variablex, also called anegative cofactar is flx—o =
f(x1,X2,...,0,...,%) [72].
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Any Boolean functionf (x1, Xz, ...,X,...,Xn) Of n variables can be expanded into
the sum of products af literals!, calledminterms At each level of the recursive
expansion associated with an arbitrary logic variallethe functionf can be
represented as the sum of two products: the product of varkabled its positive
cofactorf|y—1, and the product of the complement of variaklethat isx;, and its
negative cofactof |y —o. Such an expansion of a Boolean function is caBedle’s
expansioror oftenShannon’s expansidi8], and is formulated as follows.

F (X0 X201 X6 Xn) = Xi- Flx -1+ % - Flx—o (3.2)

The dual of a Boolean functiorf (xq, X2, ..., Xi,...,%n), denotedfd, is defined as
f9(X1, %0, ..., Xis ..., %) = T(X1,%2,...,%,...,%) [15]. A Boolean function is said
to beself-dualif f9 = f [15].

A combinational logic circuit havingn inputs andm outputs can be described

by m nvariable Boolean functions;(xy,Xo,...,Xn), i = 1...m. An alternative
specification of the circuit behaviour is possible usinguwh table The truth
table of such a circuit has'2ows andn+ mcolumns. Then-element row vectors

of the input part of the truth table define all possible states of the circuit inputs,
while the m-element row vectors of the output part of the truth table define the
corresponding states of the circuit outputs. An example of a truth table is shown
in Figure 3.4.

An n-variable Boolean functiori(x1, X2, ...,Xi,...,Xn) can be implemented using

an n-input look-up table(n-LUT), wheren denotes theizeof the look-up table.

A typical n-LUT consists of 2 memory cells and a™ 1 multiplexer in a con-
figuration as shown in Figure 3.1 [80]. The memory cells store the values of the
Boolean function as defined by its truth table, while the multiplexer works as a
data selector.

inl

in2 out

3-LUT

out

in3

XN 1:8

inl in3
in2

Figure 3.1 An example of a 3-input look-up table and its implementation. The 3-LUT
suffices to implement a Boolean function of 3-variables.

ILiteral is a logic variable or its complement.
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Because the number of the required LUT memory cells increases exponentially
with the increase of the look-up table size, in practice look-up tables map rela-
tively small Boolean functions (i.e. of few logic variables only). The mapping of
larger Boolean functions can be enabled by Shannon’s expansion (see Equation
3.2), for example. The expansion is applied recursively until the number of logic
variables in cofactors of the Boolean function reaches the size of a target look-up
table. The values of such cofactors are stored then in the look-up tables, and the
signals related to the logic variables with respect to which the Boolean function
is expanded control 2:1 multiplexers at the LUT outputs. An implementation of a
4-input Boolean function according to this principle is illustrated in Figure 3.2.

f(Xl, ..,X3,1)
\
X2 LUT,
X3
f(xl, ..,X3,X4)
X1
Xo LUT,
X3 /
/
f(X], ..,X3,0)

X4

Figure 3.2 An implementation of a 4-input Boolean functidrix;, X2,X3,X4) using two
3-input look-up tabletU Ty andLU T;.

A binary additionis a fundamental arithmetic operation.féll adder circuit that
implements a 1-bit addition (see Figure 3.3) has two 1-bit data irgoantslb, and

a carry inputci; it also has a sum outpstand a carry outputo. The outputs
andco of a full adder are described by Boolean functidgsgnd f¢, as given by
Equations 3.3 and 3.4, respectively. Figure 3.4 shows the truth table of a full adder.

fs(a,b,ci) =adboci (3.3)
feo(a,b,ci) = ab+ (a®b)-ci (3.4)

An n-bit adder can be built of full adders connected in a chain as shown in
Figure 3.5. In such a ripple-carry adder structure [80], the carry output signal of
thei-th adder is connected to the carry input signal of ihe 1)-th adder, that is
Cli;1 = CO.

The adder inverting property80] states that the inversion of all inputs of a full
adder results in the inversion of all its outputs, that is

fs(&, b, ci) = fs(a,b,ci), feo(a,b,Ci) = feo(a, b, ci). (3.5)
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Figure 3.3 A full adder (FA). Figure 3.4. Truth table of a full adder.
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Figure 3.5 The implementation of an-bit binary adder using full adders.

3.1.2 Inversion-based folding type |

We propose an inversion-based folding method of the function describing a sum
output of a 1-bit binary adder. The notation is assumed as in Section 3.1.1.
Theory

THEOREM 3.1

(Partial inverting property of a full adder.)

The inversion of one of the inputs of a full adder results in the inversion of its sum
output.

From this statement (assuming the carry ings thereference inpytfollows
fs(a, b,ci) = fs(a,b,ci), (3.6)

or equivalently:

fs(a,b,0) = fs(a,b, 1). (3.7)



3.1 Generic properties 53
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Figure 3.6. The interpretation of the partial inverting property of a full adder.

CO<—| FA |=—ci

Note thatfs(a,b,0) and fs(a,b,1) represent the negative and positive cofactors
of the function fs with respect toci. The graphical interpretation of the partial
inverting property of a full adder is shown in Figure 3.6.

The proof of Equation 3.6 is trivial as it can be derived directly from the adder truth
table shown in Figure 3.7 using basic theorems of Boolean algebra [18]. The truth
table from Figure 3.7 is obtained from the original adder truth table (see Figure
3.4) by reordering the row vectors of its input and output gantish respect to

the value of the input variablei. For the sake of clarity, the corresponding row
vectors of the new truth table are marked with the same colour. Such vectors are
characterised by the opposite values of the carry icpand the opposite values

of the sum outpus. We shall refer to this relation @sti-symmetry type |

cijbla | s

01010160

01011 |1 _

0/1/0 1|1 anti—symmetry
Fof1]1 0] (type I)
1/0]0[1

110/110

111{0]0

Figure 3.7. A part of the adder truth table with row vectors organised with respect to the
carry input variableci. The anti-symmetry (type 1) between corresponding
row vectors is indicated by the their identical background colours.

Applying Shannon’s expansion (see Equation 3.2) to the adder sum furfgtion
yields:

fs(a,b,ci) =ci- fs(a,b,1) +ci- fs(a,b,0). (3.8)

By substitutingfs(a, b, 1) in Equation 3.8 according to Equation 3.7, we derive the
following theorem which we shall call thaversion-based folding type |

2|n the new truth table, the values of the variabtehave been deliberately omitted.
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THEOREM 3.2
(Inversion-based folding type I.)
If fs(a, b, ci) is a Boolean function describing the sum output of a full adder, then:

fs(a,b,ci) = ci- fs(a,b,0) +ci- fs(a,b,0) (3.9)

Theorem 3.2 indicates that an inversion operation and a cofactor of the function
fs with respect to the selected polarisation of the input variable (e.g. here variable
ci = 0) suffice to generate the sum function. Since we utilise a single expression
only to generate the information captured in both cofactors (f«a,b,0) and
fs(a,b, 1)), we refer to this implementation method as achievetblying.

Implications for the LUT-based implementation

The values of the negative cofactéy(a,b,0) in Equation 3.9 represent half of

all possible values of the full adder sum functibn(see Figure 3.7). A 2-input
look-up table (2-LUT) suffices thus to implemefata, b,0). The positive cofactor
fs(a,b,1) is generated by the inversion of the LUT output. The implementation of
the sum functionfs of a full adder according to this principle is shown in Figure
3.8(b). In Figure 3.8(a), the size of the output part of the original and compacted
(i.e. after folding) truth tables of a full adder are compared. It is clear that the
implementation of the full adder sum function according to the inversion-based
folding type | allows the size of the required LUT to be halved.

(a)  Original full adder truth table Compacted full adder truth table (b) LUT-based implementation
(the output part) (the output part)

controlled inversion
— block

Figure 3.8 The LUT-based implementation of the full adder sum functfgrusing the
inversion-based folding type I. (a) The comparison of the output parts of the
original and compacted truth tables of a full adder, (b) the implementation: the
values of cofactoifs(a,b,0) from the compacted truth table are stored in the
2-LUT, the controlled inversion block implements folding.

3.1.3 Inversion-based folding type I

We propose an inversion-based folding method of the functions describing the
sum and carry outputs of an n-bit binary adder. We assume the notation as in
Section 3.1.1.
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Theory

Figure 3.9 shows a truth table of a full adder in which row vectors have been
ordered with respect to the value of the input variatife The same background
colour identifies the pairs of row vectors that are related via the adder inverting
property as defined by Equation 3.5 in Section 3.1.1. The related row vectors are
characterised by the opposite values of the input variatd@s b and the opposite
values of the outputsandco. Such a relation represents yet another form of anti-
symmetry that can be identified in the adder truth table. We shall refer to it as
anti-symmetry type compare with the anti-symmetry type | in Figure 3.7).

ci|bla |s |co

anti—symmetry
(type II)

= Y B (ew) (awl (@)

OO == S
o= O~ O
oo |~ O

Figure 3.9. The truth table of a full adder with the indicated anti-symmetry type Il. In this
case, the anti-symmetry represents the relation described by the (full) adder
inverting property (see Equation 3.5).

In the ripple-carry implementation of ambit binary adder that has been shown in
Figure 3.5, the carry input and carry output signals of successive adder stages are
inter-dependent. Therefore, the adder inverting property defined by Equation 3.5
will also hold for an arbitrary-bit adder.

THEOREM 3.3

(Inverting property of an n-bit adder.)

The inversion of the inputs of an n-bit binary adder results in the inversion of its
outputs.

Let A= {ap,a1,...,an—1} andB = {bg,bs,...,by_1} be the sets of bits defining
the first and second inputs (arguments) ohdbit adder. Also, let be thei-th bit
of the sum output of such an adder, such that0...n— 1. Then, the inverting
property of am-bit adder can be formulated as follows:

fs (A, B,ci) = f5 (A, B,ci) i=0..n—1 (3.10)

SNote, that such a truth table has the same form as the truth table from Figure 3.7, but is
completed with the values of the output variabte
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feo(A,B,Ci) = feo(A, B, Ci), (3.11)

or equivalently:

fs (A,B,0) = fs (A B, 1) i=0..n—1 (3.12)

feo(A,B,0) = feo(A,B,1). (3.13)

Note, that the alternative formulation of the inverting property ohabit adder
is that the functionsfs and f¢, are self-dual(see Section 3.1). The graphical
interpretation of the inverting property of an n-bit adder is shown in Figure 3.10.

P '

CO ~<— n-bit adder  [=— ci E CO--—9  n-bitadder |o-— ci
v i
n
S S

Figure 3.1Q The interpretation of the inverting property of an n-bit adder.

Note also, that the-bit version of the adder inverting property déferentthan

the partial inverting property of a full adder described in Section 3.1.2. Firstly, the

n-bit adder inverting property holds for an adder with an arbitrary number of bits

of its arguments and not for a full adder only. Secondly, the n-bit adder inverting

property assumes the inversion of all inputs of an adder instead of only one of its
inputs. Finally, it concerns all outputs of an adder rather than the sum output only.

Applying Shannon’s expansion with respect to the carry input variablsee
Equation 3.2) to the sum and carry output functions describing the outputs of an
n-bit adder yields:

fs (A, B,ci) =ci- f5(A,B,1) +ci- f (A, B,0) i=0...n—1 (3.14)

fco(A, B, Cl) - Cl . fCO(A7 B7 1) +a . fco(A, B, O) (315)

By substitutingfs (A, B, 1) and fco(A, B, 1) in Equations 3.14 and 3.15 according
to Equations 3.12 and 3.13, we derive theersion-based folding type.ll
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THEOREM 3.4

(Inversion-based folding type I1.)

If f5 (A, B, ci) and feo(A, B, i) are Boolean functions describing an i-th bit of the
sum output and the carry output of an n-bit adder, respectively, then:

fs (A, B,ci) = ci- f5(A,B,0) +ci- f5(A B,0) i=0...n—1 (3.16)

feo(A, B, i) = ci- feo(A, B,0) +Ci - feo(A, B,0) (3.17)

Theorem 3.4 shows that the values of the sum functipand carry output func-

tion feo of ann-bit adder can be generated using only the inversion operation and
one of the cofactors of these functions (in Equations 3.16 and 3.17, the negative
cofactors with respect to variabée are chosen). Analogous to Section 3.1.3, we
say about this type of implementation as achievetblding. If the reference vari-

able has the polarisation opposite to the selected (i.e. hereavkeh), the values

of the reference cofactors have to be modified. In this case, modification of the
cofactors is done by the inversion alf their inputs.

Implications for the LUT-based implementation

(a) Original adder truth table Compacted adder truth table (b) LUT-based implementatior
(the output part) (the output part)
n+1 n+1
S co S co

22n

22n+1

controlled inversion blocks

J

Figure 3.11 The LUT-based implementation of threbit addition using the inversion-
based folding type Il. () The comparison of the output parts of the original
and compacted truth tables ofisbit adder, (b) the implementation: the val-
ues of the cofactorss (A,B,0) and feo(A,B,0) from the compacted truth
table are stored in thie/m-LUT, the controlled inversion blocks implement
folding.

The negative cofactorf; (A, B,0) and fco(A, B,0) in Equations 3.16 and 3.17 rep-
resent half of all possible values of the sum functiégsnd carry output function
fco Of an n-bit adder, respectively. The output part of the truth table oh-dnit
adder has 21 rows andn+ 1 columns, which corresponds ta2 1 1-bit inputs
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(i.e. twon-bit argumentsA andB and a carry inputi) andn+ 1 1-bit outputs

(i.e. n-bit sum outputSand a carry outputo) of ann-bit adder. By applying the
inversion-based folding type Il, such a truth table can be compacted to the table
with 22" rows only (see Figure 3.11(a)). Consequently, the generatiomefja-

tive cofactorsfs (A, B,0) and the negative cofactdgo(A, B,0) of ann-bit adder is
possible using a look-up table wikh= n inputs andn = n+ 1 outputs. We shall
refer to such anulti-output LUTask/m-LUT. The implementation of the n-bit ad-
dition in the k/m-LUT according to the inversion-based folding type Il is shown in
Figure 3.11(b). The controlled inversion blocks that are placed at the inputs and
outputs of the look-up table enable the generation of the expres&i¢AsB, 1)

and fco(A,B,1) . Itis clear that the implementation of timebit adder according

to the inversion-based folding type Il allows the size of the required multi-output
LUT to be halved.

3.2 Cost metrics

This section deals with basic concepts behind the domain-oriented reconfigurable
logic architectures that will be presented in detail in the next chapters. It also
proposes a set of metrics enabling a comparison of such architectures with state-of-
the-art FPGAs, and in this way, a verification of the concept of application domain
specialisation proposed in Chapter 2. Two primary cost metrics are introduced:
the metric based on theplementation areaf a reconfigurable architecture and

the metric based on treeea modebf a reconfigurable architecture.

3.2.1 Architectural concepts

In Chapter 2 we derived three basic classes of domain-oriented reconfigurable
logic architectures that should be supported. We assume that such architectures
are madehomogeneousThe homogeneity means in this case that the entire array
(see Section 1.4.1) of a domain-oriented reconfigurable logic core is built of the
identical type of modules. We shall refer to such module®gig tiles A logic

tile consists of a logic block and a portion of routing resources (e.g. the bottom
and right parts of routing channels that cross over in a switch block, as shown in
Figure 1.8). A homogeneous architecture is essential for several reasons, namely:

e It reduces the complexity of mapping tools (placement and routing tools in
particular) since such tools do not have to account for functional differences
between tiles.

¢ It reduces the design effort since the same type of basic building blocks can
be used to assemble the complete array of a reconfigurable logic core.
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¢ It matches the type and complexity of functions that are to be mapped onto
a reconfigurable logic core (see the discussion in Section 1.6.1). (For exam-
ple, since a reconfigurable logic core is meant to map only relatively small
processing kernels, large embedded memories can be omitted.)

We also assume that logic blocks of a reconfigurable logic core are LUT-based.
The look-up tables offer a high level of flexibility, which is essential if the mapping
of different types of functions is expected (see Section 2.3.1, conclusion 3.). The
logic block has a hierarchical structure. It consists of (in a bottom-up order): a
logic elementalogic blockand alogic tile.

3.2.2 Mapping cost

To compare different reconfigurable architectures we introduce a unified cost met-
ric, which we shall calmapping cost MCThe mapping cost (ipm?) is a cost of
implementing a function (processing kernel) in a reconfigurable logic architecture,
and is calculated as

MC = NLB ><A|_T. (318)

N_g is the number of logic blocKsthat are needed to implement a given function,
and is established via a mapping experiment (manual or automaii¢)is the

area of a logic tile in a (target) reconfigurable architecture, and is derived based
on the VLSI implementation of the tile. We choose the logic tile area as a pri-
mary cost measure of a reconfigurable logic device since it has a strong impact
on its other implementation parameters, such as power consumption and delay.
The reason for that is that both power consumption and delay in FPGA devices
are interconnect-dominated [47], and that a logic tile comprises the interconnect.
Power consumption is determined by the capacitance (load) of interconnect wire
segments, while the delay by the capacitance and resistance. Since the capacitance
and resistance are functions of the wire segment length, they depend on the hori-
zontal and vertical dimensions of the logic ®il@nd thus on the logic tile area (as

the product of the logic tile dimensions).

Though accurate (for area), the comparison of reconfigurable architectures based
on the above-discussed cost metric is not always possible. Firstly, the logic tile
area of many state-of-the-art commercial FPGAs is not known. Secondly, an im-
plementation of all proposed domain-oriented reconfigurable architectures is, due
to a considerable design effort, not realistic. Finally, the tools that enable map-
ping of complex functions onto all reconfigurable architectures of interest are not

4We use the number of logic blocks rather the number of logic tiles since the former parameter
is directly reported by mapping tools. Essentially, as far as the amount of logic resources only is
concernedN, g = N, .

SBecause of the programmable nature of the FPGA interconnect, this is true even if interconnect
wires are laid out using multiple metal layers on top of the logic.
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available. Therefore, we suggest an alternative method of comparison. In the first
method, we calculate the mapping cost MC usingth&I implementation areaf

a logic tile as a cost measure. Only those devices for which implementation data
are available are compared in this way. Furthermore, dependent on the availabil-
ity of mapping tools, mapping cost of simple or complex benchmark functions is
considered. In the second method, we also calculate the mapping cost MC, but the
area of a logic tile is estimated based on énea model Below, both comparison
methods are discussed in detail.

3.2.3 Implementation-based cost metrics

As indicated above, the implementation-based method of comparison of recon-
figurable architectures relies on the VLSI implementation area of a logic tile. If
dedicated mapping tools are available, the cost of mapgngpleXunctions onto

a reconfigurable logic architecture is calculated according to Equation 3.18. If the
area of a logic tile in a reconfigurable architecture is known but mapping tools are
not available, two additional cost metrics are used to compare the cost of map-
ping relativelysimplefunctions. The first metric, that data-path mapping cost
MCpp, is defined as the cost of implementing 1-bit of data-path in a reconfigurable
architectureMCpp is calculated as

A
MCpp = % (3.19)

wheren expresses the maximum number of bits of a basic data-path function (here:
a binary addition) that can be implemented in a logic block of the architecture. The
unit of MCpp is un?/bit. The second metric, that iandom logic mapping cost
MCgL, is defined as the cost of implementing a 4-input Boolean function in a
reconfigurable architectur&ICg, is calculated as

A
MCRrL = % (3.20)

wheremis the number of 4-LUTs in a logic block of the architecture. The unit of
MCgy is un?/4—LUT.

Note, thatMCpp andMCg, reflect themaximal (ideal) mapping efficienof the
compared architectures. This is because both metrics are not influenced by the
guality of mapping tools (the values of the parameteesxdm are derived from

the architecture of a single logic tile only). In practice, logic tiles are sometimes
used for routing or may be blocked. Therefore, the usage of logic resources is
usually lower than 100%.

We have selected two state-of-the-art commercial (general-purpose) FPGAs, that
is Xilinx Virtex-E [118] and Altera APEX 20K400E [4], for our comparison. The
VLSI implementation area of the logic tiles in both devices is known [77]. The
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availability of dedicated mapping tools for these FPGAs (i.e. Alliance package
for the Xilinx device and Quartus Il for the Altera device) allows the compari-
son of the mapping cost using complex benchmark functions. For our compari-
son we also selected three data-path-optimised FPGAs from academia. They are:
Low Power Programmable Gate Array (LP-PGA 1) from University of Berkeley
[47], Computational Field Programmable Architecture (CFPA) from University of
Toronto [61] and Reconfigurable Computing Array (RCA) from Hewlett-Packard
Laboratories (now Elixent Ltd.) [69]. Due to lack of dedicated mapping tools, the
latter FPGAs are used in a comparison based/@n»p and MCg cost metrics.

The implementation data of the selected state-of-the-art FPGAs are summarised
in Table 3.1.

FPGA Technology | Implementation| At

device style [urf]
Xilinx Virtex E 0.18um CMOS| full-custom | 35462
Altera APEX 20KE|| 0.18um CMOS| full-custom | 63161
LP-PGAII 0.25um CMOS| semi-custom | 52779
CFPA 0.5um CMOS full-custom | 63240
CHESS 0.35pm CMOS | full-custom (?) | 45000

Table 3.1 The implementation data of logic tiles of the commercial and academia FPGAs.

3.2.4 Model-based cost metrics

Several different models for estimating an area of a FPGA logic tile have been
proposed in academia. Their common characteristic is an assumption that the
logic tile area is the sum of the logic block asaand the routing aredg, that is,

At = AL+ AR

For example, Roset al. (1990) [87] calculate the logic block area as the sum of

all LUT memory bit areas and a fixed area that is needed for a LUT selection cir-
cuitry, a flip-flop, and an extra control logic. Rose estimates the routing area based
on the number of tracks in a routing channel of a given reconfigurable architec-
ture. The tracks are separated by a fixed routing pitch, which depends on the area
of a configuration (control) memory cell. The tracks are assumed to be laid out
on the same metal layer. The problem of Rose’s model is that it requires precise
information about the total number of routing tracks. Due to a heterogeneous type
of routing resources in modern FPGA devices, establishing the exact number of
tracks per routing channel in such devices is often difficult. Bretval. (1992)

[19] use the same logic block area model as Rose. However, they assume that
the routing area is a linear function of the logic block pin count, as suggested by
Hill [54]. The limitation of Brown’s model is that it uses the area cost per pin
(expressed in the memory cell areas) which has been established for a specific set
of architectures, and is thus inappropriate in a generic case. The alternative area
model that has been proposed by Betal. (1999) [14] is much more accurate
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than the models described above. The Betz model, applied to the placement and
routing tool called VPR [14], is based on the area count of minimum-width transis-
tors. All basic building blocks of an FPGA architecture are characterised a priori
with this parameter. Though accurate, the use of Betz’s model is restricted to only
those FPGA architectures which can be modelled in VPR.

To overcome the limitations of the existing models, for our comparison we have
chosen a simple yet reliable area estimation technique adopted from He & Rose
(1993) [52]. According to this technique, the area contribution of Idgidepends

on the number of LUT memory bits,,,,, whereas the area contribution of routing
Ar on the number of logic block pinB. The latter is based on the assumption of
Hill [54] that each logic block pin has a fixed area contribution to the total area
of a logic tile. The direct correlation between the logic block pin count and the
routing cost of a logic block has been confirmed by others [37, 26]. Note, that this
logic tile area estimation techniqueimplementation-independerfurthermore,

it is alsointerconnect architecture-independesiice the routing cost is estimated
based on the logic block pin count rather than on the precise information about
the interconnect structure. In this way, a fair comparison of different FPGAs, even
without knowing their architectural and implementation details, is possible.

He’s & Rose’s model has been originally applied to relatively simple FPGA struc-
tures, in which all pins of the logic block are equally important. To account for the
functional diversity of the logic block pins, which is common in modern FPGAs,
and thus for the difference in the cost, we introduce avpaighting factor w
Consequently, we also replace the pin nunm®én our model with thewveighted

pin number R, such that?, = gipzlwi - pi. The weighting facto; reflects the
difference in the routing resource cost induced by a logic blockgpifwhere
i=1,...,P) in comparison to the cost induced by a random logic pin in a logic
block of a traditional (general-purpose) LUT-based FPGA. We identify five types
of pins in the FPGA architectures of interest. They are:

random logic pin,

word-level data-path pin,

bit-level data-path pin,

carry pin,

auxiliary pin.

Each pin is characterised by the unique value of the weighting fagtorWe
assume the weighting factor values as listed in Table 3.2, which are similar to the
values suggested by Lewis in [26].

Therandom logic pinis a pin of the logic block in a traditional general-purpose
FPGA architecture. Such a pin is connected typically to an input or output of
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| Pin type | Weighting factom |
Random-logic 1.0
Word-level data-path 0.5
Bit-level data-path 0.7
Carry 0.5
Auxiliary 0.6

Table 3.2 Weighting factors of logic block pins in different FPGA architectures.

a look-up table. Because the random logic pin serves as a reference, it is char-
acterised by the weighting factewy = 1. Further, we distinguish two types of
data-path pins, that is the word-level data-path pin and the bit-level data-path pin.
The word-level data-path pimodels the input and output data pins of a recon-
figurable architecture in which the interconnect structure has the form of buses.
The bus-like implementation implies that the word-level control is applied to the
switches in switch blocks and output connection blocks and to the multiplexers in
input connection blocks of such an interconnect structure. The word-level control
of routing resources and the reduced flexibility of the connection blocks (due to
the regularity of data-paths) decrease the cost of the reconfigurable interconnect.
For that reason, the word-level data-path pins are assumed to have half of the cost
of the random logic pins [26], that 1=0.5. This is rather a conservative estimate
[26]. Because of the dedicated, scarce routing resources that are associated with
the input and outputarry pins such pins are also characterised by the weighting
factorw;=0.5. Thebit-level data-path pins similar to the word-level data-path

pin except for the fact that it is associated with the routing resources that are bit-
level rather than word-level controlled (i.e. each switch and each multiplexer have
independent control bits). To reflect the difference in the interconnect cost, such
pins are characterised by the weighting factgr0.7. This is also a conservative
estimate. Finally, thauxiliary pin models the secondary ports of a reconfigurable
architecture (e.g. a shift input/output port in the Xilinx Virtex Il logic block archi-
tecture [119]). The auxiliary pins are usually connected to the dedicated routing
resources. The weighting factar=0.6 is assigned to this type of pin.

Equations 3.21 and 3.22 show the way of estimating the logic blockfAread
the routing areag of a logic tile according to the proposed modealandf3 are
proportionality coefficients.

AL = a-Nimp (3.21)
AR =[Py (3.22)

Because the exact ratio between the logic #&eand the routing areég is dif-
ficult to establish, the value of the coefficiemtsand 3 is unknown. Therefore,
instead of using one cost metric we use two independent cost metapping
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cost with respect to logic MCand mapping cost with respect to routing MC
which are calculated as follows.

MCL = N|_B X Nlmb (323)
MCR = N|_B X PW (3.24)

The parameteN g in Equations 3.23 and 3.24 is the number of logic blocks that
are needed to implement a benchmark function. Simple macro-functions are se-
lected as a benchmark set. The parambigrfor such functions is derived us-

ing dedicated macro-generators (commercial FPGAS) or is found by performing a
manual mapping (the proposed domain-oriented FPGAS).

Note, that the reduction of the LUT memory bit,, in the implementation of

a given function has a double advantage. First, it reduces the area contribution
of logic (see Equation 3.23). Second, it also reduces the configuration time of
a device since a smaller amount of data must be up-loaded to the configuration
(control) memory.

We have selected three state-of-the-art commercial FPGAs as the reference in the
model-based comparison. The FPGAs are: Xilinx Virtex Il [119], Altera Stratix
[6], and Atmel AT40K [8]. The FPGAs are characterised with the paramBliges

andR, that are listed in Table 3.3.

Number of pins
FPGA architecture| Inputs| Outputs| Carry | Carry | Auxiliary || Nimp | Py
input | output

Xilinx Virtex Il 40 16 2 2 6 128 | 62
Altera Stratix 40 20 1 1 1 160 | 62
Atmel AT40K 4 2 0 0 0 16 | 6

Table 3.3 Characterisation of the logic costif,,) and the routing resource co®,j in
the selected state-of-the-art commercial FPGAs.

3.3 Conclusions

In this chapter we surveyed basic definitions and properties of Boolean and arith-
metic functions that are of importance for the work presented in this thesis. We
also discussed two novel properties of a binary addition that simplify its LUT-
based implementation. The properties describe the method of folding the sum
function of a full adder (the inverting-based folding type 1) and the method of fold-
ing the sum functions and carry output function ofrahit adder (the inverting-
based folding type 1). The result of such folding is a factor of two reduction in
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the number of LUT memory bits. Some implementation aspects of the proposed
properties were also considered.

To enable a comparison of the domain-oriented reconfigurable logic architectures
with the selected state-of-the-art FPGAS, we proposed a cost metric called the
mapping cost. The mapping cost of a given function is calculated based on the
number of logic blocks that are needed to implement the function and on the area
of a logic tile. Dependent on the available data, the logic tile area is the VLSI

implementation area of the tile or the estimate of that area derived based on the
model.
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Chapter 4

DATA-PATH-ORIENTED
RECONFIGURABLE ARCHITECTURE

In this chapter we present the first of the domain-oriented reconfigurable logic
architectures, namely ttdata-path-oriented architecturél' he architecture is op-
timised towards the mapping of processing kernels that are data-path dominated.
Themodified data-path-oriented architectyrghich is characterised by the word-
level control applied to its logic and routing resources, is also presented.

4.1 Introduction

4.1.1 Characteristics of the application domain

The implementation of kernels dominated by the data-path type of processing re-
veals aregular natureof data-paths. The regularity is expressed both in a similar
type of logic components as well as in the structured interconnect between them.
The data-path implementation is alswdular, that is, it consists of a number of
word-level units with clearly distinguishable boundaries. We will refer to such
units asmacro-blocksor macro-componentsThe macro-blocks are usually im-
plemented in ait-slicedway. This means that identical basic blocks (slices)

are used to implement the functionality of a#bit macro-block. The 1-bit slices

are abutted together in one direction. This type of implementation implies specific
directions for the data and control flows, typically being orthogonal to each other.
The connections between bit-slices, that is connections within macro-blocks, are
usually short (local), while the connections between macro-blocks may be of any
length. We will refer to the communication featuring such types of connections
asintra-macroandinter-macrocommunication, respectively. This is illustrated in
Figure 4.1, where an example of a 16-bit data-path structure is given.

In the data-path-dominated processing kernels, multi-bit (i.e. word-level) arith-
metic functions and multi-bit logic functions are the most common; simple control
functions, which sometimes are also present in such kernels, are implemented as
random logic.
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Figure 4.1 An example of a 16-bit data-path.
4.1.2 State-of-the-art

Though data-paths feature multi-bit processing, most LUT-based FPGAs support
an implementation of only single-bit operations in their basic functional elements.
For example, a 1-bit arithmetic addition is typically implemented with two small
LUTs (e.g. 3-LUTs) or one bigger LUT (e.g. 4-LUT). If two 3-LUTs are used,
they implement the surmand carry outputo signals of a 1-bit adder. The LUTs
may have independent inputs (e.g. as in Altera FLEX [5]) or shared (connected)
inputs (e.g. as in Atmel AT40K [8]). If a single 4-LUT is used for the adder
implementation, such a LUT implements the adder sum sigrigthe carry output
signalco is generated in a dedicated carry circuitry (e.g. as in Xilinx Virtex-E
[118]). The first and second implementation method are shown in Figures 4.2(a)
and (b), respectively.

@ (b)
b 3-LUT|
C1

carry circuitry

4-LUT

.

3-LUT]

ci

Figure 4.2 Typical methods of implementing a 1-bit addition operation in state-of-the-art
FPGAs: (a) an implementation using small LUTs with shared inputs, (b) an
implementation with a bigger LUT and a dedicated carry circuitry.

The problem of the above-mentioned implementations is their high cost. Note,
that in both cases in total 16 configuration bits are needed for the implementation
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of a 1-bit addition only. Also, if coarse LUTs are used, a larger delay of the selec-
tion multiplexer (see Figure 3.1) reduces the overall performance of the mapped
function. Applying the carry-select addition method (e.g. as in Altera Stratix [6])
diminishes this problem slightly.

The multi-bit arithmetic functions and multi-bit Boolean functions are imple-
mented using several look-up tables. Complex Boolean functions, having many
inputs and typically a single binary output, are implemented according to Shan-
non’s expansion (see Figure 3.2).

4.2 Applying the inversion-based folding type |

The problems of the full adder implementation in the described state-of-the-art
LUT-based FPGAs can be avoided if the inversion-based folding type | (proposed
in Section 3.1.2) is applied. In Figure 4.3, the suggested implementation of a 1-bit
adder according to the folding property is shown.

ci

2-LUT

controlled inversion
block
dedicated carry logic

(&6

Figure 4.3 The implementation of a 1-bit addition based on the proposed inversion-based
folding type I.

The 2-LUT generates the values of the sum sigra the full adder. Dependent

on the polarisation of the carry input sigreal the sum signal is generated directly

(ci = 0) or by the inversion of the LUT outputi(= 1). The inversion is performed

in the controlled inversion block which two alternative implementations have been
illustrated. The dedicated carry logic [123] takes care for the generation of the
carry output signato of the full adder.

The key benefit of the proposed implementation of the LUT-based addition is a
considerable reduction in cost. First of all, the total number of LUT memory
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bits that is required for such an implementation ifaetor of 4 lowerthan the
number of bits needed in the state-of-the-art implementation approaches discussed
in Section 4.1.2. Furthermore, the critical path delay, which depends on the delay
of the carry signato, is relatively short because the dedicated carry logic is used.
The delay of the sum signalis also short since it is determined by the delay of

a 4:1 multiplexer in the 2-LUT (rather than the delay of a 8:1 multiplexer or a
16:1 multiplexer in the LUT implementations shown in Figures 4.2(a) and (b),
respectively).

4.3 Logic element

The logic element is a basic component of the data-path-oriented reconfigurable
logic architecture. The logic block structure is similar to the structure described
in Section 4.2. The choice of such a structure is justified by its cost-efficiency in
implementing arithmetic functions (via the inversion-based folding type I) and by
its capability of implementing random logic functions (via a 2-LUT).

To allow an implementation of arithmetic functions other than a 1-bit addition
only, the original 2-LUT structure from Figure 4.3 is augmented with some extra
elements as shown in Figure 4.4. The AND gate at the LUT input enables the
mapping of a basic cell of an array multiplier. It implements the logical AND-
operation on the data input sigregland the multiplicand bit carried by the signal

y. The XOR gate at the second LUT input is used to implement addition or subtrac-
tion operations, which can be chosen dynamically by assigning the proper value
to the signalz (i.e. z= 1 for a subtraction operation arxd= 0 for an addition
operation). The signaand the data signdk are inputs of the XOR gate.

As it has been indicated by the results of the application-domain characterisation in
Section 2.3.1 (conclusion 4), a considerable number of multiplexers can be iden-
tified in the mapped designs. The importance of having support for an efficient
implementation of multiplexers in FPGA structures has also been confirmed by
Agarwala [2] and Cherepacha [26]. For these reasons, we assume that the logic
element of the data-path-oriented architecture must allow mapping of a 2:1 mul-
tiplexer. However, the multiplexer function (i.dmux= a-x+b-x, wherea and

b are multiplexer inputs, and is a selection input) cannot be folded using the
inversion-based folding type I. Therefore, the 2:1 multiplexer function cannot be
directly implemented using a 2-LUT. To overcome this limitation, a dedicated 2:1
multiplexer LMUX is placed in parallel to the 2-LUT (see Figure 4.4). The mul-
tiplexer has its first primary input connected to the 2-LUT output, and the second
primary input connected to thg input of the 2-LUT; the selection input of the
multiplexer is connected to the signal

The complete structure of the logic element is shown in Figure 4.4. The logic
element has two primary inpug andb;, the carry inputi;, and three secondary
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Figure 4.4. Logic element of the data-path-oriented reconfigurable logic architecture. The
logic element implements a bit-slice of a data-path. (M is a configuration
memory bit.)

inputsx, y andz. It also has two primary outputs, that is, a data-path outigmt

and a random logic output;, and a carry outputg. The data-path outputp

is used when the logic element is configured as a bit-slice of a data-path. In such
a case, at the higher level of hierarchy (i.e. in a logic blockjuti-bit result is
produced. The output; is used when a random logic function is mapped. This
yields asingle-bitresult at the higher level of hierarchy.

The outputs of the multiplexer LMUX and the gate XOR in the controlled in-
version block are multiplexed in the multiplexer MUXA. The multiplexer plays

a twofold role: it allows the output signal of the 2-LUT to bypass the controlled
inversion block (if a Boolean function is mapped ang 0), and it allows imple-
mentations of multi-bit functions other than arithmetic functions (e.g. multi-bit
Boolean functions and data-path multiplexers). Note also, that the implementation
of the controlled inversion block with the XOR gate is chosen. The carry circuitry
has the structure identical to that shown in Figure 4.3.

4.4 Logic block

The logic block constitutes the next level of hierarchy of the data-path-oriented
reconfigurable logic architecture. At this level, the implementation of multi-bit
arithmetic functions and Boolean functions with more than two inputs is enabled.
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4.4.1 Basic concept

In Section 2.1.2 we showed that different natures of data-path and random logic
functions impose conflicting requirements on the FPGA architecture. This causes
that the design of a cost-efficient reconfigurable logic device that supports both
types of functionality is not trivial.

The essence of the proposed solution is the observation that the different nature of
the mapped functions can be preserved without sacrificing the mapping efficiency
of the final architecture. This is achieved by exploiting characteristic properties of
the mapped functions. For example, data-paths have a regular bit-sliced structure
and random logic does not (see Section 4.1.1). Furthermore, data-path functions
produce a multi-bit output signal using relatively simple (fine-grain) logic ele-
ments, whereas typical random logic functions produce a single-bit output signal
and benefit from more complex (coarser) logic elements (see the detailed discus-
sion in Section 2.1.2). Therefore, assuming that the complexity of a LUT-based
logic element is a function of its look-up table size (see Section 3.2.4), and thus the
number of LUT configuration bits (see Section 3.1.1), the problem of designing a
cost-efficient data-path-oriented reconfigurable logic architecture is the problem
of an efficient utilisation of the available LUT configuration bits.

The architectural concept that follows such reasoning is illustrated in Figure 4.5.
Assuming that a 4-LUT is a good candidate for random logic mapping [86], and
exploiting the fact that a 2-LUT suffices to implement basic arithmetic functions
(see Section 3.1.2), we determine the optimal complexity of our logic block as
being 16 configuration bits. The key observation is that these 16 configuration
bits can be treated as either one group (an equivalent of a 4-LUT) if random logic
functions are to be mapped, or they can be decomposed into four groups of four
configuration bits (an equivalent of four 2-LUTS) if data-path functions are to be
mapped. To realise that, for the random logic mapping use is made of Shannon’s
expansion (see Equation 3.2), while for the data-path mapping the inversion-based
folding type | (see Theorem 3.2) is exploited.

The reconfigurable logic block designed according to this concept allows the im-
plementation of 4-bit data-path functions (i.e. operating on 4-bit arguments and
producing a 4-bit result), and random logic functions with up to four logic vari-
ables (i.e. having four 1-bit inputs and producing a 1-bit output signal). In that
sense, the proposed structure of the logic block can be viewed as offerixgad-

level granularity(in contrast to the fine-level and course-level granularity of clas-
sical reconfigurable architectures).

4.4.2 Structure in detail

The detailed structure of the data-path-oriented logic block is shown in Figure 4.6.
The logic block consists of four logic elements (bit-slices) which structure has
been discussed in Section 4.3 (the ‘Selection’ block, which is shown as a black
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Implementation of random logic functions

— 1x4-LUT

=7

Implementati

=]
=

of datapath functions

16 configuration bits

4x2-LUT

Figure 4.5. The architectural concept behind the logic block targeting data-path-oriented
applications. Dependent on the functional mode, the configuration bits can be
organised to implement a 4-LUT (random logic) or four 2-LUTs (data-paths).

box in each logic element, contains a multiplexer MUXA depicted in Figure 4.4).
The 4-bit granularity is chosen for the logic block as such granularity has been
found to be the best for the data-path mapping [26][95].

The logic block has eight primary inpuits; . . .ing and three secondary inputs

to, t3. The secondary input also plays a role of a carry inpat. The logic block

has four primary outputsut; ...out and a carry outputo. The primary inputs of

the logic block are connected to the primary inputs of all logic elements via the
input selection block. The data-path outpd{s of successive logic elements are
fed directly to the output selection block. In contrast, the random logic outputs
rl; of the logic elements are merged together in the global multiplexers MUX1,
MUX2 and MUX3. The output of the multiplexer MUXS is also directed to the
output selection block. Finally, the flip-flop block allows the outputs of the logic
block to be registered if necessary.

The secondary inputs, t,, t3 of the logic block provide three signals which are
multiplexed with the static signals ‘0’ and ‘1’ established by local configuration
bits. As a result, three global signalsy, andz (see Figure 4.6) are generated. The
signalsy, y, z play the role of global control signals and are distributed to all logic
elements. This type of connectivity is typical for data-paths [26]. The sijisl
also connected to tha input of the first logic element. The first logic element
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produces a carry output signal onaty output, which is connected to tiee input
of the second logic element, and so on. In this way the carry chain in formed.

The meaning of the signals y, z depends on the functional mode of the logic
block. This is reflected in Table 4.1, where possible settings of these signals are
given. The sharing of the same set of inputs (keto, t3) for receiving several dif-
ferent signals allows the reduction of the logic block pin number, and consequently
the reduction of the routing resource complexity (see Section 3.2.4).

| Operation [ x [y|z]
Boolean (single-bit and multi-bit)) — | 1| 0
Addition with carry ci |1]0
Addition without carry 0O |1]|0
Subtraction with carry ci |1]1
Subtraction without carry 1 /1|1
Addition/Subtraction with carry | ci | 1 | t3
Addition/Subtraction without carry 0/1 | 1 | t3
Multiplication with carry ci |[t|0
Multiplication without carry 0 [t O
Multiplexing 1 [ to|t3

Table 4.1 The setting of the global signals y, z dependent on the type of operation
implemented in the logic block. For the detailed description of the functional
modes of the logic block see Section 4.5.

The function of thenput selection blocks to define the connections between the
primary inputs and outputs of the logic block, the primary inputs of logic elements,
and the control inputs of the global multiplexers in the logic block dependent on
the functional mode of the logic block. This is implemented by the structure shown
in Figure 4.7(a). The structure comprises two sets of multiplexers. The first set of
multiplexers defines the connections between the primary imputs ing and out-
putsout; ... out; (feedback signals) of the logic block, and the pairs of the primary
inputsay, by ... a4, bs of successive logic elements. The first layer of multiplexers
in the first multiplexer set increases the routing flexibility of the architecture (see
details Section 4.6.1). The second layer of multiplexers in this set takes care for the
proper distribution of the input signals of the logic block to the primary inputs of
the logic elements. The way of distributing the signals depends on the functional
mode (i.e. the data-path or random logic mode) of the logic block (see details in
Section 4.5). The second set of multiplexers of the input selection block imple-
ments the connections between the infigsin, ing and the control inputd, e, f

of the global multiplexers MUX1, MUX2 and MUX3 of the logic block (see Fig-
ure 4.6). This type of connectivity is essential when multiplexers or single-output
Boolean functions are mapped.

By analogy, theutput selection blocitefines the connections between the outputs
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Figure 4.7. The selection blocks for: (a) inputs, (b) outputs (for the sake of clarity, the

flip-flop block is also shown). The primary inputs and outputs of the logic
block are marked with bold dots.

of the logic elements and the outputs of the logic block. As shown in Figure 4.7(b),
a set of 2:1 multiplexers is used for this purpose. The multiplexers select either
data-path outputdp;...dps or a random logic output available at the output of
the global multiplexer MUX3. Similarly to the first stage of multiplexers of the
input selection block, the output selection block is also used to increase the routing
flexibility. This aspect is discussed in detail in Section 4.6.1.

4.5 Functional modes
The proposed logic block has two primary functional modes, that is:

e Data-path moden which a 4-bit result is produced using the data-path out-
putsdp of the logic elements; the 2-LUTSs of all logic elements in the logic
block are configured to implement the same function.

e Random logic modi which a 1-bit result is produced using random logic
outputsrl; of the logic elements and the global multiplexers MUX1, MUX2,
and MUX3 of the logic block; typically, the 2-LUTs of the logic elements
in the logic block implement different logic functions.

We assume that the logic block can be configured to operate only in one of the
above-mentioned modes at the same time. Therefore, if the number of logic ele-
ments required to implement a given function is smaller than four logic elements
that are available in the logic block, the unused logic block resources will be
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waisted. Though this might have an impact on the utilisation of the reconfig-
urable logic array (slightly more logic blocks might be required), it reduces the
complexity of the control structure in each logic block, and thus the logic block
cost. Below, different configurations of the logic block in each of the functional
modes are discussed in detail. The examples of such configurations are shown in
Figure 4.8.

4.5.1 Data-path mode

Addition/Subtraction. The logic block can be configured to implement up to 4-
bit addition or subtraction operations. The type of operation can be determined
statically (by assigning ‘0’ for an addition and ‘1’ for an subtraction to the global
control signalz) or dynamically (by connecting the global sigrztlo an external
control signal available on the inptstof the logic block). A 2-LUT in each logic
element stores half of the bits from the full adder truth table (see Section 3.1.2). If
a binary addition is implemented, the AND and XOR gates in the logic elements
are unused (i.ey = 1 andz= 0). If a binary subtraction is to be implemented,
the XOR gate in each logic element inverts one of the adder arguments, that is
z=1. The dedicated carry logic with the carry input signal assigned to the input
t; implements the carry path. For the arithmetic operations with the word-size of
arguments smaller than 4-bits, proper programming of the 2-LUTs guarantees that
the resultant carry output signal can be directed to the carry oatmftthe logic

block. An alternative implementation is the change of the application code (an
addition on multiples of 4-bits). The output signals of the addition or subtraction
operations are available on the data-path outgpi®f each logic element.

Multiplication. The logic block supports the implementation of an unsigned array
multiplier with the ripple-carry addition [80]. A 4-bit section of such a multiplier
(i.e. four cells) can be implemented in one logic block. For this purpose, each logic
element is configured as a binary adde&(0) with an AND gate on one of its
inputs. The global signal, which is one of the inputs of the AND gate, provides
the value of the multiplicand bit. In this mode, four partial product signals are
generated on the data-path outpdifs, and the carry output signal is available on
the co output of the logic block.

Data-path multiplexers. The data-path multiplexers are characterised by multi-
bit inputs and outputs. Such multiplexers are implemented using LMUX-es and
data-path outputdp of the logic elements. The selection signals of the multiplex-
ers are provided by the global signalsy, z of the logic block (i.e.t1,t2, andt3
secondary inputs of the logic block) via the input selection block. For example, a
4-bit 2:1 multiplexer can be implemented in a single logic block.

Multi-bit Boolean functions. The logic block allows an implementation of
Boolean functions with up to two 4-bit arguments (e.g. a 4-bit 2-input AND).
The functions are implemented by programming 2-LUTs according to the truth
table of the mapped Boolean function. As a result, all LUTs have the same con-
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Figure 4.8 Examples of the configuration of the logic block in the data-path and random
logic modes.

figuration. In each logic element, the selection multiplexers MUXA and MUXB
select the signal generated in the 2-LUT and direct this signal to the data-path
outputdp.

Binary counters. The logic block allows the implementation of binary up- and
down-counters of up to 4-bits. To enable that, the multiplexers of the first stage of
the input selection block that are associated with the odd-numbered inputs of the
logic block (i.e. i1, i3) are configured to select the registered feedback signals of
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the logic block; the multiplexers associated with the even-numbered inputs of the
logic block (i.e. i, is) select the inputs signals, which are assumed to carry the
static values. The binary representation of the static signal determines the counting
step. Dependent on the type of binary counter, the logic elements of the logic block
are configured as adders (counters up) or subtractors (counters down).

4.5.2 Random logic mode

Boolean functions. Boolean functions with up to four binary inputs (e.g. a 4-
input OR) can be implemented in the logic block. A 4-input Boolean function is
implemented according to Shannon expansion (see Section 3.1), and is mapped
onto the set of four 2-LUTs and the set of global multiplexers MUX1, MUX2 and
MUX3. The random logic outputd; of the logic elements are used, and the final
output is available on the output of the multiplexer MUXS.

Random logic multiplexers. In this mode, multiplexers with multiple binary in-
puts and a single binary output (e.g. an 8:1 multiplexer) can be mapped. Similarly
to the implementation of the data-path multiplexers, the LMUX-es of the logic
elements are used and the global sigmalg z play the role of the selection sig-
nals of the mapped multiplexer. However, instead of the data-path outputs

the random logic outputd; of the logic elements and global multiplexers MUX1,
MUX2, MUX3 combining these outputs are used.

Shift registers. By chaining the flip-flops in the logic block, shift registers of dif-
ferent lengths (maximally four) can be implemented. The input of the mapped shift
register is connected to a limited set of inputs of the logic block, while the output
signal of the shift register (dependent on the shift register length) is available on
one of the outputs of the logic block.

4.6 Interconnect

As we already mentioned, the key advantage of the proposed logic block is its
ability to implement both coarse-grain data-paths functions and fine-grain ran-
dom logic functions. The increased functional capacity of the architecture in the
data-path mode (compared to traditional FPGAs) might have, however, a negative
impact on the routing resource complexity. This is because a coarse logic block
requires more inputs and outputs, and thus more interconnect wires to distribute
signals. This translates into more configuration bits and larger control structures
that are needed to select and distribute these signals [52]. In this section we show
that by a careful design of the interconnect architecture the increase in the routing
resource complexity, and thus the implementation cost of the proposed architec-
ture, can be avoided.
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4.6.1 Optimisation of the interconnect architecture

To optimise the interconnect structure we exploit the characteristics of data-path
and random logic functions. In the implementation of the data-path functions,
which operate on multi-bit arguments, relativehany routing tracksare needed

(e.g. minimum 12 tracks for a 4-bit arithmetic function). However, onlyma

ited flexibility is required to connect the input and output pins of the data-path
elements to such tracks. This is because the regularity and bit-sliced structure of
the data-path elements cause that the signals are distributed in a bus-like fashion
(i.e. with a predefined order). Therefore, there is a strict correspondence between
the consecutive pins of the data-path elements and the tracks they connect to. At
the same time, in the implementation of the random logic functions relatieely
routing tracksare needed (e.g. at least five tracks for a 4-input Boolean function).
However, an irregular character of random logic functions enfdnagsflexibility
between the input and output pins of the logic elements and their routing tracks.

We notice that the high flexibility of the input and output connection blbthat

is required by the random logic functions can be compensated by extra routing
tracks. Such tracks are available if the implementation of the data-path functions
must be supported at the same time. This is possible in our logic block because
it has a different functional capacity (granularity), and thus a different number of
active inputs and outputs, dependent on the functional mode.

The implementation of this concept is illustrated in Figure 4.9. Essentially, the
input connection block together with the first stage of the input selection block
(the input section) and the last stage of the output selection block together with the
output connection block (the output section) are involved. The position of these
blocks with respect to other components of the logic tile is shown in Figure 4.9(a),
while in Figure 4.9(b) the implementation details are given. In Figure 4.9(c), the
change in the connectivity between the input and output pins of the logic block
and the routing tracks is explained. For the sake of simplicity, a narrower routing
channel than the one required in practice is shown in the figures. The implemen-
tation of the input and output sections for the actual channel width is analogous.

In Figure 4.9(b), the routing channel consisting of three 4-bit bésdéd andC

is shown. The input ping;...ing and output pin®ut; ... out of the logic block
connect to these buses via timput and output connection blockespectively.

The connection blocks determine to how many and to which routing tracks the
pins connect to. In the figure, each input pin connects to three out of 12 routing
tracks, which yields the input connection block flexibilfy=0.25; each output

pin also connects to three out of 12 routing tracks, which yields the output connec-
tion block flexibility F.,=0.25. This corresponds to the situation in the data-path

ITheflexibility of the input (output) connection blo¢k.i or Fco, respectively) is the ratio be-
tween the number of tracks an input (output) pin connects to and the total number of tracks in the
routing channel [14].
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Figure 4.9. The modifiable connection block flexibility in the routing architecture of the
proposed data-path-oriented reconfigurable logic device: (a) a logic tile (an
abstract view), (b) the implementation of the input and output connection
blocks with the exposed first and last stages of the input and output selec-
tion blocks, respectively, (c) the input and output connectivity to the routing
tracks dependent on the functional mode (the bold markers show examples of
the track assignment); the ‘folding’ mechanism of the data-path connection

blocks is explained.
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mode. In the random logic mode, the input and output connection block flexi-
bilities can be modified because of the presence of the input and output selection
blocks, respectively. The first stage of the input selection block, consisting of a
set of 2:1 multiplexers controlled by independent configuration bits, allows a pre-
liminary selection of four pairs of signals. The signals of each pair are identical
(e.g. inj—ng, wherein} = iny anding = iny). Because in this mode the number

of relevant inputs decreases from eight to four, the input connection block flexibil-
ity per each relevant pin doubles (timput connection block foldingyielding the

value of the input connection block flexibiliy;=0.5. By analogy, the last stage

of the output selection block, consisting of a set of 2:1 multiplexers controlled by
a single configuration bit, allows the distribution of the output signal of a random
logic function to any of the four outputs of the logic block. Because in this case
the number of relevant outputs is reduced from four to one, the output connec-
tion block flexibility quadruples (theutput connection block foldingielding the

value of the output connection block flexibiligg,=1. The flexibility of the input

and output connection blocks obtained in the data-path and random logic modes
and the associated folding procedure are explained in detail in Figure 4.9(c).

The described implementation of the connection blocks allows the reduction of
the total capacitive load of the routing tracks. This is because smaller multiplex-
ers and less switches are needed to implement the input and output connectivity,
respectively. As a result, the delay and power consumption of the complete device
can be reduced.

4.6.2 Complete interconnect architecture

In this section, we present an example of the interconnect structure for the logic
block of the data-path-oriented reconfigurable device. The interconnect structure
has been found through the analysis of the requirements of data-path and random
logic functions. The data-path requirements were established via manual mapping
experiments of a selected set of DSP kernels, whereas the requirements of random
logic functions were obtained by the automated mapping of the MCNC logic syn-
thesis benchmark set [120]. In the automated mapping flow, the following tools
were used: SIS [90] for logic synthesis, FlowMap [32] for the LUT-based technol-
ogy mapping, and a modified version of VPR [105] for placement and routing.

We found that the interconnect architecture with a channel widt#6 tracks
suffices to map the aforementioned benchmarks. The architecture includes the
following types of routing resources:

e general-purpose,
e special,

e direct.
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Figure 4.10 Routing resources of the proposed data-path-oriented reconfigurable logic
architecture. A fragment of the input and output connection blocks is also

shown.

The general-purpose routing resourcewlude ten 4-bit buses: two buses of the
length-one (L13 and two sets of four buses of the length-four (L4). Hpecial
routing resourcegonsist of six routing tracks that are used to route the secondary
signals (connected to the pitst, andts of the logic block) and the carry output
signal (connected to the pito of the logic block). In addition, théirect rout-

ing resourcegrovide a set of fast local connections between neighbouring logic
blocks. Each logic block produces a 4-bit direct output signal and receives 4-bit di-

2The length of a programmable wire segment (or a bus) is the number of logic blocks such a
segment spans (before entering a next switch block) [14].
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rect input signals. Such signals are distributed via direct connections in horizontal,
vertical, and diagonal directions. The direct routing supports the implementation
of functions which heavily rely on the local connectivity between their logic ele-
ments (e.g. intra-communication of data-path macro-blocks).

To increase the cost advantage of the proposed logic block, its connection blocks
were implemented as described in the previous section, that is, having different
input and output connection flexibilities dependent on the operating mode. Con-
sequently, connection block flexibiliti¢s;=0.25 and~;=0.5 were established for

the connectivity of inputs in the data-path and random logic modes, respectively,
and connection block flexibilitieB.=0.25 and~,=1 for the connectivity of out-

puts in the data-path and random logic modes, respectively. In addition, the char-
acteristics of data and control signal flows were exploited to determine a relative
position of the connection blocks. As a result, the connection blocks were placed
only at two rather than four sides of the logic block, similarly to the implementa-
tion of the connection blocks in the Atmel AT40K FPGA devices [8]. Also, the
switch block implementation similar to that used in the Atmel devices was cho-
sen. In such a switch block, a switching point between the crossing horizontal
and vertical routing tracks is implemented with only three instead of six switches.
Although this limits the flexibility of the general-purpose routing, it is sufficient
for the mapping of data-path-oriented processing kernels that the presented archi-
tecture aims at.

The schematic diagram representing the routing resources of the proposed data-
path-oriented reconfigurable logic architecture is shown in Figure 4.10.

4.7 Modified data-path-oriented reconfigurable architecture

The main advantage of the above-described data-path-oriented reconfigurable
logic architecture is the ability of the efficient mapping of the data-path functions
without sacrificing the random logic mapping capabilities. Though such function-
ality matches well the requirements of typical data-path-oriented applications (see
Section 4.1.1), it can be optimised further if a target application domain is nar-
rowed to the data-path-like functionality only. This happens, for example, if a
reconfigurable logic fabric is used for the implementation of processing kernels
with hardly or no random logic (e.g. small accelerators for multimedia applica-
tions as reported in [69]). We exploit this fact and propose several modifications
to the original data-path-oriented reconfigurable logic architecture aiming at a fur-
ther reduction of its intrinsic cost.

4.7.1 Basic concept

In Figure 4.11, a 4-bit data-path element and its bit-slice implementation are
shown. By default, each bit slice implements the same function. If bit-slices are
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implemented using look-up tables (see Section 4.4), configuration bits of all look-

up table are identical. This is obviously redundant. The way to overcome this is to
replace independent sets of configuration bits with a single set only. This concept
is illustrated in Figure 4.12, where four 2-LUTs share the same four configuration

bits. The described here idea is similar to the concept of configuration bit-sharing
that has been described in [26].

4
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Data—path
element
#

alw|vw]|—
| — }—

identical bit—slices

Figure 4.11 A 4-bit data-path element and its bit-slice implementation. Each bit-slice
realises the same function.
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Figure 4.12 The concept of configuration bit sharing applied to the LUT-based data-path
bit slices.

4.7.2 Logic block

We apply the above-described idea to the architecture of the data-path-oriented
logic block from Figure 4.6. The configuration bits of each 2-LUT are removed,
leaving 4:1 multiplexers only. Instead of having independent sets of configuration
bits, all 4:1 multiplexers of the look-up tables use the same set of four config-
uration bits (see Figure 4.12), and thus implement the same function. Such an
implementation of the look-up tables allows the reduction of the total number of
LUT memory bits in the logic block by a factor of four (i.e. from 16 bits to 4 bits)
compared to the original data-path-oriented logic block architecture.

Because the modified data-path-oriented logic block does not support mapping of
4-input Boolean functions (no 4-LUT functionality), the input selection block of
the original logic block is removed and replaced by four 2:1 multiplexers. The
multiplexers allow the selection of feedback signals (e.g. a binary counter map-
ping). Thus, four primary inputs of the logic block (i.ens, ing, in5 andiny)
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are connected to the inputs of the logic elements via the 2:1 multiplexers, while
the other four primary inputs (i.einy, ing, ing anding) are connected directly.
Since the mapping of random logic multiplexers does not make sense anymore,
the global multiplexers MUX1, MUX2, MUX3 are also removed. As a result,
the control signalsl, e, f and random logic output signatk; ...rl, dissappear.
Furthermore, the output selection block, which selects between random logic and
data-path output signals, is also removed. The other elements of the logic block
remain unchanged and comprise the structure as shown in Figure 4.13.

4.7.3 Functional modes

As indicated above, applying the configuration bit sharing to the data-path-
oriented logic block removes its random logic functionality. In consequence,
the modified data-path-oriented logic block supports the implementation of 4-bit
arithmetic functions, 2-input 4-bit Boolean functions, 4-bit data-path multiplexers,
and 4-bit binary counters in the same way as was explained in Section 4.5. Note,
that the functionality of the modified logic block resembles the functionality of an
ALU operating on nibble-level arguments. However, compared to traditional ALU
structures (e.g. such as described by Mead and Conway in [71]), the proposed
here structure has a lower implementation cost.

4.7.4 Interconnect

The modified data-path-oriented logic block has the same type of routing resources
as the original data-path-oriented architecture. The key difference between them
is, however, the granularity of the control word which configures such resources.

In the modified architecture configuration bits of the routing resources are shared
among 4-bit routing elements (i.e. multiplexers, switches, etc.) rather than used
to control them independently (see example in Figure 4.14). This is the so-called

nibble-level contral This type of implementation allows a considerable reduction

of the routing cost.

[@ @ yitoh block
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Figure 4.14 Example of the nibble-level control applied to the interconnect resources.
Only three configuration bits rather than twelve are needed to control a 4-bit
bus in the switch block (one configuration bit controls all switches of a given
direction).
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4.8 Benchmarking

In this section, the results of benchmarking the data-path-oriented reconfigurable
architectures are discussed. To compare the proposed architectures with state-of-
the-art FPGAs, two benchmarking methods were used. In the first method the
implementation-based cost metrics (see Section 3.2.3) were applied, while in the
second method the model-based cost metrics (see Section 3.2.4) were used.

4.8.1 Benchmarking using the implementation-based cost metrics

The data-path-oriented architecture was compared assuming the mappiltfcost

as the primary cost metric. Therefore, the complete mapping procedure with com-
plex functions (kernels) chosen as a benchmark set was applied to assess this ar-
chitecture. The modified data-path-oriented architecture was compared using the
data-path mapping cobtCpp and random logic mapping cosICg, .

Framework

Given the logic tile areas of commercial FPGAs as in Table 3.1, and scaling them
to the target technology (0.3 CMOS), the mapping cos¥IC (see Equation
3.18) of a given benchmark function was calculated based on the value of the
parametem g established after a mapping experiment. For the mapping onto
commercial FPGAs, the Alliance package (for the Xilinx device) and Quartus Il
package (for the Altera device) were used.

To limit design effort, the logic tile of the data-path-oriented architecture was im-
plemented in standard-cells of a 0.A81CMOS process. The netlist of the logic

tile was prepared using a schematic entry of the Cadence design environment.
The interconnect architecture of the tile was verified for routability using a cus-
tom (Philips internal) placement and routing tool called Pythagor [34]. The logic
tile netlist was also verified functionally using Philips transistor-level simulator
called Pstar [91]. The gate-level netlist in the Verilog format, which was writ-
ten out from the schematic of the tile, was synthesised using Cadence BuildGates
Synthesis [23], and placed and routed using Cadence Silicon Ensemble [21]. The
synthesis tool was also used to derive timing characteristics of the tile. Due to
lack of a dedicated technology mapping tool, the synthesis and mapping for the
data-path-oriented architecture were performed using Synplify Pro mapping tool
[97]. The tool was modified to account for some specific features of the proposed
architectur@. The parameteX, g was derived after this step.

3Because of a generic architecture of the logic block in the Atmel AT40K FPGA device (a func-
tional equivalent of a 4-LUT), such a device was chosen to model the functionality of our data-path-
oriented FPGA in Synplify Pro. The use of the Atmel-specific mapper enabled the preservation of
some of the design components as macro-blocks (e.g. adders), and mapping them efficiently onto
the logic blocks of our architecture. Such a mapping was performed during an optimisation step
realised in the custom optimiser. The task of the optimiser was to optimise an Atmel-specific LUT-
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Figure 4.15 shows the profile of 15 processing kernels from industrial designs that
were selected as a benchmark set. The profile characterises the dominant type of
processing of the kernels (see Section 2.3.1).

Benchmark charcterisation

100%

90%

80%

0%

BO%

OMemaory elements
@ Data-path logic
m Random logic

50%

% of total area

40%

30%

20%

10%

0%

Benchmark number

Figure 4.15 The ‘type of processing’ profile of the benchmark set. (The numbers in the
figure correspond to the benchmark numbers in Table 4.2 and Table 4.3.)

Assuming the benchmark set as described above, the results of benchmarking our
data-path-oriented FPGA with two commercial FPGAs, that is Xilinx Virtex-E and
Altera APEX 20KE, are shown in Table 4.2. For each benchmark function, the
table lists the number of required logic blodkss and the mapping costC. The
mapping cost ratiosMC ratio) that are also listed in Table 4.2 were calculated
assuming the mapping cost of our FPGA as a reference. The mapping costs of
commercial FPGAs that were normalised with regard to the mapping cost of our
FPGA are shown in a graphical form in Figure 4.16.

Table 4.3 compares the FPGA mapping costs with the Areba standard-cell-
based ASIC implementation of each benchmark. The area figures for the ASIC im-
plementation were obtained after the synthesis step only (in Cadence BuildGates),
and therefore does not include the interconnect (routing) cost. The area Aatios (
ratio) between the FPGA and ASIC implementations were calculated assuming
the ASIC area as the reference. Such results are also shown in a graphical form in
Figure 4.17.

based netlist exploiting specific properties of our architecture. The implemented optimisations
included: efficient packing of data-path multiplexers to the logic blocks, efficient implementation
of multiplexers with one or two inverted inputs, mapping of 2-input Boolean functions onto 2-
LUTSs of the logic block, packing multi-bit Boolean functions, and packing flip-flops to the logic
blocks.
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DP-oriented Xilinx Virtex-E Altera APEX 20KE

No. | Benchmark| N.g MC N_g MC MC ratio | Nyg MC MC ratio
-] [un] -] [un] -] -] [un?] -]
1 des 451 3414521 | 166.5 | 3079751 0.90 76.5 | 2520293 0.74
2 timer 189 1430919 62 1146814 0.80 23.1 | 761029.5 0.53
3 uart 274 2074454 | 86.5 | 1599991 0.77 33.1 | 1090480 0.53
4 ush 17305| 131016155| 5302.5| 98080343| 0.75 2294.8| 75602186, 0.58
5 videactrl 279 2112309 97 1794209 0.85 32,5 | 1070713 0.51
6 memptr 367 2778557 | 258.5 | 4781475 1.72 135.8 | 4473931 1.61
7 mix_select || 170 1287070 63 1165311 0.91 30.9 | 1018001 0.79
8 erosion 426 3225246 186 3440442 1.07 57.9 | 1907516 0.59
9 ppone 133 1006943 58 1072826 1.07 25.5 | 840097.5 0.83
10 lambda 299 2263729 124 2293628 1.01 55.8 | 1838331 0.81
11 alpha 105 794955 60.5 | 1119069 1.41 28.1 | 925754.5 1.16
12 betha 105 794955 60.5 | 1119069 1.41 28.1 | 925754.5 1.16
13 asu8 268 2029028 270 4994190 2.46 208.8 | 6878916 3.39
14 dft4 1188 | 8994348 694 | 12836918 1.43 455.4 | 15003153| 1.67
15 cordic 289 2188019 | 169.5 | 3135242 1.43 85.7 | 2823387 1.29
Average 1.20 1.08

Table 4.2 Mapping cost comparison for the proposed data-path-oriented FPGA and two commercial FPGAs. The data-path-oriented FPGA is
chosen as a reference. Note, that a customised mapping flow and a full-custom implementation are assumed for the commercial FPGAs.
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Figure 4.16 Mapping cost of the commercial FPGAs using the mapping cost of the data-
path-oriented FPGA as a reference.

Because a dedicated mapping tool was not available, the mapping cost of the mod-
ified data-path-oriented architecture was evaluated using the data-path mapping
costMCpp (see Equation 3.19) and the random logic mapping St (see
Equation 3.20). The area of the logic tile in the modified data-path-oriented FPGA,
necessary for the calculation of both cost metrics, was obtained by a standard-
cell-based implementation of the tile in the same way as for the other data-path-
oriented architecture. Also, the worst-case delay of theTtilwas derived. To
enable a relative comparison of both data-path architectures, the logic tile of the
original data-path-oriented architecture was also compared using@e and

MCgr cost metrics.

Three data-path-optimised FPGAs from academia described in Table 3.1 were
chosen for the assessment of the data-path-oriented architectures. The results of
such an assessment are shown in Table 4.4. For each FPGA, the organisation of
a logic block, the logic tile areA 7 (after scaling to a 0.1@m CMOS process),

and the worst-case deldyare mentioned. The mapping cod€pp and MCgr

(in un?) that were calculated based on the available data are also listed. The table
makes a distinction between FPGA architectures with the random logic mapping
capabilities (the first group) and FPGA architectures with only multi-bit Boolean
function mapping capabilities (the second group). Consequently, for the second
group of architectures only the data-path mapping bM&Gtp is given.
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ASIC
No. | Benchmark A Aratio Aratio | Aratio
(DP-oriented)| (Xilinx) | (Altera)
[unt] -] -] -]

1 des 19798.8 172.5 155.6 127.3
2 timer 5168.1 276.9 221.9 147.3
3 uart 8655.8 239.7 184.8 126.0

4 usb 792878.6 165.2 123.7 95.4

5 video_ctrl 12286.8 171.9 146.0 87.1
6 memptr 35361.5 78.6 135.2 126.5
7 mix_select | 8865.6 145.2 131.4 114.8
8 erosion 17934.9 179.8 191.8 106.4
9 ppone 5605.8 179.6 191.4 149.9
10 lambda 17692.9 127.9 129.6 103.9
11 alpha 8117.2 97.9 137.9 114.0
12 betha 8103.1 98.1 138.1 114.2
13 asu8 45752.1 44.3 109.2 150.4
14 dft4 99316.8 90.6 129.3 151.1

15 cordic 35224.3 62.1 89.0 80.2

Table 4.3 ASIC cost (are&) versus FPGA mapping cost. Area rati@s r@atio) for the
data-path-oriented FPGAs and two commercial FPGAs are calculated assuming
the ASIC implementation as a reference.

ASIC vs. FPGA mapping cost
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mDP-oriented eFPGA
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Figure 4.17. Mapping cost of the commercial and proposed FPGAs using the ASIC im-
plementation area as a reference.
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FPGA Logic block AT T MCpp MCgrL
architecture | organisation || [un?] | [ng | [un?/bit] | [un?/4-LUT]
LP-PGAI 5/3-LUT 14271 | 4.2 7136 9514

DP-oriented 4x2-LUT 7571 | 2.0 1893 7571

CFPA 4-hit logic 4275 | 1.0 1069 n/a

CHESS 4-bit ALU 6208 | 1.9 1552 n/a
DP-oriented 4x2-LUT 5824 | 1.8 1456 n/a
(modified) | (shared memory

Table 4.4 Area and performance comparison of the data-path-oriented and academia FP-
GAs. The area figures for the proposed FPGAs refer to their standard-cell rather
than full-custom implementations. All logic tile areas are scaled to a3
CMOS technology.

4.8.2 Benchmarking using the model-based cost metrics

The data-path-oriented and modified data-path-oriented reconfigurable architec-
tures were also compared using the area model of an FPGA logic tile that has
been discussed in Section 3.2.4. The paramégts and R, which according

to the model characterise the logic and routing resources of the data-path-oriented
FPGASs, are listed in Table 4.5.

Number of pins
FPGA architecturg| Inputs | Outputs| Carry | Carry | Auxiliary || Nimp | Pw
input | output

Data-path-oriented 8 4 0 1 3 16 | 11
Data-path-orienteqd 8 4 0 1 3 4 8
(modified)

Table 4.5 Characterisation of the logic cost (MNayp) and the routing resource cost (via
Rv) in the proposed data-path-oriented FPGA architectures.

Given the number of LUT memory bits,, and the weighted pin numbé&, as

listed in Tables 3.3 and 4.5, the mapping cost with respect to M@ic(see Equa-

tion 3.23) and the mapping cost with respect to routifigr (see Equation 3.24)

were calculated for the set of modern FPGAs (see Section 3.2.4) and the proposed
data-path-oriented FPGAs. Relatively simple functions (basic functional primi-
tives of the data-path, random logic, and memory type) were used as a benchmark
set, and the values of the paramdtgg were obtained according to the method
explained in Section 3.2.4.

Table 4.6 shows the results of the comparison using the above-mentioned metrics.
For each commercial and data-path-oriented FPGA architectures, the table lists the
values ofN_ g, and two mapping cost components, thatli§. andMCr.

For a convenient analysis, the data from Table 4.6 are also shown graphically in
Figures 4.18-4.27. Additionally, Table 4.7 summarises the results from Table 4.6
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State-of-the-art commercial FPGA architectures

Xilinx Virtex Il Altera Stratix Atmel AT40K
Benchmark Nig | Mapping cost| Nig Mapping cost NLg | Mapping cost
function - _<_O_| 4 _<_Om - _/\_O_. 4 _/\_OE - _<_O_| 4 _/\_OE
8-bit ADD 1 128 62 | 0.8 128 50 8 | 128 48
16x16 MULT 34 | 425K | 2.11k| 73 | 11.41K 4.53k 256 | 4K | 1.54k
2:1 MUX/4-bit 0.5 64 31 0.4 64 25 4 64 24
8:1 MUX/1-bit 0.5 64 31 | 05 80 31 7 112 42
16:1 MUX/1-bit 1 128 62 1 160 62 15 | 240 90
2-in OR/4-bit 0.5 64 31 0.4 64 25 4 64 24
3-in NOR/1-bit 0.125| 16 8 0.1 16 6 1 16 6
16-in AND/1-bit 0.5 64 31 | 04 64 25 5 80 30
4:16 DECOD 2 256 124 | 1.6 256 99 16 | 256 96
16-long 2-bit SREG|| 0.25 32 16 3.2 512 198 32 | 512 192

Proposed data-path-oriented FPGA architectures

Data-path-oriented

Data-path-oriented (modifieg

Benchmark Nig | Mapping cost| Nig Mapping cost

function - MC. MCr - MC_ MCgr
8-bit ADD 2 32 22 2 8 16

16x16 MULT 64 1K 704 | 64 256 512
2:1 MUX/4-bit 1 16 11 1 4 8
8:1 MUX/1-bit 1 16 11 1 4 8
16:1 MUX/1-bit 3 48 33 3 12 24
2-in OR/4-bit 1 16 11 1 4 8
3-in NOR/1-bit 1 16 11 2 8 16
16-in AND/1-bit 4 64 44 5 20 40
4:16 DECOD 6 96 66 8 32 64
16-long 2-bit SREG| 8 128 88 8 32 64

Table 4.6 The mapping cost comparison between the state-of-the-art and proposed data-path-oriented FPGA architectures.
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by showing the relative comparison of the cost€, and MCr of the compared
FPGA architectures, and assuming the data-path-oriented FPGA architecture as a

reference.
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4.8.3 Discussion
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Figure 4.23 2-input 4-bit OR.

The data from Table 4.2, obtained using the area-based cost mricdicate
that the proposed data-path-oriented FPGA compares favourably with the com-
mercial FPGA devices. This is because the mapping cost of our FPGA, averaged
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Mapping cost Mapping cost
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Figure 4.24 3-input 1-bit NOR. Figure 4.25 16-input 1-bit AND.
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Figure 4.26 4:16 decoder. Figure 4.27. 16-long 2-bit shift register.
Commercial— Xilinx Virtex 11 Altera Stratix Atmel AT40K

Proposed MCy ratio | MCg ratio | MCy ratio | MCg ratio | MC_ ratio | MCg ratio
DP-oriented av=2.78 | av=1.96 | av=4.04 | av=2.28 | av=3.69 | av=2.01
mn=0.25| mn=0.18| mn=1.0 | mn=0.55| mn=1.0 | mn=0.55
mx=4.25| mx=3.0 | mx=11.4 | mx=6.43 | mx=7.0 | mx=3.82
DP-oriented av=10.59| av=2.57 | av=15.62| av=3.03 | av=14.2 | av=2.66
(modified) mn=1.0 | mn=0.25| mn=2.0 | mn=0.38 | mn=2.0 | mn=0.38
mx=17 mx=4.12 | mx=45.63| mx=8.84 | mx=28.0 | mx=5.25

Table 4.7. The summary of the results from Table 4.6. The mapping costs w.r.t. logic
MC_ and w.r.t. routingMICr of three commercial FPGAs are normalised with
respect to the mapping costs of the data-path-oriented architectures (compari-
son per rows). The average cost ratiofor 10 benchmarks, minimumnand
maximummxcost ratios are given.
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over 15 different benchmark kernels, is 17% and 8% smaller than the mapping
costs of the Xilinx Virtex-E and Altera APEX 20KE devices, respectiteljhe
mapping cost clearly depends on the type of the mapped function. The highest ben-
efit of our architecture is, as expected, for the data-path-dominated benchmarks,
such as benchmarks no. 10-15 in our benchmark set (see Figure 4.15). The av-
erage mapping cost of such benchmarks is for the proposed architecture 34% and
37% smaller than the mapping costs for the Xilinx and Altera devices.

All these results were obtained assuminlicustomimplementations of the com-
mercial FPGAs and standard-cell-baseanplementation of the proposed FPGA.
Also, an unoptimised mapping flow (reuse of the Atmel mapper) was applied to
map onto our FPGA. The latter had a strong impact on the obtained results. A
simple experiment has shown that by only slightly rewriting the benchmark code
(benchmark no. 10), the mapping cost of our FPGA could be decreased By 17%

It is interesting to note that even with such assumptions, the mapping cost of the
standard-cell-based data-path-oriented FPGA is close to the mapping cost of the
full-custom Altera APEX 20KE.

The comparison of the FPGA and ASIC mapping costs (see Table 4.3) indicates
that for a large number of benchmarks there is more than a factor of 100 difference
in area between both implementation styles. Such a high factor can be partially
explained by the fact that the cost of interconnect has not been taken into account
in the ASIC implementations. The average difference in area between the ASIC
implementation and the implementation of our FPGA, calculated based on the
results from Table 4.3, is about 142 times.

In Table 4.4, the results of the comparison of both proposed data-path-oriented FP-
GAs with the FPGAs from academia are presented. The results show that standard-
cell-based implementation of our data-path-oriented architecture has 3.77 times
lower data-path mapping coStCpp than the LP-PGA Il FPGA device. The ran-
dom logic mapping cosMCr of our device is 1.26 times lower. In the same
comparison, the standard-cell-based implementation of the modified data-path-
oriented architecture is characterised by 1.36 times higher data-path mapping cost
MCpp than the best data-path-optimised and full-custom implemented FPGA from
academia, that is CFPA. Note, that applying the nibble-level control to the logic
and routing resources of the modified data-path-oriented architecture yields a 23%
cost reduction if data-paths are mapped, compared to the similar cost of the bit-
level controlled data-path-oriented architecture.

The benchmarking of the data-path-oriented architectures using the model-based
cost metrics has enabled their technology-independent comparison. Consequently,
only the architectural aspects could be taken into account while comparing these

“4Differently: the mapping costs of the Xilinx and Altera devices are 20% and 8% higher.

SThis is because the Atmel mapper does not recognise incrementers, decrementers and com-
parison functions. When such functions are found, they are dissolved and mapped as random logic
rather than being preserved as macros.
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architectures with modern commercial FPGAs. The summary of the results shown
in Table 4.7 indicates that the data-path-oriented architecture reduces both the
logic as well as the routing costs. On average, the logic cost for the Xilinx, Altera
and Atmel FPGAs is 2.78, 4.04 and 3.69 times higher, respectively, than for the
data-path-oriented FPGA. The routing cost for the same devices is on average 1.96,
2.28 and 2.01 times higher than for the data-path-oriented FPGA. As expected, the
modified data-path-oriented architecture reduces further the logic cost (because of
the applied configuration bit sharing). The logic cost of the Xilinx, Altera and
Atmel devices compared to this architecture is 10.59, 15.62 and 14.2 times higher,
respectively. The commercial FPGAs also have one average 2.57, 3.03 and 2.66
times higher routing costs than the modified data-path-oriented FPGA.

4.9 Conclusions

The data-path-oriented reconfigurable logic architecture presented in this chap-
ter targets applications with the data-path-dominated processing kernels. Because
typical data-paths contain a considerable amount of arithmetic, the data-path-
oriented architecture was optimised towards an efficient mapping of basic arith-
metic operations. The optimisation was achieved by applying the inversion-based
folding type I. We showed that a factor of four reduction in the total number of
LUT memory bits compared to the implementations of the state-of-the-art FPGAs
can be achieved in this way.

The logic block of the proposed FPGA was designed to support a cost-efficient
mapping of multi-bit (data-path) functions and reasonably efficient mapping of
functions with a single-bit output (random logic). We also designed an intercon-
nect structure for such a logic block which allows an efficient utilisation of the
routing resources both when multi-bit and single-bit output functions are mapped.
In this way, an unnecessary increase of the amount of routing resources can be
avoided.

We also discussed a modification of the data-path-oriented architecture, namely
the modified data-path-oriented architecture. Such an architecture exploits the
concept of the configuration bit sharing by applying the nibble-level-control to its
logic and routing resources. The modified data-path-oriented architecture offers a
further reduction of the implementation cost.

Two comparison methods applied to assess the quality of the proposed architec-
tures showed that they are superior to the commercial FPGAs for the data-path
applications. This is because the architectures offer a similar functionality at the
lower implementation cost. For example, for a mixture of different benchmarks
our standard-cell-based data-path-oriented FPGA is on average 17% and 8% less
expensive than the Xilinx and Altera FPGAs. If only the data-path benchmarks
are considered, the architecture shows 34% and 37% cost reduction, respectively.



Chapter 5

RANDOM-LOGIC-ORIENTED
RECONFIGURABLE ARCHITECTURE

In this chapter, the second type of the domain-oriented reconfigurable logic archi-
tectures, namely theandom-logic-oriented architecturs discussed. The archi-
tecture targets applications with the random-logic-dominated processing kernels.

5.1 Introduction

5.1.1 Characteristics of the application domain

The networks of combinatorial and sequential logic elements that are connected to-
gether in an arbitrary way are often regardedaasiom logic The term ‘random’

is used to reflect lack of structure, that is, no apparent regularity in logic and inter-
connect. Typical examples of random-logic are bit-level manipulations, Boolean
operations, and control logic. Bit-level manipulations are simple logic and shift
operations usually performed on pairs of bits. Boolean operations are complex
logic (Boolean) functions performed on multiple 1-bit inputs and producing rel-
atively few outputs (often a single output only). Finally, control logic are condi-
tional logic functions with a state and feedback loops (typically implemented as
finite state machines). Though in the implementation of such functions combina-
tional and sequential logic elements are dominating, some arithmetic computations
can also be encountered.

5.1.2 State-of-the-art

The general-purpose character of today’s FPGAs causes that the random logic
mapping capabilities of FPGAs are compromised with their arithmetic mapping
capabilities. Therefore, though the implementation of random logic would benefit
from larger look-up tables (see the detailed discussion in Section 2.1.2), in practice
a 4-LUT is chosen as a basic logic element of an FPGA logic block. Two main
FPGA vendors, that is Xilinx and Altera, almost exclusively use 4-LUTs in their
devices.
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5.2 Logic element

Following the observations from Section 4.1.1 and Section 5.1.1, we propose a
logic element which is optimised for the mapping of random logic still allowing the
mapping of simple arithmetic structures. The logic element constitutes the lowest
level of hierarchy of the random-logic-oriented reconfigurable logic architecture.

The (technology) mapping onto 4-LUTs is found to produce the most cost-efficient
designs [3]. The cost-efficiency in this case is regarded as the area-delay product
that describes the mapped design netlist. We choose thus a 4-LUT as a fundamen-
tal component of the proposed logic element. However, to enable the mapping
of arithmetic, we decompose a monolithic 4-LUT into two 3-LUTSs, each having
an independent output. Note, that a 3-LUT suffices to generate a single output
of an arithmetic operation (i.e. a sum or a carry output) without using any addi-
tional logic. Consequently, 3-LUTs can be used to generate two outputs of a 1-bit
arithmetic operation, or be combined together in a 4-LUT to generate a 4-input
Boolean function according to Shannon’s expansion (see Section 3.1.1).

aj
b; 3-LUT ‘ ar;
1
ci—19 MUXB
MUXA
bl
3-LUT

co;

Figure 5.1 Logic element of the random-logic-oriented reconfigurable logic architecture.

The implementation details of such a basic logic element are shown in Figure 5.1.
The logic element consists of two 3-input look-up tables (3-LUTSs) and two 2:1
multiplexers. The inputs of either LUT are paired together. Two of the three LUT
inputs are connected directly to the primary inpatandb; of the logic element,
while the third input is connected to the output of the multipledts X A. This
multiplexer selects between the third primary inpudf the logic element and the
carry inputci;. The multiplexeMU X Ais controlled by a configuration bil. The
fourth primary inputd; of the logic element is connected to the control input of
the multiplexeMU X B, which performs a selection of the LUT outputs. The logic
element has two primary outputs: an arithmetic ougpytand a Boolean output
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bl;. The arithmetic output is the output of the first 3-LUT, while the Boolean output
is the output of the multiplexevlU X B. The secondary output of the logic element
is the carry outputa;, which is connected to the output of the second 3-LUT.

The suggested logic element has a structure very similar to that of commercial
FPGA devices, such as Altera APEX [4] and Atmel AT40K [8], for example. The
advantage of our logic element is its very simple structure, though (no extra gates
enhancing the functionality).

5.3 Logic block

5.3.1 Basic concept

The following observations have been taken into account while designing the logic
block, which is the next level of hierarchy of the random-logic-oriented reconfig-
urable logic architecture. Firstly, implementations of complex Boolean functions
benefit from large look-up tables [94, 47, 3]. Secondly, random logic functions
often share some of their inputs when producing a multi-output result [14, 61].
Thirdly, feedback loops are common in random logic designs [14]. And finally,
typical arithmetic functions are coarse, that is, they have multi-bit arguments [26].
To meet these requirements, we build the logic block as a cluster of four logic ele-
ments. The resulting granularity of the logic block matches well the requirements
of random logic [14, 3] and arithmetic [26] functions.

5.3.2 Structure in detalil

The complete structure of the logic block is shown in Figure 5.2. The logic block
consists of foutogic elementand the set of global multiplexers MUX1, MUX2
and MUX3. The eleven primary inpuits; . . . iny1 of the logic block are directed to
theinput selection blockwhich detailed implementation is shown in Figure 5.3(a).
The input selection block includes two sets of 16:1 multiplexers: the first set has
16 multiplexers, while the second set only three multiplexers. The function of
each multiplexer is to select an input signal from eleven primary inpgts.ing1

of the logic block or four feedback signals connected to the outputts. . outy of

the logic block.

The outputs of the multiplexers in the first set of the input selection block are
connected directly to the inputs, b;, ¢, d; of successive logic elements, where

i = 1...4is the index of a logic element. Each logic element generates a pair
of signals, which are available on its arithmedig and Boolearbl; outputs. The
arithmetic outputsar; ...ars are directed to the output selection block, while the
Boolean outputsl 1, rl> andrls, rl4 are merged in the global multiplexers MUX1
and MUX2, respectively. The global multiplexer MUX3 combines the outputs
of the multiplexers MUX1 and MUX2. The control signats f andg of the
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Figure 5.2 Logic block of the random-logic-oriented reconfigurable logic architecture.
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global multiplexers come from the second set of multiplexers of the input selection
block. The outputs of the global multiplexers MUX1, MUX2, and MUX3 are also
directed to the output selection block.

(@) (b)

in, @—3 out b, Output selectionblock ~ _ _ _ _ _ __ Flip-flops
| ————— L ;

in; @—4

in, @—s

ins @—9

4
+ out

ing @—1

in; @—1

ing @—1

ing @—1

i} o@—1

in |, @—

Figure 5.3 (a) Input selection block and (b) output selection block with flip-flops block.
Each of the multiplexers in the figure is controlled by an independent set of
configuration memory bits.

The output selection blockwhich is shown in Figure 5.3(b), selects four final
signals of the logic block. For that purpose, the output selection block includes
four 4.1 multiplexers that select between the arithmetic and Boolean outputs of
the logic elements as well as the outputs of the global multiplexers MUX1, MUX2
and MUX3'. To guarantee a high level of flexibility, each of the multiplexers in
the output selection block is controlled by an independent set of configuration bits.

The outputs of the output selection block are directed toflthelop block (see
Figure 5.3(b)). This block serves two purposes: it permits to register each output
of the logic block, and it allows the implementation of shift registers. The latter
is achieved if the first stage of multiplexers of the flip-flop block is configured
to select the signals from their inputs numbered 1. This results in chaining the
flip-flops. The input of the shift register is a signal available on the first primary
inputa; of the logic block, and the output is any of the outpoits; . . . outs of the

logic block. The multiplexers of the first and second stage of the flip-flop block
are controlled independently.

INote, that by connecting the outputs of the multiplexers MUX1 and MUX2 to the outputs of
the logic block, the implementation of independent 5-input logic functions is enabled.
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The logic block has a secondary inmmitand a secondary outpab. These ports

of the logic block are used while implementing arithmetic functions, and play the
role of the carry input and carry output, respectively. The signal from thecpisrt
connected to one of the inputs of the multiplexer MUXA in the first logic element.
The multiplexer MUXA of the next logic element receives one of its input signals
from the second 3-LUT in the preceeding logic element. Finally, the second 3-
LUT of the last logic element has its output connected tactheutput of the logic
block. In this way, a carry chain is formed.

5.4 Functional modes

The logic block of the random-logic-oriented reconfigurable logic architecture is
designed to support two functional modes, that is:

e Random logic mode which at least one and at most four Boolean functions
are generated. The outputs of the functions are available on the Boolean
outputsbl; of the logic elements or on the outputs of the global multiplexers
MUX1, MUX2 and MUX3.

e Arithmetic moden which arithmetic functions of up to four bits are imple-
mented. The outputs of the arithmetic functions are available on the arith-
metic outputsar; of the logic elements. The carry chain, with the input and
output on the secondary portsandco of the logic block, respectively, is
implemented by the chained look-up tables.

Unlike the logic block of the data-path-oriented architecture, the logic block of
the random-logic-oriented architecture can be configured in such a way that a part
of its logic resources implements a random logic function, while the other part
implements an arithmetic function. This improves the resource utilisation.

5.4.1 Random logic mode

In the random logic mode, Boolean functions are implemented in the logic ele-
ments that are configured as 4-LUTs. The logic block offers the following imple-
mentation options: four Boolean functions of four inputs, two Boolean functions
of five inputs, or any Boolean function of six inputs. The inputs of the functions
are selected from the set of eleven primary inpats..iny1 of the logic block,

and outputs are available on the logic block outpmuit . . . out. In the implemen-
tations of five-input and six-input logic functions, the global multiplexers MUX1,
MUX2 and MUX3 are involved. The possibility of connecting the outputs of the
logic block to its inputs (see Figure 5.3(a)), enables the implementation of func-
tions with a feedback loop (e.g. finite state machines).
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In the random logic mode, the implementationrahdom logic multiplexerss

also possible. In such a case, the multiplexers MUXB of the logic elements and
the global multiplexers MUX1, MUX2, and MUX3 are used. Maximally, a 8:1
multiplexer can be implemented in the logic block.

Also, shift registerswith the maximal delay of four clock cycles can be imple-
mented using the flip-flop block resources.

5.4.2 Arithmetic mode

In the arithmetic mode, arithmetic functions with up to 4-bit arguments are
mapped. This is done by configuring each logic element of the logic block as
two 3-LUTs with the shared inputs. The first 3-LUTSs of all logic elements gener-
ate the sum signals on their arithmetic outprtsand all second 3-LUTs generate
the carry signals on thegg outputs. Two inputs of each pair of LUTs are con-
nected to the primary inputs of the logic block, while the third input is the carry
signalci; selected by the multiplexer MUXA. The carry sigralof each logic ele-
ment is coupled to the carry outped; 1 of the previous logic element (see Figure
5.2). Only the first logic element receives its carry sigrialfrom the secondary
inputci of the logic block, and the carry output sigreal, of the last logic element
connects to the secondary outpmat of the logic block. The output multiplexer
MUXC allows the selection of one of the intermediate carry signals of the logic
elements (i.ecoy, cop, €03). In this way, a configuration of the logic block in a
combined arithmetic and random logic mode is possible.

5.5 Interconnect

The interconnect structure of the proposed random-logic-oriented reconfigurable
logic architecture has been established via mapping experiments using the MCNC
circuits [120] as a primary benchmark set. In addition, the FPGA routing design
guidelines from [14] have been followed.

We set the number of input ports of the logic block as 11 rather than 16, as it
would be implied from the total number of the 4-LUT inputs (i.e. 4 x 4 inputs).
According to [14, 3], 10 input ports for a logic block implemented as a cluster of
four 4-LUTs suffice to guarantee nearly the 100% logic utilisation if random logic
functions are mapped. This is because such functions often share some of their
inputs [61]. Despite that, we added one extra port;] to the logic block to enable
mapping of 8:1 multiplexers (a 8:1 multiplexer needs eight data inputs and three
control inputs). This also relaxes the routing resource requirements slightly. Note,
that eleven input ports is also sufficient for the mapping of arithmetic functions,
since the most coarse (4-bit) function requires only eight input ports (a carry port
is not counted). The reduction of the logic block port number is essential for the
reduction of the total routing cost of the architecture [52].
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Furthermore, we chose an uniform routing architecture with the channel width
W=42 tracks. The complete routing architecture includes three types of routing
resources, namely:

e general-purpose,
e special, and

e direct.

Thegeneral-purpose routing resourcase used to route arbitrary types of signals

of the mapped design. These resources consist of 40 routing tracks, 60% of which
is of the length-four (L4) and 40% of the length-eight (L8). The routing tracks
of the length-four are implemented with pass transistor switches, while the tracks
of the length-eight with bi-directional buffers. The input and output connection
blocks of the general-purpose routing have the 50% connection flexibility, that is
F;=0.5 andr;,=0.5, respectively. The disjoint type of the switch block [14] with
the 50% connection population for the routing tracks of the length-eight is used.
The special routing resourceimclude two pairs of horizontal and vertical routing
tracks. The tracks are meant for the routing of carry signals if arithmetic func-
tions are mapped. One pair of the routing tracks is of the length-one (L1), while
the other pair is of the length-four (L4). Thirect routing resourcegmplement

fast connections between neighbouring logic blocks. The direct connections are
implemented in the so-called full topology [85], that is, they connect logic blocks
on the left, right, bottom, top, and diagonally. There are four direct connections

<+ NON =N
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direct connections
\\4‘/\ 4
Y I / /
. Logic block -
A
24 1.4 \, VO S A
16, L8 1 ‘ J general—purpose routing
T
1, L1 i i
1, L4 i ‘ J special routing
7 Y RN

switch block

Figure 5.4. Interconnect architecture of the random-logic-oriented reconfigurable logic ar-
chitecture.
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available per each direction. The routing architecture of the random-logic-oriented
architecture is shown in Figure 5.4.

5.6 Benchmarking

To evaluate the random-logic-oriented reconfigurable architecture, a benchmark-
ing method relying on the model-based cost metrics (see Section 3.2.4) was used.

5.6.1 Benchmarking using the model-based cost metrics

The benchmarking using the model-based cost metrics was realised similarly to
the benchmarking of the data-path-oriented architecture described in Section 4.8.2.
The parametens,,, andR,, of the area model as shown in Table 5.1 were assumed
for the characterisation of the random-logic-oriented architecture.

Number of pins
FPGA architecture || Inputs| Outputs| Carry | Carry | Auxiliary || Nimp | Ry
input | output
| Random-logic-oriented 11 | 4 [ 1 | 1 | 0 | 64 |16]

Table 5.1 Characterisation of the logic cost (MNay,p) and the routing resource cost (via
Rwv) in the proposed random-logic-oriented FPGA architecture.

The parameterbl, andR, from Table 3.3 and Table 5.1 were used to calculate
the mapping cost with respect to logC, (see Equation 3.23) and the mapping
cost with respect to routinglCr (see Equation 3.24) for the set of modern FPGAs
and the proposed random-logic-oriented FPGAs. The results are given in Table
5.3. For each of the architectures, the table lists the value of the paraWgter
and two mapping cost components, thati§, andMCg.

For a convenient analysis, the data from Table 5.3 are also shown graphically in
Figures 5.5-5.14. Additionally, Table 5.2 summarises the results from Table 5.3
by showing the ratio of mapping cos#®C, andMCg assuming the random-logic-
oriented FPGA as a reference.

5.6.2 Discussion

The results of the comparison of our random-logic-oriented FPGA with three com-
mercial FPGAs indicate that the proposed architecture has a lower implementation
cost. The reduction comes mainly from the reduction of the routing resource cost.
As shown in Table 5.2, the Xilinx, Altera and Atmel FPGAs have their average
routing cost 1.62, 1.65 and 1.64 times higher, respectively, than the similar cost
for our FPGA. The cost reduction is possible because of a simpler interface of the
logic block in the proposed architecture (less input and output pins).
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Commercial— Xilinx Virtex Il Altera Stratix Atmel AT40K
PI’OpOSEQ MC_ ‘ MCgr MC_ ‘ MCgr MC_ ‘ MCgr
RL-oriented av=0.83| av=1.62 | av=1.07| av=1.65| av=1.1 | av=1.64
mn=0.06| mn=0.125| mn=0.8 | mn=1.25| mn=0.53| mn=0.8
mx=1 mx=2 mx=1.52| mx=2.36| mx=1.75| mx=2.62

Table 5.2 The summary of the results from Table 5.3. The mapping costs w.r.t. M@ic
and w.r.t. routingICr of three commercial FPGAs are normalised with respect
to the mapping costs of the random-logic-oriented architecture. The average
cost ratioav for 10 benchmarks as well as the minimuanmand maximunmx
cost ratios are given.

Mapping cost Mapping cost

Xilinx Virtex I Altera Stratix Atmel AT40K

OMCL mMCR

RL-oriented Xilinx Virtex I Altera Stratix Atmel AT40K

OMCL mMCR

RL-oriented

Figure 5.5. 8-bit adder. Figure 5.6. 16-bit multiplier.
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Figure 5.7. 2:1 4-bit multiplexer. Figure 5.8 8:1 1-bit multiplexer.
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Atmel
OMCL mMCR
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Figure 5.9. 16:1 1-bit multiplexer. Figure 5.1Q 2-input 4-bit OR.
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Mapping cost Mapping cost

Xilinx Virtex I Altera Stratix Atmel AT40K RL-oriented Xilin Virtex Il Altera Stratix Atmel AT40K RL-oriented

Figure 5.11 3-input 1-bit NOR. Figure 5.12 16-input 1-bit AND.
Xilinx Virtex Il Altera Stratix DMEL.MCRAmcIANOK RL-oriented Xilinx Virtex Il Altera Stratix DMCL.MCRA:M.IAHOK RL-oriented
Figure 5.13 4:16 decoder. Figure 5.14 16-long 2-bit shift register.

While offering the routing cost reduction, the random-logic-oriented architecture
has its average logic cost similar to the logic cost of the commercial devices (fac-
tors 0.83, 1.07 and 1.1, respectively). Since the routing cost component plays an
essential role (see Section 2.1.3), the fact of a similar logic cost is of lesser impor-
tance.

As shown by Figures 5.6 and 5.12, for example, the benefit of the random-logic-
oriented architecture is sometimes diminished if data-path functions are mapped.

5.7 Conclusions

In this chapter we presented the random-logic-oriented reconfigurable architec-
ture. The architecture has been optimised primarily for mapping multi-level com-
binational and sequential circuits. The logic block of the proposed architecture has
been enhanced such that it also allows the mapping of arithmetic circuits.

The advantages of the random-logic-oriented architecture are a simple (small)

logic block and a less expensive interconnect structure which does not sacrifice

the overall routability. The architecture has been benchmarked with state-of-the-

art FPGAs using the model-based comparison. We showed that at the comparable
logic cost, the routing resource cost of three commercial FPGA architectures is

about 1.64 times higher than the routing resource cost of our FPGA.



Chapter 6

MEMORY-ORIENTED RECONFIGURABLE
ARCHITECTURE

Memory plays an essential role in some applications. The requirement for a mem-
ory is implied either by an algorithm or by its implementation (see Section 2.5). To
address this aspect, in this chapter we presennéraory-oriented reconfigurable
logic architecture which is the third type of the domain-oriented reconfigurable
architectures proposed in this thesis. The memory-oriented architecture targets
applications requiring distributed storage. Despite the optimisation towards the
memory functionality, the architecture also provides an efficient way of mapping
data-paths and random logic functions.

6.1 Introduction

6.1.1 Characteristics of the application domain

The memory functionality we aim at concerns distributed storage elements, such
as small data memories, look-up tables and shift registers (see the discussion in
Section 2.5.3). The storage resourcesdistributedbecause of the homogeneous
structure that is assumed for a domain-oriented reconfigurable logic device (see
Section 3.2.1). The LUT memory is reused to implement such storage resources.

As shown in Figure 6.1, a typical memory has theédressport, multi-bit Input
andOut put ports (typically of the same width), and tRead/W rite control port

that receives the signal determining the reading or writing operation of the mem-
ory. When implemented in the FPGA logic block, the memory imposes different
constrains on the logic block implementation than the data-path and random logic
functions considered so far. For example, it needs more ports to map functions
of the similar granularity and it supports a write operation. Therefore, assuming
that the data-path and random logic functions are to be implemented using the
same look-up table structure as the memory, the implementation of these func-
tions will be influenced by the memory implementation. Especially, the bit-width
of the LUT output will be impacted. This does not have to be disadvantageous if
the properties of the mapped functions are exploited properly. Note, for example,
that typical data-path functions (and arithmetic functions in particular) produce a
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multi-bit output. Such a multi-bit output signal can be generated cost-efficiently
using amulti-output look-up tablésee Section 3.1.3). Next, the implementation of
DSP functions based on the concept of distrubuted arithmetic [111] yields multiple
look-up tables that are addressed by the same set of input signals [113]. Obviously,
such look-up tables can also be implemented as multi-output LUTs. Finally, it has
been shown that many random logic functions share some of their input signals
when generating different Boolean output signals [14, 61]. Multi-output LUTs
are thus suitable for the implementation of such functions. A look-up table with
relatively few inputs and multi-bit output reasonably suits the requirements of the
memory, arithmetic and random logic functions.

Memory ~—— Read/Write

Address

Outputs

Figure 6.1 A model of a typical memory [108].

6.1.2 State-of-the-art

The idea of combining the memory, arithmetic and random logic functionality in

a single logic block of an FPGA device has been explored in the past. Essentially,
by reusing the LUT memory bits in the FPGA logic block, the implementation
of small distributed data memories has been made possible. In Figure 6.2(a), the
logic block structure of the Xilinx XC4000 device that has been designed in this
way is shown. The logic block consists of two 4-LUTs and one 3-LUT. The
4-LUTs can be used to implement Boolean functions (of up to 4-inputs) and arith-
metic functions (of up to 2-bits). The implementation of the arithmetic functions
is supported by the dedicated carry logic. Next to their traditional function, the
4-LUTs can be also configured as data memories (two 16 x 1-bit or one 32 x 1-
bit). This is possible because such LUTs include both read and write decoders. An
extra data input signal (for writing into the memory) is also added. Though very
flexible, such a memory implementation has several disadvantages. Firstly, inde-
pendent sets of inputs associated with each LUT increase the cost of the routing
resources (especially that only one set of inputs is needed in the memory mode).

1A similar implementation approach has also been applied to the Xilinx Virtex family [118]
and Lucent ORCA 3C [65] FPGA devices
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Secondly, the LUT resources are underutilised in the arithmetic mode (only 25%
of the memory bits in each LUT are effectively utilised). Finally, separate read
and write decoders in the LUTs contribute to the area overhead.
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Figure 6.2 The LUT-based logic block structures offering the memory, data-path and ran-
dom logic functionality: (a) a commercial FPGA device (Xilinx XC4000), and
(b) a reconfigurable computing device proposed in academia. The figures il-
lustrate the implementation cost of a 2-bit addition in terms of the required
number of LUT memory bits (32 bits and 96 bits, respectively).

The alternative logic block structure supporting the memory mapping has been
proposed at the lowa University [63]. Because of its primary application as a
reconfigurable cache [63], the logic block structure has been optimised for the
memory functionality. As shown in Figure 6.2(b), such an optimisation has been
achieved by implementing the LUT in the logic block in a memory-like way, that
is, with one read/write decoder and several memory columns. The LUT structure is
actually amulti-output LUT(compare Section 3.1.3). The logic block functionally
equivalent to the Xilinx XC4000 logic block includes a multi-output LUT built of

a 4:16 decoder and six memory coluriindélthough such an implementation is
efficient for the memory mapping (16 x 6-bits), it leads to a large cost overhead
if other types of functions are implemented. For example, the implementation
of arithmetic functions requires very many configuration bits (96 bits for a 2-bit

2The logic block of the structure described in [63] is coarser.
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addition). Also, the implementation of Boolean functions is costly since most of
them cannot be decomposed onto 4-input/6-output nodes (leaving most of the LUT
memories unused).

6.2 Applying the inversion-based folding type Il

To improve the cost-efficiency of the memory implementation in the LUT-based
FPGA logic block, we use the multi-output LUT structure as implied by the
inversion-based folding type Il (proposed in Section 3.1.3). Note, that the com-
plexity of the proposed multi-output LUT, even after the compaction (see Figure
3.11(a)), grows exponentially with the increase of the word-size of the input argu-
ments of a binary add&r Furthermore, it is also more beneficial (from the delay
and memory size point of view) to generate the carry output sigmaf the adder
using the dedicated carry logic. Therefore, we choose the multi-output LUT with
four inputs and two outputs, that is4#2-LUT, for our implementation. The de-
tailed structure of such a LUT is shown in Figure 6.3.

4/2-LUT

i Memory column

[N e lw -}

Read/Write decoder

|
+

[camy]
01 02
co

Controlled inversion
blocks

Figure 6.3. The structure of the proposed 4/2-LUT.

The 4/2-LUT is implemented in a memory-like way, that is, it contains a 4:16 de-
coder which addresses two memory columns of 16 bits (cells) each. To enable the
implementation of a 2-bit addition, the four inpwsb, ¢, d and two output®s,

0, of the LUT are connected to the controlled inversion blocks. The controlled in-
version blocks invert the input (address) and output signals of the LUT if the carry
input signalci = 1. In order to use the LUT as a memory, four additional inpyts

3For example, for a 3-bit adder, alreadyBemory cells are needed to describe each of the four
adder outputs in the resultant LUT.
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i» andwe;, we, are added to the 4/2-LUT. When the look-up table works as a mem-
ory, the inputd, i> play the role of data inputs, and the inpuis;, we, receive

the control (write enable) signals which determine the LUT operation (i.e. reading
or writing). The 4/2-LUT can also be used for the mapping of Boolean functions
with maximally four binary inputs and two binary outputs. Typical configurations
of the proposed 4/2-LUT are shown in Figure 6.4.

@ (b) © we i 0 i 1
L
ag— a — addr g —
ay b addr |
bo 4/2-LUT c 4/2-LUT addr 5 4/2-LUT
b, d addr 3
ci 0 0
Carry| Carry| Carry|
S0 S ‘ 0 0, ‘ % 9

co

Figure 6.4. Example configurations of the 4/2-LUT: (a) 2-bit arithmetic (addition), (b) 4-
input/2-output Boolean function generator, (c) 16 x 2-bit data memory. The
shaded blocks show the components that are inactive in a given LUT configu-
ration.

The above-described 4/2-LUT shows a number of advantages compared to the
LUT-based memory implementations discussed in Section 6.1.2. Firstly, the 4/2-
LUT reduces by a factor of 2 the number of LUT memory bits that would be
needed if the state-of-the-art multi-output look-up table structure from Figure
6.2(b) was used to implement 2-bit arithmetic functtbnSecondly, compared

to a traditional 4-LUT-based logic structure (see Figure 6.2(a)), the proposed LUT
halves the number of required input ports (due to the sharing of inputs in the multi-
output LUT), and thus the total amount of routing resources that are needed to map
similar type of function3. Thirdly, in the suggested 4/2-LUT implementation only
one decoder is needed rather than four decoders (i.e. two write decoders and two
read multiplexers) as in a typical implementation based on 4-LUTs (see Figure
6.2(a)). Finally, in contrast to the state-of-the-art multi-output LUT (see Figure
6.2(b)), the proposed 4/2-LUT enables a cost-efficient implementatianydf/pe

of functions, that is, memory, arithmetic, and random logic.

4For a fair comparison, we assume that the multi-output LUT architecture from Figure 6.2(b)
may also be enhanced with a dedicated carry logic.
5The only penalty is an inability of mapping twodependenBoolean functions of 4-inputs.
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6.3 Logic element

The logic element constitutes the lowest level of hierarchy of the memory-oriented
reconfigurable logic architecture. Because of the advantages of the 4/2-LUT (see
Section 6.2), such a LUT is chosen for the implementation of the logic element.
Several modifications and enhancements are introduced to the original 4/2-LUT
structure to improve the mapping capabilities of the logic element.

21,ai41,01,Di41

cij  |CiCir1 Xi
/ - - clk
Signal selector

Input processing [
block Memory inputs
processing block
Carry logic ; r s
i ! 4p-LUT
i = = !
H E E H
| = =
i E 8 8 i
FHEAE
. . ! = g !
Controlled inversion | |i 2 S |
blocks ; - i
Ci+l
MUXA
coi ar bl; Ayl

Figure 6.5. The logic element of the memory-oriented reconfigurable logic architecture.

The logic element has six primary inpws a1, bj, bi.1, G, ¢1, a secondary
inputx;, a carry inputij, and a special clock inputk. It also has three primary
outputs: two arithmetic outputs;, ari 1, a Boolean outpubl;, and a carry output

cqo. The general structure of the logic element is shown in Figure 6.5, while the
implementation details are shown in Figure 6.6. The 4/2-LUT is implemented as
described in Section 6.2. The®ntrolled inversion bloclat the inputs of the 4/2-
LUT is modified to the structure shown in Figure 6.6(a). The inversion of the
LUT inputs, implemented with XOR gates, is no longer dependent on the carry
input signal only (available on the inpatk), but also depends on a control signal
(available on the input;). This corresponds to the inversion of bits of one of
the operands of a binary adder which is needed if the adder is configured as a
subtractor. The change in the polarisation of the LUT (decoder) irghutsdy

and the LUT output®q, 07 is described in detail in Table 6.1. The table indicates
that during an addition operation witth= 1 all LUT inputs are inverted, while
during a subtraction operation withh = 1 only one pair of them. The inversion

of the LUT outputs depends only on the carry input sigiialand is implemented

as shown in Figure 6.6(b). The configuration memoryNdit in Figure 6.6(a)



6.3 Logic element 117

() (b)

Controlled inversion block (inputs) Controlled inversion block (outputs)
R vty impbibusboopl it eotungbofuivtvbintih g uisc AN

Input processing block

Memory inputs processing block (control network) Memory inputs processing block
, (data input network)
X 0
Ci Citl
\L_9/—Me]
i ip

Figure 6.6. Implementation details of the logic element: (a) controlled inversion block at
the inputs, (b) controlled inversion block at the outputs, (c) dedicated carry
logic, (d) input processing block, (e) control network of the memory inputs
processing block, (f) data input network of the memory inputs processing
block, and (g) signal selector.
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determines the type of arithmetic operation (i.e. addition or subtraction) that is

implemented in the logic element, and the initial value of the carry input snal

control (add/sub | carry in || inverted argl? | inverted arg2? | inverted res?
Ci Cij dq, do ds, da ari, arj 1
0 0 not not not
0 1 yes yes yes
1 0 not yes not
1 1 yes not yes

Table 6.1 Polarisation of the bits of the input argumeargl andarg2 and bits of the
resultres of an arithmetic operation implemented in the proposed logic ele-
ment. The polarisation depends on the carry input siginand the type of the
mapped operation, which is determined by the control signdlhe change of
the polarisation is the consequence of the applying the inversion-based folding
type Il and the way of implementing a subtraction operation in a binary adder.
(The subtraction operation of the fomas= argl — arg2 is assumed.)

The support of a subtraction operation has the impact on the implementation of
the dedicatedarry logic. This is indicated in Figure 6.6(c), where two additional
XOR gates are added at thendd inputs (bits of the argumerirg2). The gates
guarantee a proper value of the carry output sigoailf a subtraction operation is
performed.

The primary inputs;, a1, bj, bj.1, ¢, ¢j.1 of the logic block are directed to the
input processing block The input processing block (see Figure 6.6(d)) reduces
the number of input signals from six to four by performing logical AND and NOT
operations on them. This is required, for example, for mapping of multiplexers and
multipliers (see details in Section 6.5). The four outputs of the input processing
blocka, b, ¢, d are connected to the inputs of the controlled inversion block.

To enable the memory functionality, tt)eemory inputs processing blo&k in-
troduced to the logic element. This block provides proper values of the control
and data signals to each memory column of the 4/2-LUT dependent on the type
of a memory function that is to be implemented (e.g. a data memory or a shift
register). The memory inputs processing block consists of the control (see Figure
6.6(e)) and data input networks (see Figure 6.6(f)). The control network produces
two write enable signalee; andwe, based on the value of the global write enable
signal associated with the inpxft configuration memory bits16 andM7, and the
value of the signati 1. The signalx/, which is an input of the control network,

is defined by thesignal selectofsee Figure 6.6(g)). Dependent on the mode, the
signal selector assigns the inverted clock signk) the external signat, or the
latched version of the signalto the write enable signal. The data input network
produces two data signails andi,. Dependent on the configuration determined
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by the configuration biM7, the LUT memory columns receive two different data
signals available on the inputs andc; 1, or only one of them, that is;. This

is illustrated in Figure 6.6(f)). The detailed description of the functionality of the
input processing and memory inputs processing blocks is given in Section 6.5.

The outputsar; andar;; of the controlled inversion block at the LUT outputs
are connected to the inputs of the 2:1 multiplek8d XA (see Figure 6.5). The
multiplexer has a twofold role. It is used to implement Boolean functions of five
inputs by applying Shannon’s expansion (see Equation 3.2) or to implement mem-
ory structures with a 1-bit output. The multiplexgiu XA is controlled by the
signalci.1. Dependent on the mode, the signgl; is associated either with the
fifth logic input (random logic mode) or with the fifth bit of the memory address
(memory mode). The output of the multiplexer is available on the Boolean output
bl; of the logic element, while the LUT outputs on the arithmetic outpytsar;, 1.

6.4 Logic block

6.4.1 Basic concept

The logic element described in the previous section allows the mapping of 2-bit
arithmetic functions, 5-input random logic functiénsind small memories with

a 1-bit or 2-bit output. To improve the efficiency of mapping the arithmetic and
memory type of functions, which are typically coarser than the granularity of the
proposed logic element, the logic block of the memory-oriented reconfigurable
logic architecture is built ofwo logic elements. As a result, the logic block sup-
ports the implementation of functions with up to a 4-bit output (nibble-level pro-
cessing).

6.4.2 Structure in detail

The structure of the logic block is depicted in Figure 6.7. To account for the
presence of two logic elements in the logic block, their original structure from
Figure 6.5 is slightly modified. The modifications are essential for the memory
mapping and concern the components which are shaded in Figure 6.7.

The logic block has twelve primary inputs; .. .in1», two secondary inputs, t,
and a special clock inputlk. It also has four primary outputsut; ...out; and
two carry outputso; andcop. The first set of six primary inpuigy .. .ing of the
logic block is connected directiyto the primary inputs, ap, by, by, c1, ¢ of
the first logic element; similarly, the second set of six primary inputs. .in1»

5To comply with the architecture template discussed in Chapter 7, we assume here that the
possibility of mapping 4-input/2-output Boolean functions in the 4/2-LUT is discarded.

"Unlike in the data-path-oriented and random-logic-oriented architectures, the input selection
block is replaced by hard-wired one-to-one connections.
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of the logic block is connected directly to the primary inpats a4, bs, by, Cs,

c4 of the second logic element. Because the pairs of the carry and secondary
inputsciy, X3 andcis, X3 of the first and second logic element have a mutually
exclusive function, they are merged at the logic block level into the secondary
input signald; andty, respectively. Therefore, the signédsandt, are distributed

to the carry selection and the signal selector blocks in the first and second logic
element, respectively. Thearry selectionblocks determine whether the logic
elements use two independent carry signals or one common carry signal when the
logic elements are chained. In the latter case, either logic element can be chosen
to produce less significant bits of an arithmetic operation, and consequently, has
its carry output ¢o; or cop) connected to one of the inputs of the carry selection
block.

To enable the implementation of larger memories, themory inputs pre-
processing blocks placed between the signal selector and the memory inputs
processing blocks of the logic elements (compare with Figure 6.5). Dependent on
the type of memory that is to be mapped, the memory inputs pre-processing and
memory inputs processing blocks assign either one set or two independent sets of
control and data signals to the 4/2-LUTs of the logic elements. The entire control
and data input networks of the memory pre-processing and processing blocks are
shown in Figure 6.8(a) and (b), respectively.

The copy block(see Figure 6.8(c)) placed between the 4/2-LUTs of the logic ele-
ments enables an implementation of dual-port memories. The copy block consists
of two sets of 16 copy elements. The copy elements are controlled either by a
static signal ‘0’ or by the signal, which is connected to one of the signg]sor x

from the signal selector blocks in the first and second logic element, respectively
(see Figure 6.8(a)). When activatédi4 = 1), the copy block copies the contents

of the LUT memories in the first logic element to the LUT memories in the second
logic element. This happens in the first phase of the inverted clock signal.

To account for the presence of two logic elements, the selection multiplexers
MU X1 andMU X2 are introduced to the logic block, as shown in Figure 6.7. The
multiplexers generate the control signalsands2 by selecting one of the input
signalsins (c1) andingy (c3) of the logic block. The signalsl ands2 control the
multiplexersMU X1 andMU X2 in the first and second logic element, respectively.
The Boolean outputs of the logic elements are merged in the multigié¥e¢ and

the gateAND. The multiplexer allows the implementation of Boolean functions
with up to six inputs and the memory structures with the 6-bit address (i.e. 64 x
1-bit). TheAND gate is used to implement large product functions.The control
signals of the multiplexeMU X is the output of the selection multiplexigiU X3,
which selects one of the input signatg (cz) andiny2 (c4) of the logic block.

The arithmetic outputsr;...ars, Boolean outputdl,, bls, and the outputs of
the global multiplexeMU X and the global gatAND are directed to theutput
selection block The output selection block has two stages. In the first stage, the
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Figure 6.7. Logic block structure of the memory-oriented reconfigurable logic architec-

ture.
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selection of the output signals that are relevant in a given mode takes place. In
the second stage, the selected signals are associated with particular outputs of the
logic block. The outputs of the output selection block are fed tdlipdlip block

which allows the output signals to be registered. The outputs of the flip-flop block
are connected to the outpudst; . .. outy of the logic block.

6.5 Functional modes

The logic block of the memory-oriented reconfigurable architecture has three pri-
mary functional modes. The functional modes determine the type of function
which is implemented in both logic elements of the logic block (for large func-
tions) or in each of the logic elements independently (for small functions). The
following modes are available:

e Data-path modén which the logic elements produce two independent 2-bit
output signals or a single 4-bit output signal of data-path functions. The sig-
nals are available on the arithmetic outpais. .. ar4 of the logic elements.

e Random logic modim which two 1-bit output signals of two independent 5-
input Boolean functions or a 1-bit output signal of a 6-input Boolean func-
tion are produced. The outputs of the independent functions are available
on the Boolean outputsl; andbls of the logic elements. The output of the
larger function is available on the output of the global multipleMé&i X or
the output of the gatAND.

e Memory moden which two independent memory functions with 1-bit or
2-bit output signals or one larger memory function with 1-bit, 2-bit or 4-bit
output signals are produced. The 2-bit output signals of independent mem-
ory functions and the 4-bit output signal of the large memory function are
available on the arithmetic outpuds; . ..ar, of the logic elements. The 1-
bit output signals of the independent memory functions and the 2-bit output
signal of the large memory function are available on the Boolean oubputs
andblz of the logic elements. The 1-bit output signal of the large memory
function is available on the output of the global multiplekéd X.

6.5.1 Data-path mode

Addition/Subtraction. The logic block can implement addition, subtraction, or
addition/subtraction operations with up to 4-bit arguments. The input arguments
are connected to the inpuits; ...ing anding...inyg of the logic block, and the
outputs are available on the arithmetic outpats...ar, of the logic elements.

If a 4-bit operation is implemented, the inpwisor t, of the logic block provide

a carry input signal, and the logic element implementing more significant bits of
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the operation has its carry input signal connected internally to the carry output of
the other logic element (i.eciz=co; or ci;=cop; a direction of the carry flow is
arbitrary). The carry output signal is available on one of the carry outpgter

cop of the logic block. If independent 2-bit arithmetic operations are implemented,
each logic element has its own carry input and carry output signals.

The addition operation (see an example in Figure 6.9(a)) is implemented using
the inversion-based folding type Il as described in Section 3.1.3. Consequently,
the 4/2-LUTs in both logic elements implement a 2-bit addition. The LUT inputs
and outputs are inverted if the carry input signal is ‘1’. The subtraction operation
uses the LUT configuration as for a 2-bit addition, but the inversion of the LUT
inputs, outputs, and the carry input signal is modified according to the scheme
from Table 6.1. The configuration of the logic element to perform the addition
or subtraction operations is determined by theMit in the controlled inversion
block (see Figure 6.6(a)), that is)J1 = 0 for the addition andM1 = 1 for the
subtraction. The (dynamic) addition/subtraction operation uses an external signal
(add/sub to determine the type of executed operation. Such as signal is available
on the inputsn5 (cy1) oringq (c3) of the logic block.

Multiplication. The logic block supports the implementation of the carry-save
type of an array multiplier [80]. Such a multiplier is characterised by the ver-
tical propagation of the carry signal (except for the last row), and is faster than
a traditional array multiplexer with a horizontal carry propagation [80, 70]. The
structure of the logic block that has been described in Section 6.4 allows an imple-
mentation of the two’s complement unsigned version of the carry-save multiplier
(the so-called Braun multiplier [55]). After small modifications of the proposed
logic block structure, the implementation of the signed version of the multiplier
(the so-called Pezaris multiplier [55]) would also be possible.

The logic block implements up to four cells of an array multiplier, which are or-
ganised in a 2 x 2 array as shown in Figure 6.9(b). Each pair of vertical cells of the
array is implemented in a single logic element. Each logic element receives max-
imally five distinct input signals on five out of six primary input ports of the logic
block, that isiny ...ing andiny...iny2, and the carry input signal on the inpus
andt; of the logic block. Each logic element also produces maximally two output
signals available on the arithmetic outpatsg, ar, or ars, ars, and the carry out-

put signal available on the outpute; andco, of the logic block. The multiplier
mapping technique is explained in detail in Figure 6.10. The input signals of the
vertical cells of the multiplier are connected to the inputs of the 4/2-LUT in a logic
element via the input processing block. The input processing block implements
logic AND operations on pairs of bits, similarly to the AND operation that takes
place in a basic cell of the array multiplier (see Figure 6.10(a)). The 4/2-LUTs in
each logic element are configured as for a 2-bit addition opefation

8The use of the inversion-based folding type Il and the 4/2-LUT to implement a 2-bit addition
implies that a carry signal (e.g. sigmaln Figure 6.10(b)) that traverses vertically between pairs
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vertical cells of the multiplier (the cells correspond to the cells no. 4 and
7 in Figure 6.9(b)), (c) configuration of the logic element, (d) details of the
configuration of the input processing block.

Typically, anm x n carry-save multiplier, wheren and n are the number of
bits of a multiplicand and multiplier, respectively, can be implemented using an
nx (m-—1) array of basic cells, such as the cell shown in Figure 6.10(a) [55].
As mentioned above, four cells of the carry-save multiplier can be implemented
in a single logic block. Nevertheless, the number of logic blocks that are needed
to map the entire multiplier according to the proposed technique differs slightly
from the expected number &f”l%l) cells. The reason is the horizontal (instead
of the vertical) propagation of the carry signal in the last row of the multiplier,
which enforces the mapping of this row onto a separate set of logic blocks. In
consequence, the implementationgmok n carry-save multipliers with even and
odd number of bits of the multiplien differ. Whenn is even, the first row of

the multiplier cells and the AND gate generating the output siggare mapped
onto a single set of logic blocks, as shown in Figure 6.11(a).i¢fodd, the first

two rows of the multiplier cells are mapped onto a single set of logic blocks, and
the AND gate requires an extra logic block, as shown in Figure 6.11(b).

of the multiplier cells is now encoded internally in the 4/2-LUT.
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Figure 6.11 Mapping of array multipliers with the (a) odd and (b) even number of bits of
the multiplier. The shaded blocks show an assignment of the multiplier cells
to the reconfigurable logic blocks.
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Constant-coefficient multiplication. A special type of multiplication is the mul-
tiplication with a constant argument (ery= cons). This type of multiplication is

very common in digital signal processing where many transforms and filtering op-
erations rely on multiplications with constant coefficients. A constant coefficient
multiplier can be implemented using the so-caltigtributed arithmetid111].
Distributed arithmetic is simply (but not necessarily) a bit-serial computing tech-
nique that calculates an inner (dot) product of a pair of bit-vectors in a single di-
rect step [111]. Distributed arithmetic is a cost-efficient implementation technique
since it reduces a multiplication operation to the series of additions, subtractions,
and binary scalings.

K

yin = 3 Ao (6.1)

k=1

Equation 6.1 shows the sum of products which represents the resyjohsé a
linear time-invariant network at discrete timexg[n| is a sample of an input signal
andAy is a coefficient. If we drop the time indéw], assume the two’s complement
representation of the input sampdg that is,

N—1
X=—bo+ ) bn2 ", (6.2)
n=1

and scale for convenience such thag| < 1 [111], then

N-1 K K
y=>1[> Abin]27" + > Ac(=bio). (6.3)
=1 & K=

Becauseby,, represent successive bits of the input sample and take on values O
and 1, the bracket terrgff:lAkbkn may have only ¥ possible values. Instead of
computing these values on line, they can be precomputed and stored in the memory
(e.g. ROM). In practice, look-up tables addressed with equally significant bits of
K input samples (e.gxyo), are used for this purpose. An example realisation of
this concept is shown in Figure 6.12.

Since the result of the inner produlstby,, is a complete word rather than a sin-
gle bit, look-up tables in distributed arithmetic have multi-bit outputs. This fact
makes the logic block of the proposed memory-oriented architecture superior to
the logic blocks of traditional FPGAs. This is because a basic building block of
the memory-oriented logic block is a cost-efficient 4/2- LUT (the LUT has simpler
decoder logic and lower amount of routing resources because of the LUT inputs
sharing).

Data-path multiplexers. The logic block can be configured to implement data-
path multiplexers with two or four inputs, each of the inputs having 2-bits or 4-bits.
A mapping example of a 2-bit 4:1 multiplexer is shown in Figure 6.9(c).
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Figure 6.12 The bit-serial realisation of the sum of produgts- Sr_; A using dis-
tributed arithmetic. The 10-bit representation (iid.= 10) of the samples
xx of the input signal is assumed. (a) implementation architecture, (b) LUT
addressing, (c) LUT implementation and configuration.

To enable the implementation of data-path multiplexers in the proposed logic
block, the multiplexers have to be first decomposed into a network of 2:1 mul-
tiplexers. The first level of multiplexers of such a network is then implemented
in the 4/2-LUTs, while the second level in the multiplexétt) X A of the logic
elements. Because each pair of 2:1 multiplexers in the first layer has five distinct
input signals (see Figure 6.9(c)), their direct implementation in the 4/2-LUT hav-
ing only four inputs is impossible. Therefore, the number of distinct input signals
is first reduced to four signals. Such a reduction takes place in the input process-
ing blocks of the logic elements, each of which receives four bits of the data inputs

(a) (b) CoX do 3o by
X0 0o 1 0 1
ul u2

Figure 6.13 The implementation of multiplexers in the 4/2-LUT: (a) mapping of a 2-bit
multiplexer structure, (b) the required configuration of the input processing
block.

a b c d
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(ao, bo, co, do in Figure 6.13(a)) and the least significant control By Figure
6.13(a)) of the mapped multiplexer. The input processing blocks perform logical
AND operations, generating intermediate sigralb, c andd, as described (for

the input processing block of the first logic element) by Equation 6.4.

a=Cp-Xo, b=do-Xo, C=ap-Xo, d=bp-x (6.4)

The signals, b, ¢, d are directed to the inputs of the 4/2-LUTs. The LUTs are
configured to execute an OR operation. The 4/2-LUT in the first logic element
generates the signald, u2 on its arithmetic outputar,, arp, and the 4/2-LUT

in the second logic element generates the sigu@|si4 on its arithmetic outputs
ars, ars (see Figure 6.9(c)). The signald andu2 of the first logic element are
described by Equations 6.5 and 6.6, respectively.

ul=c+a (6.5)
u2=b+d (6.6)

If a 4:1 data-path multiplexer is mapped, the pairs of signa/si2 andu3, u4 are
connected further to the inputs of the multiplex® X A in the first and second
logic element, respectively. The multiplexers are controlled by the second control
signal of the mapped multiplexexky(in Figure 6.9(c)), and generate the output
signals available on the Boolean outpbtsandbls of the logic elements.

Multi-bit Boolean functions. The logic block enables an implementation of 2-
input Boolean functions with 2-bit or 4-bit inputs. Such functions are implemented
in the 4/2-LUTs of the logic elements. The inputs of multi-bit Boolean functions
are available on the inputs;...ing andiny...in1g of the logic block, while the
successive bits of the output on the arithmetic outpus. . ar4 of the logic ele-
ments.

6.5.2 Random logic mode

Boolean functions.In the random logic mode, multi-input Boolean functions can
be mapped. Such functions are implemented using the 4/2-LUTs, the multiplex-
ers MU XA of the logic elements and the global multipleXdiJ X of the logic
block. When configured independently, the logic elements allow mapping of two
Boolean functions with up to 5-inputs each. In such a case, the inputs of the func-
tions are available on the inputs; ...in5 andiny...in1; of the logic block, and

two outputs of the functions on the Boolean outpbitsand bls of the logic el-
ements. When combined together, the logic elements allow the implementation
of a Boolean function with 6-inputs. The 6-input Boolean function uses the same
inputs of the logic block as the 5-input functions, and the sixth input is available
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either on the inpuih7 oriny» of the logic block. The output of the 6-input Boolean
function is generated by the global multiplexét X.

The logic block also provides a special support for the implementation of large
product or sum of products functions. Such functions are implemented using the
global AND gate located in parallel to the global multiplexét) X.

Random logic multiplexers. Random logic multiplexers are implemented simi-
larly to the data-path multiplexers, but have binary inputs and outputs. Each logic
element can implement a 2:1 or 4:1 multiplexer. When combined together, the
logic elements can also implement a 8:1 multiplexer using the global multiplexer
MU X of the logic block. The third control signal of the 8:1 multiplexer can be
connected to either the inpint; or the inputiny» of the logic block. The selected
signal is assigned to the selection signaf the global multiplexeMU X (see Fig-

ure 6.7). The outputs of the 2:1 and 4:1 multiplexers are available on the Boolean
outputsbly, bls of the logic block, and the output of the 8:1 multiplexer is available
on the output of the global multiplex&tU X.

6.5.3 Memory mode

Data memory. The logic block allows the implementation of two independent or
one large single-port data memories of the following types:

e two 16 x 2-bit memories
e two 32 x 1-bit memories,

e one 64 x 1-bit memory.

The data memories are implemented in the 4/2-LUTs of the logic elements and
use the memory inputs pre-processing block, memory inputs processing blocks,
and optionally the global multiplexevlUX. The type of the mapped memory is
established by the configuration b6 andM7 in the memory inputs process-

ing blocks of the logic elements, and by the BifLO in the memory inputs pre-
processing block (see Figure 6.8(a) and (b)) according to the following scheme.

¢ Bit M6 determines the functional mode of a single logic elementVBit= 0
if the logic element is used as a data memory or a shift registeiyVignd 1
if the 4/2-LUT in the logic element is used to implement logic.

e Bit M7 determines the number of data inputs (data outputs) of the memory
implemented in one logic element. ThatMy = 0 if such a memory has
two data inputs, antM7 = 1 if it has only one input.

e Bit M10 determines whether memories implemented in the logic elements
work independently or whether they are combined together forming a larger
memory. That isM10 = 0 if the logic elements work independently, and
M10= 1 if the logic elements are combined together.
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Because the implementation of different types of data memories is analogous, we
describe as an example the implementation of the most complex, that is, a 64 x 1-
bit memory. As shown in Figure 6.14(a), the 64 x 1-bit memory has a 6-bit address
addr...addrs, a 1-bit data inpuing, a 1-bit data outpubuty, and a write enable
signalwe The four least significant bits of the address are connected to the inputs
in1...in4 anding...in1g of the first and second logic element. The fifth address
bit is assigned to the inputs or inq1 of the logic block, and the sixth signal to the
inputing or in2. Dependent on which of the inputs is selected as the fifth address
bit, the data input signal of the memory is connected to the imgutor ing of the

logic block. The write enable signal of the memory can be connected to one of
the secondary inputs of the logic block, thattisor t,. Finally, the data output of

the memory is available on the output of the global multipledé&rX and can be
assigned to any of the outputsit; ... outy of the logic block. The configuration

bits are set such thtl6 =0, M7 =1, andM10= 1.

The 64-bit capacity of the 64 x 1-bit memory is divided into four sections such that
the first and second column of the first 4/2-LUT store bits.@5 and 16..31,
respectively, and the first and second column of the second 4/2-LUT store bits
32...47 and 48..64, respectively (see Figure 6.14(a)). The most significant bit
of the memory address, which is coupled to the sigriaée Figure 6.8(a)), selects
one of the logic elements. The fifth memory address bit, which is coupled to the
signalsl = s2 (see Figure 6.8(a)), selects the memory column of the 4/2-LUT in
the selected logic element. The remaining four bits of the memory address, which
are connected to the LUT inputl;...d; (see Figure 6.6(a)), choose the memory
location within the selected memory column that is accessed. During the write
operation \ve= 1), the control networks of the memory inputs pre-processing and
processing blocks (see Figure 6.8(a)) take care that only the selected memory col-
umn receives the original value of the write enable sigralwhich is accessible
through one of the inputg or x; of the logic elements; the other memory columns
have theirwe; andwe, inputs coupled to ‘0’ at that time. (This guarantees that
inactive memory columns are read rather than written.) Similarly, the data input
networks of the memory inputs pre-processing and processing blocks (see Figure
6.8(b)) take care that only the selected memory column receives the valid data
input signalin, which is accessible through the chosen injpgtor ing1 of the

logic block. During the read operatiowé = 0), the signalsl = s2 ands (see
Figure 6.7), which are associated with the fifth and sixth memory address bits,
respectively, assure that the value from the selected memory location is directed
to the output of the global multiplexédU X.

Dual-port memory. The logic block also allows the implementation of dual-port
memories. As shown in Figure 6.15, a dual-port memory enables a simultaneous
read operation from two independent memory locatianislfessl andaddres<),

and a write operation to one of those memory locati@lfessl). Similarly to

[117], we assume that one of the read memory addresses and the write address are
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memory mode. (a) 64 x 1-bit data memory, (b) 16 x 2-bit dual-port memory,

Figure 6.14 The configuration of the memory-oriented reconfigurable logic block in the
(c) 16 x 4-bit shift register.
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the same.

data input write enable

|

address | ——— — output 1 (from address 1)

Dual—port
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address 2 ——» —— output 2 (from address 2)

Figure 6.15 A dual-port memory.

Because the implementation of a dual-port memory in the proposed logic block
involves both logic elements, only the following memory configurations are pos-
sible:

e 16 x 2-bit dual-port memory,

e 32 x 1-bit dual-port memory.

The dual-port memory uses the inputs. ..ing andiny...in1g of the logic block,

and optionally also the inpuiss andiny1, as two sets of address inputs. It also
uses the inpuihs and optionally the inpung as data inputs. The write enable sig-
nal of the mapped memory is assigned to one of the secondary inputs of the logic
block, that ist; ort,. The data outputs of a dual-port memory are always available
on the outputs obothlogic elements. If a 2-bit dual-port memory is mapped, the
pairs of the arithmetic outputsr1, arp, andars, ar4 of the logic elements provide

two bits of the first and second read-out value, respectively. If a 1-bit dual-port
memory is mapped, the Boolean outphtsandbls of the logic elements provide

one bit of the first and second read-out value, respectively. A mapping example of
a 16 x 2-bit dual-port memory is shown in Figure 6.14(b).

The operation of the dual-port memory is based orr¢lael-before-writescheme.

The read operation takes place in the first half of the clock cycle, while the write
operation uses the second half. Therefore, the write enable sigeaEndwe,

of the 4/2-LUTs in the logic elements are connected to the inverted clock signal
clk 2, which isAND-ed with the write enable signal of the memory. Consequently,
M8 = 0 andM9 = 0 in Figure 6.8(g). If a dual-port memory is implemented, the
copy block of the logic block is activated, that 14 = 1 in Figure 6.8(c).

The detailed configuration of the logic block when it is used as a 16 x 2-bit dual-
port memory is illustrated in Figure 6.16(a). During the write operation (see Fig-
ure 6.16(b)), the logic block works as a data memory with two storage sections.
The write address provided on the inpirts. . .ing of the logic block &ddressl)

9We assume that the rising edge of the clock sighiahctivates the logic block operation.
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Figure 6.16 The implementation of a dual-port memory in the proposed logic block: (a)
general structure of the memory, (b) read operation, (c) write operation.

selects two memory locations (memory cells) in the 4/2-LUT of the first logic el-
ement. Because of the activated copy block, the data which are being written to
these locations are immediately copied at the same address to the 4/2-LUT in the
second logic element. During the read operation (see Figure 6.16(c)), the copy
block is disactivated by the write enable signal being ‘0’ (the first phase of the
clk), and the memories implemented in the logic elements of the logic block work
independently. The first logic element reads out the values from the same address
that has been used during the write operation. The second logic element reads
out the values from the second read addradsl{es?), which is available on the
inputsinz...in1g of the logic block.

Shift register. The logic block enables the implementation of shift registers (delay
lines) of various lengths (delays) and with various bit-widths of the input. The
following shift register configurations are possible in the logic block:

e one 1-bit shift register of the maximal length 64,

e one 2-bit shift register of the maximal length 32,
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e two 1-bit shift registers of the maximal length 32,

e two 2-bit shift registers of the maximal length 16.

The shift register implementation (see an example in Figure 6.14(c)) is identical

to the implementation of a single-port data memory, except for the read and write

operations that take place in the same clock cycle according to the read-before-
write scheme (as in the dual-port memory implementation). Consequently, the

write enable inputsve;, we, of the 4/2-LUTSs receive the inverted clock sigo#,

and the external write enable signal, which is connected to one of the secondary
inputsty, t of the logic block, works as a control signal.

| write

|. Logic element

—_—
selected location

Address
generator
(mod-n counter)

Decoder

[T[TTTT] I,J.I.tJ.I.I.l

-

read

Figure 6.17. The implementation of a shift register generating a delay afock cy-
cles (for the sake of simplicity, only one memory column of the 4/2-LUT
is shown).

In Figure 6.17, the implementation of a shift register of an arbitrary lengtHi.6,

is explained. The memory column of the 4/2-LUT is addressed by the address sig-
nal coming from the modulo-counter implemented in an additional logic block.
During the period oh clock cycles)n successive locations in the 4/2-LUT mem-
ory column memory are selected one after the other. At the first half of each clock
cycle, the value from the selected memory location is directed to the ootut

at the second half of the clock cycle, a new value available at the dataimput

is stored at the same location. Afterclock cycles, the firsh memory locations

are updated. The modulo€ounter again selects the first memory location and
the described procedure repeats. In this way, a given memory location is always
accessible everg clock cycles. If shift registers with a delay longer than 16 cy-
cles are to be implemented, other memory columns are utilised. The reading from
and writing to the additional columns are determined by the value of the most
significant bits of the address.
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6.6 Configuration architecture

The memory-oriented reconfigurable logic architecture has been designed to sup-
port partial and a restricted form of dynamic reconfiguration. The partial recon-
figuration means that the functionality of the device can be changed selectively
without re-loading the entire content of the configuration memory. Because such
a reconfiguration procedure may take place during the operation of the device, we
also regarded it as dynamic reconfiguration. The dynamic reconfiguration is re-
stricted since only the part of the device that is currently not executing any task
can be reconfigured.

The configuration architecture is hierarchical. On the first level, the tile that is to
be configured is selected, while on the second level, a set of bits within the tile,
the state of which is to be changed, is chosen. The configuration architecture of a
2 x 2 array of logic tiles is illustrated in Figure 6.18(a). The vertical and horizon-
tal global decodergenerate horizontal and vertical address sighgls. hs and
Vo...Vv3 based on the 2-bit address vectbrsaandV, respectively. The logic tile

at the location(x,y) of the array receives a pair of global address sigfialsy).

Each tile of the array receives also a set of 18 configuration signals, 14 of which
are distributed to the configuration memories of both logic elements. |odad
configuration memorgf a single logic element is shown in Figure 6.18(c). Such

a memory consists of the control and LUT memories. €betrol memorycon-
figures switches and multiplexers of the logic and routing resources of the logic
element, while thdUT memorydetermines the type of function which is im-
plemented in the 4/2-LUT. The bits of both the control and LUT memories are
organised in columns of 16 memory cells each. The number of memory columns
determines the minimal number of bits than can be changed at once (here: eight).
The memory columns are addressed by the signals from a local 4:16 decoder. Such
a decoder is part of the 4/2-LUT (see Section 6.3), and is used normally to address
the LUT memory bits. The sharing of the decoder logic contributes to the reduc-
tion of the logic block area. The set of 16 switches is placed between the control
memory and the local decoder to disconnect them if the configuration procedure is
not performed. The memory cells of the control and LUT memories have different
implementations (see details in Chapter 8).

The set of configuration signals associated with each logic block (logic tile) in-
cludes:

¢ two independent sets of two configuration enable sigaals em1 andegp,
am2 for the control and LUT memories of the first and second logic element,
respectively,

e four local decoder signalteg ...deg,

e eight configuration data signatsy . . . cd; for the control memory,
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e two configuration data signaldp, Id; for the LUT memory.

The connection of such signals to the physical ports of the 4/2-LUT is shown in
Figure 6.18(b). When a logic tile is selected (i.e. whgnr=1 andvy = 1), the
signalscl andl1 that are generated based on the values of the enable sigpals
andem; of the first logic element determine which of the configuration memories
is to be configured. This is implemented by connecting the sigriabndl 1 to

the control inputs of 2:1 multiplexers which select the inputs of the 4/2-LUT in the
first logic element. For example, if both the control and the LUT memories are to
be configured, the switches between the control memory and the local decoder are
activated, the inputs of the local decoder are connected to the sipgls.dec
signals, and write enable and data input ports of the first 4/2-LUT are connected
to thel1 andldp, Id; signals, respectively.

6.7 Interconnect

The interconnect architecture of the memory-oriented logic block has been estab-
lished by experience. The routing channels consisting of 30 routing tracks and
three different types of the routing resources have been chosen. They are:

e general-purpose routing resources,
e special routing resources,

e direct routing resources.

Thegeneral-purpose routing resourcaee used for the routing of general-purpose
signals. This type of resources includes 12 tracks of the length-one (L1) and 16
tracks of the length-four (L4). The routing tracks of the length-four can also be
used for the implementation of 4-bit buses between the mapped data-path compo-
nents. Such buses are implemented in a twisted-like way (see Figure 6.19(b)),
which greatly simplifies their physical implementation (see details in Chapter
7). The general-purpose routing resources are connected to the input and out-
put ports of the logic block using connection blocks which the flexibHgy= 0.4

and F.o = 0.5, respectively. Furthermore, the switch block with six switches at
the crossing of each pair of horizontal and vertical routing tracks (the full switch
block) is used.

The special routing resourceare formed by two vertical and horizontal routing
tracks. These tracks are meant only for the routing of the carry signals of arith-
metic components and for the write enable signals of memory structures. Finally,
thedirect routing resourcesclude direct connections between neighbouring logic
blocks enabling their fast communication. Each logic block distributes four out-
put signals and two carry output signals in this way. The direct connections are
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distributed in all directions, that is, horizontally, vertically, and diagonally. The
schematic diagram representing the proposed interconnect structure is shown in
Figure 4.10.
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Figure 6.19 The interconnect architecture of the memory-oriented reconfigurable logic
device: (a) overall routing resources, (b) implementation of the length-four
routing tracks using a twisting mechanism (only a horizontal routing channel
is shown).

6.8 Benchmarking

Similarly to the random-logic-oriented architecture, the memory-oriented recon-
figurable architecture was evaluated using only the model-based cost metrics (see
Section 3.2.4).

6.8.1 Benchmarking using the model-based cost metrics

The benchmarking using the model-based cost metrics was realised in an analo-
gous way to the benchmarking of other domain-oriented reconfigurable architec-
tures (see Section 4.8.2 and Section 5.6.1). In Table 6.2, the architecture-specific
parameter®Nmp andR,y are listed. Such parameters were used to model the cost
of the memory-oriented reconfigurable architecture during the benchmarking pro-
cedure.

The parameterdln, andR, from Tables 3.3 and 6.2 were used to calculate the
mapping cost with respect to logdC, (see Equation 3.23) and the mapping cost
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Number of pins
FPGA architecturg| Inputs | Outputs| Carry | Carry | Auxiliary || Nimp | Pw
input | output
| Memory-oriented| 12 | 4 [ 0 | 2 | 2 | 64 | 18]

Table 6.2 Characterisation of the logic cost (MNyn,) and the routing resource cost (via
Ry) in the proposed memory-oriented FPGA architecture.

with respect to routingyICr (see Equation 3.24) for the proposed memory-oriented
FPGA and three commercial FPGA devices. The results of such a comparison are
shown in Table 6.4. For each FPGA, the table lists the value of the paraNgter

and the mapping cost componeM€; andMCg.

The data from Table 6.4 are also shown graphically in Figures 6.20-6.30. Table
6.3 summarises the results from Table 6.4 by showing the ratio of mapping costs
MC_ and MCr assuming the memory-oriented FPGA as a reference. Note, that
results from Figure 6.27 should be interpreted remembering that the logic blocks
of the Altera and Atmel FPGA devices do not allow memory mapping.

Commercial— Xilinx Virtex Il Altera Stratix Atmel AT40K
Proposed, MCL | MCgr MCL | MCg MCL | MCr
MEM-oriented av=0.94 | av=1.62 | av=2.65| av=3.64 | av=2.59| av=3.46
mn=0.5 | mn=0.89| mn=0.5| mn=0.67| mn=0.5| mn=0.67
mx=1.01| mx=1.78| mx=16 | mx=22 | mx=16 | mx=21.33

Table 6.3 The summary of the results from Table 6.4. The mapping costs w.r.t. logic
MC_ and w.r.t. routingiCr of three commercial FPGAs are normalised with
respect to the mapping cost of the memory-oriented architecture. The average
cost ratioav for 11 benchmarks of Xilinx and 10 for Altera and Atmel, the

minimummnand maximurmmxcost ratios are given.
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Figure 6.2Q 8-bit adder.
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Figure 6.21 16-bit multiplier.
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State-of-the-art commercial FPGA architectures Proposed FPGA
Xilinx Virtex Il Altera Stratix Atmel AT40K Memory-oriented
Benchmark Nis | Mapping cost| Nig | Mapping cost | N.g | Mapping cost| Nig | Mapping cost
function - _<_O_| 4 _/\_Om - _/\_0_. 4 _/\_O_u - _/\_0_. 4 _/\_O_» - _<_O_| 4 _/\_Om
8-bit ADD 1 128 62 | 0.8 128 50 8 | 128 48 2 128 36
16x16 MULT 34 | 425K | 2.11k| 73 | 11.41K | 453k | 256 | 4K | 1.54k | 67.5| 4.22K | 1.22k
2:1 MUX/4-bit 0.5 64 31 | 04 64 25 4 64 24 1 64 18
8:1 MUX/1-bit 0.5 64 31 | 05 80 31 7 | 112 42 1 64 18
16:1 MUX/1-bit 1 128 62 1 160 62 15 | 240 90 25| 160 45
2-in OR/4-bit 0.5 64 31 | 04 64 25 4 64 24 1 64 18
3-in NOR/1-bit 0.125| 16 8 0.1 16 6 1 16 6 0.5 32 9
16-in AND/1-bit 0.5 64 31 | 04 64 25 5 80 30 1 64 18
4:16 DECOD 2 256 | 124 | 1.6 256 99 16 | 256 96 4 256 72
16-long 2-bit SREG|| 0.25 32 16 | 3.2 512 198 | 32 | 512 | 192 | 05 32 9
16x4-bit RAM 1 64 31 - - - - - - 1 64 18

Table 6.4 The mapping cost comparison between the state-of-the-art and proposed memory-oriented FPGA architectures.
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Mapping cost Mapping cost

Xilinx Virtex I Altera Stratix Atmel AT4OK MEM-oriented Xilinx Virtex Il Altera Stratix Atmel AT40K MEM-oriented

OMCL mMCR OMCL mMCR

Figure 6.22 2:1 4-bit multiplexer. Figure 6.23 8:1 1-bit multiplexer.

Mapping cost Mapping cost

Xilinx Virtex I Altera Stratix Atmel AT40K MEM-oriented Xilinx Virtex Il Altera Stratix Atmel AT40K MEM-oriented

Figure 6.24 16:1 1-bit multiplexer. Figure 6.25 2-input 4-bit OR.

Mapping cost Mapping cost

Xilinx Virtex Il Altera Stratix Atmel AT40K MEM-oriented Xilinx Virtex Il Altera Stratix Atmel AT40K MEM-oriented

OMCL BMCR OMCL mMCR

Figure 6.26 3-input 1-bit NOR. Figure 6.27. 16-input 1-bit AND.
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Mapping cost Mapping cost

o
Xilinx Virtex Il Altera Stratix Atmel AT40K MEM-oriented Xilinx Virtex I Altera Stratix Atmel AT40K MEM-oriented

Figure 6.28 4:16 decoder. Figure 6.29 16-long 2-bit shift register.

Mapping cost

Xilinx Virtex I Altera Stratix Atmel AT40K MEM-oriented

OMCL mMCR

Figure 6.30 16 x 4-bit memory.
6.8.2 Discussion

The results of benchmarking the memory-oriented FPGA, which are summarised
in Table 6.3, show that the proposed FPGA architecture is superior to the compared
commercial FPGAs. Unlike the random-logic-oriented architecture, the memory-
oriented architecture offers the reduction of both logic and routing costs.

The cost reduction factor depends on the compared FPGA, and is higher for Altera
and Atmel devices. This is because logic blocks of such devices do not have mem-
ory mapping capabilities (within logic blocks). Consequently, the logic cost of the
Altera and Atmel devices is on average 2.65 and 2.59 times higher, respectively,
than the logic cost of our FPGA. Furthermore, the average routing resource cost
of the Altera and Atmel devices is 3.64 and 3.46 times higher, respectively, than
for our FPGA. At the same time, the logic and routing resource costs of the Xilinx
FPGA are on average 6% lower and 1.62 times higher, respectively, than similar
costs of our FPGA.

Itis interesting to note that even at a very similar logic cost, the proposed memory-
oriented FPGA reduces the routing resource cost compared to the functionally
equivalent Xilinx FPGA.
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6.9 Conclusions

In this chapter, we discussed the memory-oriented reconfigurable architecture
which targets designs with distributed storage. The memory functionality has been
obtained by the use of a novel multi-output look-up table, such as a 4/2-LUT, as
a basic building block of the reconfigurable logic block. An efficient implementa-
tion of arithmetic in such a LUT has been enabled by applying the inversion-based
folding type II. This yields a factor of 2 reduction in the number of LUT configu-
ration bits of the multi-output LUT compared to the number of bits required in a
traditional implementation.

Because the 4/2-LUT also allows the random logic mapping, the memory-oriented
reconfigurable logic architecture has a general-purpose character. However, in
contrast to state-of-the-art general-purpose FPGAs, the implementation cost of the
proposed architecture is substantially reduced. The reason is the reduction of the
amount of routing resources which is the result of sharing input ports of the multi-
output LUT. The model-based comparison of our FPGA with the Xilinx Virtex

[l FPGA which also supports memory mapping confirms the routing resource re-
duction. The Xilinx FPGA is found to have on average 1.62 times higher routing
resource cost than our FPGA.
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Chapter 4

TEMPLATE-BASED METHODOLOGY FOR
RECONFIGURABLE LOGIC DESIGN

In Chapters 4—-6, we addressed the problem of cost-efficiency of embedded recon-
figurable logic from the architecture perspective. We showed that the cost reduc-
tion (in terms of the silicon area that is required to implement a given function)
can be achieved by tuning a reconfigurable logic architecture to a target appli-
cation domain (or a set of processing kernels). However, the implementation of
basic building blocks of a reconfigurable logic architecture, such as the logic tile
we focused on, is only one of the aspects that must be considered while design-
ing reconfigurable-logic-based systems. To address very different requirements of
such systems, embedded reconfigurable logic cores must be available in different
sizes and (unlike stand-alone FPGAS) in different shapes. Also, to further reduce
the cost, there may be a need for several different variants of the same domain-
oriented reconfigurable logic core.

Design time and effort are important aspects that must be considered. Next, the
complexity and availability of mapping tools must be taken into account. Such
tools should fully exploit the mapping capabilities of different types of reconfig-
urable logic cores. They should also ensure that structural and functional differ-
ences between the cores are properly reflected during the mapping procedure.

To address the above-mentioned aspects, we propesemate-basedethodol-

ogy for reconfigurable logic design. Such a methodology plays a central role in
the process of application domain specialisation of reconfigurable logic described
in Chapter 2. In this chapter, we discuss basic characteristics of the methodology
and present a hierarchical template of a reconfigurable logic architecture. We also
discuss the implications for the physical design and mapping process.

7.1 The concept

Our methodology is based on the use demplate The template is a generic

model of an architecture of an embedded reconfigurable logic core and is described
by a set of parameters. By setting the template parameters according to the spe-
cific values, application-domain-specific instances of the template can be created.
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Note, that this is analogous to the concept of Application-Specific Instruction set
Processors (ASIPs), which play a key role in designing cost-efficient embedded
systems [107]. Typically, ASIP cores target specific application domains and are
also generated from a parametrised architecture template.

The proposed template serves the following purposes:

e Thetemplate is used generalisehe concept of application domain special-
isation introduced in Chapter 2. The application-domain-oriented instances
of the template, for example such as described in Chapters 4-6, are derived
by setting the template parameters accordingly.

e By using a generic architecture template and allowing an arbitrary change
of its parameters, many different architectural instances of the template can
be created. This enables a systematithitecture space exploratiowith
experiments on a much larger set of potentially interesting solutions than
would be possible using conventional (manual) methods. In this way, a fast
evaluation of the domain-specific instances of the template is possible.

e The template is used to redudesign time and effarfFor example, a VLSI
implementation of different types of logic cores (template instances) can be
considerably reduced if their netlists and layouts are generated automatically
from a template.

e Assuming that the parametrised architecture template is also used as a model
in mapping (CAD) tools (e.g. technology mapping, placement, routing),
such tools can be madetargetable

The idea of a parametrised reconfigurable logic architecture is not entirely new.
In [14], Betzet al. use a parametrised description to model different variants
of FPGA architectures for the purpose of a flexible CAD tool-set. Such a tool-
set, including a placement and routing tool called VPR (Versatile Placement and
Routing) and a packing (clustering) tool called T-VPack (Timing-driven Packing
for VPR), is meant as the back-end of the mapping flow targeting an arbitrary
LUT-based FPGA architecture The details of Betz's architecture model and the
description of the automatisation of the architecture generation process from a high
level description can be found in [13]. In [29], the concept of domain-specific re-
configurable subsystems, which forms the basis of the Totem project, is described.
Reconfigurable subsystems are generated automatically based on the requirements
of a given group of applications. The resulting architecture is a reconfigurable
data-path consisting of a computational structure and a routing fabric.

There are several aspects that differentiate our concept from the prior art. Firstly,
the primary purpose of Betz’s model is the introduction of flexibility to the FPGA

1The architecture model used by Betz introduces some limitations, because of which only rel-
atively simple FPGA structures can be modelled.
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placement and routing tool allowing the use of such a tool for different FPGA ar-
chitectures. In consequence, the logic resources in Betz’'s model are modelled as
black boxes of the specified granularity, and are described by only those param-
eters that are relevant for the proper functioning of the tool (e.g. for its timing
engine). In contrast, our template defines the complete architecture of a reconfig-
urable logic device, that is, all functional blocks and the associated routing. Also,
our template can be applied both to an application mapping flow and to a VLSI
design flow. Secondly, Betz's model targets conventional general-purpose FPGA
architectures. It assumes a simplnput LUT as a basic logic element of such
architectures; the LUTs can be clustered together to form a coarser logic block.
Again, this is in contrast to our template, which is meant for the modelling of
application-domain-oriented architectures. The values of the template parameters
depend thus on a target application domain. In addition, logic elements in our
model may have a different structure and a higher complexity than a sdla

that is assumed in T-VPack and VPR. Finally, Betz’s architecture model is based
on four levels of hierarchy, while our architecture template features five levels.
The additional level of hierarchy in our model allows an unambiguous description
of functionally different domain-oriented reconfigurable logic structures.

Our reconfigurable architecture template also differs from the concept proposed
in the Totem project. The Totem concept does not rely on a parametrised archi-
tecture template: the generated architectures are assembled from a library of basic
components, such as multipliers, adders, memories. Furthermore, the Totem ar-
chitectures fall into a category of coarse-grain architectures and not of fine-grain
architectures, the category we aim at (see a discussion in Section 1.4.1). Also, they
are built as one-dimensional structures rather than two-dimensional structures. Fi-
nally, the Totem domain-specific reconfigurable subsystems provide much more
restricted flexibility than the domain-specific instances generated from our recon-
figurable logic architecture template.

7.2 The reconfigurable logic architecture template

The reconfigurable logic architecture template defines the way of generating the
completearchitecture of amrbitrary type of anapplication-domain-orientede-
configurable logic core usinglianited numbeof basic building blocks calletiles.

As in Chapter 3, we assume that the architecture of the generated dumds
geneous The proposed template is hierarchical. Five levels of hierarchy, each of
which is described by a unique set of parameters, include (in a bottom-up order):
a logic element, a processing element, a logic block, a tile, and an array. Below,
we define each level of hierarchy and explain the rationale behind it.
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7.2.1 Levell-Logic element

Logic element (lej)s a basic LUT-based functional component of a reconfigurable
logic architecture.

: Logic element — N

Ppp — —b
CcO

Figure 7.1 Logic element.

P — a1

The logic element has the sBt= {p; : i € N}? of primary input ports, the set
S={s :i € N} of secondary input ports, and a carry input portlt also has the
setA= {a; : i € N} of arithmetic output ports, a boolean output gmrand a carry
output portco. This is illustrated in Figure 7.1. The number of ports of the logic
element and its functionality are determined by the t¢pef the logic element.
The type7 depends on a target application domain.

The three types of the logic elements that have been proposed in Chapters 4-6 can
be modelled as shown in Figure 7.2. The number of ports and functionality of the
logic elements are given in Table 7.1 and Table 7.2, respectively. The functionality
is determined by the largest Boolean, arithmetic and memory functions that can be
implemented in the logic element. Consequently, the number of bits of the input
vector of the largest Boolean function, the number of bits of the argument of the
arithmetic function, and the number of bits of the data input of a memory define
the functionality of the logic elements.
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Figure 7.2 Application-domain-oriented instances of the logic element that have been
proposed in Chapters 4-6: (a) data-path-oriented(b) random-logic-
orientedle, (c) memory-orientete.

2\We useN to denote the set of natural numbers excluding 0.
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| Type T of logic element| [P | [S] | [A] |
Data-path-oriented 23] 1
Randome-logic-oriented| 4 | 0 | 1
Memory-oriented 6 | 1| 2

Table 7.1 Number of ports of the logic element dependent on its tpé€lt is assumed,
that all logic elements havesingleboolean outpub, which, for the simplicity’s
sake, is not listed in the table.)

| Type 7 of logic element| Boolean | Arithmetic | Memory |

Data-path-oriented 2 1 -
Random-logic-oriented 4 1 -
Memory-oriented 5 2 2

Table 7.2 Functionality of the logic element dependent on its t¢pe

7.2.2 Level Il — Processing element

Processing element (pednsists of the sétl = {le; 1 i = 2l je No}3 of logic ele-
ments connected in parallel. The numhb¥y of logic elements is chosen such that
the implementation of large Boolean functions according to Shannon’s expansion
(see Equation 3.2) is possible.
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Figure 7.3 Processing element.

3Np denotes the set of natural number including 0.
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The processing element, which is shown in Figure 7.3, has thésefx; : i € N}

of primary input ports, the s&= {s : i € N} of secondary input ports, and a carry
input portci. Italso has the sét= {y; :i € N} of arithmetic output ports, a boolean
output portz, and a carry output porto. The input portsx; of the processing
element are connected via thmput selection blocko the primary input port$;

of IN| successive logic elements. The input selection block, which comprises a set
of multiplexers (e.g. in the configuration as shown in Figure 4.7(a)), guarantees
that, dependent on the functional mode of the processing element, the primary
input ports of the logic elements always receive the right set of signals from the
primary input ports of the processing element. The numKg¢rmof the primary

input ports is equal to the cumulative number of 1-bit inputs of the largest Boolean,
arithmetic or memory functions, whichever is greater, that can be implemented in
the processing element. TH& secondary input ports of the processing element

are connected directly to the secondary input pertsf all logic elements. In
contrast, the carry input ports and carry output portso of logic elements are
chained. This means that all logic elements except the first one have their carry
input portsci connected to the carry output podof the preceeding logic element.
The first logic element of the processing element, thagishas its carry input

port ci connected to the carry input pat of the processing element (or it may

be shorted with one of the secondary input ports if the selected secondary input
port and the carry input port of the processing element are used in a mutually
exclusive way; see examples in Section 7.3). Similarly, the last logic element of
the processing element, thatiesy, has its carry output poro connected to the
carry output porto of the processing element. The arithmetic output ports of the
logic elements are connected directly with {ie output ports of the processing
element. The boolean output poli®f the logic elements are multiplexed in the
multiplexer blockconsisting of dog|N|- level network of 2:1 multiplexers. The
multiplexers are controlled by the $ét= {u; : i € N} of the control signals that are
generated in the input selection block. The output of the multiplexer block, which
is the output of the final 2:1 multiplexer in this block, connects to the boolean
outputz of the processing element.

The number of input and output ports and the functionality of the processing ele-
ment as a function of its type are described in Tables 7.3 and 7.4, respectively. The
functionality of the processing element is defined as in Section 7.2.1.

| Processing element type| IX] IEIN
Data-path-oriented 2-|N| 3 | |N|
Random-logic-oriented|| max(og|N|+4,2-|N|) | 0 | |N]
Memory-oriented 6-|N| 1 | 2-|N|

Table 7.3 The number of ports in the processing element dependent on its type. (As
in Section 7.2.1, it is assumed that all processing elements also sngla
boolean output.)
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| Processing element typgl  Boolean | Arithmetic | Memory |

Data-path-oriented | log|N|+2 IN|

Random-logic-oriented| log|N| + 4 IN|

Memory-oriented log|N|+5 2-|N|

2-|N|

Table 7.4 Functionality of the processing element dependent on its type.

7.2.3 Level lll - Logic block

Logic block (Ib)consists of the se¥l = {pa : i = 2, j € No} of processing el-
ements, which are organised [iK| parallel clusters. Similarly to the number of
logic elements in the processing element, the number of processing elements in the
logic block is implied by the LUT-based implementation of Shannon’s expansion

(see Equation 3.2).
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Figure 7.4. Logic block.
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The logic block structure is shown in Figure 7.4. Each cluster of the logic block

is characterised by an independent set of secondary input ports and independent
carry input and output ports. The outputs of the logic block can be registered.
The outputs can also be connected to the inputs of the logic block allowing the
realisation of more complex logic functions or functions with feedback loops.

The logic block has the set= {ij :i € N} of primary input ports, antD| feedback
ports that are connected to the ports in the output poi®set{o; : i € N} of the
logic block. The logic block also has the set= {t; : i € N} of secondary input
ports such thafT | = [§ - [K|. The first|S inputs of the seT, that isty,...,tg,
belong to the first cluster of processing elements, the sef&®ndputs of the set

T, thatist|g1,...,t2|g, belong to the second cluster of processing elements, etc.
The logic block has als{K| carry input portsci; and |K| carry output porta,

with i being the cluster index such thatOi < |K]|.

The|l| primary inputs andO| feedback inputs are fed to tirgut selection block
consisting of a set of multiplexers. The input selection block of the logic block
serves two purposes. Firstly, it implements the full connectivity between the pri-
mary input ports of the logic block and the primary input ports of processing el-
ements. Secondly, it implements feedback between the primary output ports and
the primary input ports of the logic block.

Full connectivity means that a signal from each primary input port of the logic
block is distributed to the primary input ports of all processing elements. This
type of connectivity is introduced if the number of primary input ports of the logic
block is lower than the number of primary input ports of processing elements in
all clusters, that is, whefi| < |[M|-|X|. The number of input ports of the logic
block is lowered to reduce the routing cost (see Equation 3.22). Full connectivity
helps in such a situation to increase the routability of mapped circuits. The mini-
mum number of inputd | of the logic block consisting dM| |X|-input LUTs can

be calculated based on an empirical formula from [3], which is given by Equa-
tion 7.1%

=20 w4 1)

While Equation 7.1 addresses requirements of Boolean functions, it does not take
into account the input port requirements of large multiplexers. Because multiplex-
ers are important implementation components (see Section 2.3.1), and because the
number of inputs (data and control inputs) of a large multiplexer is higher than
the number of inputs of a typical LUT-mapped Boolean function, we derive a new
limit on the number of primary input ports of the logic block. Such a limit can be
calculated as

Il =|M|-Z+logZ+logM|—1. (7.2)

4The formula makes use of the fact that most Boolean functions share some of their inputs.
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Z denotes the number of data inputs of a multiplexer that can be implemented in a
single processing element of the logic block, and is derived using Equation 7.3.

(2 ifN=1
Z—{ IN| if |N| > 2 (7:3)

Note, the number of primary input ports of the logic block given by Equation
7.2 relaxes slightly the routing constrains of the logic block (due to more routing
resources) compared to the constrains implied by Equation 7.1.

As already stated, the input selection block also allows the realisation of feed-
back if signals from the s&D of the output (feedback) ports of the logic block

are selected as inputs of the processing elements. Dependent on a target applica-
tion domain, the input selection block of the logic block can be designed with the
one-to-one type or the full type of feedback connections. drieeto-one feedback
connectionsare illustrated in Figure 4.7(a). Such connections are typical for the
data-path-oriented architectures and allow the realisation of sequential arithmetic
modules (such as counters, incrementers and decrementers), in which one of the
inputs receives the registered signal from the output. The one-to-one feedback
connections connect th®| output ports of the logic block to th®©| primary in-

put ports of the processing elements. Thkfeedback connectiorare shown in
Figure 4.7(b). Such connections are typical for the random-logic-oriented archi-
tectures and allow the implementation of complex Boolean functions (the feedback
signals are unregistered then) or different types of finite state machines (the feed-
back signals are registered then). The full feedback connections conngat all
output ports of the logic block to alM|- |X| primary input ports of the process-

ing elements. The input selection blocks with the one-to-one and full feedback
connections are also shown in Figure 4.7(a) (the first set of multiplexers only) and
Figure 5.3(a), respectively.

The outputs of the input selection block are connected to the primary input ports of
the processing elements. T}& secondary input ports of the processing elements
in the j-th cluster receive signals from theth set of the secondary input ports

of the logic block, that is, from port§;_s).g41,---,tj.|g. Each first processing
element in thej-th cluster of processing elements receives a carry input signal
from the j-th carry input porti; of the logic block. Similarly, each last processing
element of thg-th cluster generates a signal that is directed tqg ttiecarry output

coj of the logic block. All processing elements in the cluster have their carry
input ports and carry output ports connected serially. In addition, the independent
clusters of processing elements can also be connected serially. This is enabled by
the 2:1 multiplexer at the carry input port of each first processing element in each
j-th cluster (except the first cluster). The multiplexer in fhtlh cluster selects
between a signal from the carry input paij of the logic block and the signal
from the carry output porto of the (j — 1)-th cluster.

The multiplexer blockof the logic block is arlog|M|-stage network of 2:1 mul-
tiplexers that are controlled by the control signals from the/get {w; : i € N}
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Figure 7.5. Comparison of the input selection blocks with (a) one-to-one feedback con-
nections and (b) full feedback connections. In Figure (a) it is assumed that the
first primary inputs of all processing elements are associated with successive
bits of the first arithmetic argument (e.g. in tke-y operationx is the first
argument).

that are generated in the input selection stage. The multiplexers in the first stage
of the multiplexer block select between signals from the boolean output ports

of successive pairs of processing elements. Each multiplexer of the second stage
selects between a pair of output signals of multiplexers in the first stage; each mul-
tiplexer of the third stage selects between a pair of output signals of multiplexers in
the second stage, etc., as shown in Figure 7.4. The output signals of multiplexers
in all stages are the output ports of the multiplexer block. This is in contrast to
the multiplexer block of the processing element, which has only one output port
(connected to the output of the multiplexer in the last stage).

The signals from the output ports of the multiplexer block and signals frofythe
arithmetic output ports of all processing elements are connected to the inputs of the
output selection blockThe output selection block is a multiplexer network which
determines the final number of output signals of the logic block and the ports on
which these signals appear. It is assumed that all output signals of the multiplexer
block and all|Y| arithmetic signals of the processing elements can be chosen as
logic block outputs. The example of the output selection blocks designed in this
way are shown in Figures 4.7(b) and 5.3(b).

The signals from the output selection block are directed tdlifrdlop block. The
flip-flop block, which example implementation is shown in Figure 5.3(b), allows
any output of the logic block to be registered. The output signals of the flip-flop
block, registered or not, are directed to tke output ports of the logic block.

Table 7.5 lists the number of primary input and output ports in the logic block and
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Table 7.6 the functionality of the logic block dependent on the logic block type.
The functionality of the logic block is defined as in Section 7.2.1.

| Logic block type | [ | O |
Data-path-oriented IX|- M| Y] M|
Random-logic-oriented max(M|-Z+logZ+ log|M| —1, @ ~(IM[+12) | [Y]- M|
Memory-oriented IX|- M| Y] M|

Table 7.5 Number of ports in the logic block dependent on its type.

| Logic block type | Boolean | Arithmetic | Memory |
Data-path-oriented || log|M|+1og|N|+2 | |[M|-|N]| -

Random-logic-oriented log|M|+1og|N|+4 | [M]-|N]| -
Memory-oriented || log|M|+1og|N|+5 | 2-|M|-|N| | 2-|M|-|N]|

Table 7.6 Functionality of the logic block dependent on its type.

7.2.4 Level IV —Tiles

The level IV of our template describes four basic building blocks of a reconfig-
urable logic architecture, that is, a logic tile, an input/output tile with routing, an
input/output tile, and a corner routing tile. Such tiles are necessary for the cre-
ation of a homogenous symmetrical reconfigurable logic architecture, which will
be discussed in detail in Section 7.2.5.

Logic tile

Logic tile (It) is the main building block of a reconfigurable logic architecture. It
consists of a logic block and routing resources. The routing resources define the
number of routing tracks in the horizontal and vertical routing channels, their seg-
mentation, and the way how routing tracks connect to the ports of the logic block.
The routing resources also define the types of programmable switches which link
the routing wire segments together.

The logic tile is shown in Figure 7.6. The tile has three different types of ports:
logic portsL (left), Lr (right), LT (top) andLg (bottom), routing port&y (hor-
izontal left),Ryr (horizontal right),Ry 7 (vertical top),Ryg (vertical bottom), and
direct portsD, (inputs) andDg (outputs). Thdogic portsconnect the ports of the
logic block to the routing tracks of neighbouring tiles; ttoaiting portsare the
end terminals of the routing tracks of the same logic tile;dhiect portsenable
direct connectivity of neighbouring logic tiles, that is, without passing through
programmable switched. in Figure 7.6 denotes the set of all ports of the logic
block. L includes the sets of the primary input portssecondary input port§,
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Figure 7.6. Logic tile.

and carry input port€;, as well as the sets of output po@sind carry output ports
Co, that is

— 1UT UG UOUC,. (7.4)

The ports in the sdt of the logic block are distributed to the ports in the dats
andLt of the logic tile. The ports in the sét connect to the routing tracks of the
logic tile on the left via the ports in the skt of the left logic tile; the ports in the
setLt connect to the routing tracks of the logic tile on the top via the ports in the
setLp of the top logic tile. The ports in the sktof the logic tile also connect to

the routing tracks within that tile. The connections of the logic block ports to the
routing tracks are realised in the so-calmhnection blocksin contrast to [14],

we describe the connectivity in the connection blocks using a matrix notation. The
rows of theconnectivity matrixare elements of the routing port sets, while the
columns are elements of the logic block port sets. The connectivity matrix is filled
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with ‘0O’s and ‘1’s. ‘1’ at the (, j) position in the matrix means the presence of a
connection between arth routing track and-th logic block port; ‘0’ means no
connection. The connection blocks of the logic tile which is shown in Figure 7.6
are modelled by the connectivity matrices defined by the functignsig, o and

OR as follows

ot : (RqL x Lg) — {0,1}, (7.5)
g (RyL x L) — {0,1}, (7.6)
oL Ryt x Lr) — {0,1}, (7.7)
ar: (Ry7x L) — {0,1}. (7.8)

The connectivity indirect connection blockghat is, between logic block ports
and the direct ports of the logic tile, is defined in a similar way. The rows of the
connectivity matrix in this case are addressed by the elements of the direct port set
D, or Do, and the columns by the elements of the logic block port.séthe di-

rect connection block for inputs is described by the connectivity matrix defined by
the function3;, while the direct connection block for outputs by the connectivity
matrix defined by the functiofp. Note, that the connectivity matrix of the direct
connection block for inputs has its I§81| + |Co| columns filled with ‘0’ (no con-
nections to the output ports of the logic block), whereas the connectivity matrix of
the direct connection block for outputs has its fit$t+ |T|+ |Ci| columns filled

with ‘0’ (no connections to the input ports of the logic block). The functi@ns
andfo are defined as follows.

Bi: (D xL)—{0,1} (7.9)
Bo: (Do x L) — {0,1} (7.10)

The input and output ports of the logic block that connect to the exactly the same
set of routing tracks (via the logic ports of the logic tile) as well as to the same

set of the direct input and direct output ports of the logic tile can be reduced to
a single port only. This allows the reduction of the implementation cost of the

routing architecture.

In Figure 7.7(a), an example of the connectivity between selected ports of the logic
block, the direct ports, and the routing tracks of the horizontal routing channel is
shown. Figure 7.7(b) shows the corresponding connectivity matrices (functions
ag andfp;), and Figure 7.7(c) shows the suggested implementation method of the
connection blocks.
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Figure 7.7. Connection blocks: (a) a connectivity example, (b) corresponding connectiv-

ity matrices, and (c) the suggested implementation method of the input and
output connection blocks.

The segmentation (length) of the routing tracks (expressed in the number of logic
blocks that a routing track, separated by two programmable switches, span), the
switch block architecture (i.e. the way how routing tracks in horizontal and vertical
routing channels are connected together), and the type of programmable switches
are described by thswitching matrix(see Figure 7.6). The rows of the switch-

ing matrix are elements from the routing port &gf, and the columns are the
elements from the routing port sByt. The switching matrix is defined by the
functionA such that

A (Rau x Ryr) — {0.Q}. (7.11)

The switching matrix is filled with ‘0’s (no connection between crossing tracks) or
the elements of the s& (see Equation 7.12) that describes switching point types.

Q={w:ieN} (7.12)

A switching pointy; is described by the segment connection pattern and the type of
a programmable switch (see Figure 7.8). The segment connection pattern defines
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the number of connections (paths) between horizontal and vertical track segments
that are associated with a given switching point, while the programmable switch
describes the implementation of such connections. For example, for two different
types of the segment connection patterns (e.g. ’disjoint’ [14] and ’half’ shown in
Figure 7.8(a)) and three types of programmable switches (e.g. a pass transistor,
a dual-pass gate and a bidirectional buffered switch shown in Figure 7.8(b)), six
different switching pointsv; ... wg are possible.

(a) b)

‘disjoint’ segement connection patattern pass transistor switch
¥
LR - —

N* 777777

[l dual—pass gate switch

switching point

o bidirectional buffered switch

2

Figure 7.8 Examples of various switching points: (a) ‘disjoint’ segment connection pat-
tern and ‘half’ connection pattern, (b) the programmable switch types: a pass
transistor, a dual-pass gate, and a bidirectional buffered switch.

The horizontal and vertical tracks in the logic tile end with the so-caed
twisters Thanks to the wire twisters, the routing resources of each logic tile can
be made identical. Consequently, only one type of logic tile, rather than many dif-
ferent types, suffices to implement a reconfigurable logic core. The wire twisters
are needed if the routing architecture includes routing segments longer than the
length-one, that is spanning more than one logic block. Such long segments must
be twisted in the way illustrated in Figure 7.9(b)). Furthermore, the total number
of tracks of a given length must always be the multiple of the wire segment length.
For example, the acceptable numbers of the routing tracks of the length-four are:
4, 8,12, 16, etc.

The wire twisting scheme in the horizontal and vertical routing channels is de-
scribed by thawist matricesdefined by the function8y and 6y, respectively,
such that:

B : (RuL x Rug) — {0,1}, (7.13)
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Figure 7.9. Routing architecture modelling: (a) an example architecture with three length-
one routing tracks and eight length-four routing tracks, (b) an example im-
plementation of the routing architecture with a wire twisting scheme, (c) the
switching matrix and twist matrix (horizontal and vertical) for the example
routing architecture.
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By : (Rvr x Rvg) — {0,1}. (7.14)

The rows of the twist matrices are elements of the routing ports sets on the left
and top of the logic tile, that ifRq. andRy T, respectively. The columns of the
matrices are elements of the routing ports sets on the right and bottom of the logic
tile, that is,Ryr andRy g, respectively. The matrices are filled with ‘O’'s and ‘1’s.

‘1’ means a connection between the routing tracks that are associated with given
routing ports, ‘0’ means no connection. Typically, the horizontal and vertical twist
matrices are identical.

Figure 7.9 shows an example of the routing architecture. In such an architecture,
the routing channel consists of three length-one tracks and eight length-four tracks.
Figure 7.9(a) illustrates the architecture in a conceptual way. Note, that the length-
one wire segments of routing tracks use switching point of the typée.g. a
‘disjoint’ segment connection pattern and pass-transistor-based switch), while the
length-four wire segments use switching point of the type(e.g. a ‘disjoint’
segment connection pattern and a buffer-based switch). In Figure 7.9(b), the im-
plementation details of such architecture are shown. The wire segments of the
length longer than one are twisted according to the modulo-length scheme. Figure
7.9(c) shows the switching matrix and the twist matrix (horizontal and vertical) of
the tile.

Input/output tile with routing

Theinput/output tile with routing (iortcontains elements that play a role of the in-
terface between the logic resources of the reconfigurable logic core and resources
of the system in which the core is embedded. As indicated by its name, the in-
put/output tile with routing is also enhanced with routing resources. The tile is
available in two versions, that is, a top and a left version. Both versions of the tile
are defined in an analogous way to the definition of elements of the logic tile.

The top input/output tile with routing (see Figure 7.10(a)) has two sets of in-
put/output portd—r and Gg, and three sets of routing ports, that &y, RyRr,
andRyg. The ports in the sdfr connect to the system resources, while the ports
in the setGg enable the connection of the ports in the Isetof a logic tile at the

top of the array to the routing resources of the top input/output tile with routing.
The routing ports in the seRy andRyRr connect to the ports in the sé®gr and

RyL of the neighbouringort tiles, respectively. The ports in the 9&ig connect

to the ports in the seé®, 1 of a logic tile at the top of the array. The detis the

set of the direct input and output ports of the tile and it connects to the direct input
ports and direct output ports in the s&gsandDg, respectively. The functions
Y7, Y8 anddt that describe connectivity matrices of the tile in Figure 7.10(a) are
defined as follows.

Y1 - (RHL X GB> — {O, 1} (7.15)
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ve: (RyL x Fr) — {0,1} (7.16)
or i (ExFr) —{0,1} (7.17)

Theleft input/output tile with routing (see Figure 7.10(b)) consists of the same el-
ements as the top input/output tile with routing. The positions of the elements are,
however, mirrored with respect to the positions of elements in the top input/output
tile with routing. The left input/output tile with routing has two sets of input/output
portsk andGeg, three sets of routing ports, that Byg, R/T, andRyR, and the

set of direct port&. The ports in the sdf_ connect to the system resources, while
the ports in the seBr enable the connection of the ports in thelsebdf the logic

tile on the left edge of the array to the routing resources of the left input/output tile
with routing. The routing ports in the sé® g andR, 1 connect to the ports in the
setsRyT andRy g of the neighbouringort tiles, respectively. The ports in the set
RyRr connect to the ports in the d&t. of the logic tile at the left edge of the array.
The connectivity matrices of the tile in Figure 7.10(b) are defined by the functions
VL, Yr @andd, such that:

'/ (R\/T X GR) - {07 1}7 (718)
YR - (R\/T X FL) - {Oa 1}7 (719)
6|_ . (E X FL) — {O, 1}. (7.20)

Corner routing tile

The corner routing tile (crt)(see Figure 7.10(c)) contains only routing resources
that supplement routing resources of the input/output tiles with routing. The corner
routing tile has two sets of routing ports, thatiy,s andRyr. The ports in the set

Ry connect to the ports in the syt of the top input/output tiles with routing.
The ports in the sd®yr connect to the ports in the 98t of the left input/outputs

tile with routing.

Input/output tile

The input/output tile (iot)contains elements that play a role of the interface be-
tween the logic resources of the reconfigurable logic core and resources of the
system in which the core is embedded, and no routing resources. The input/output
tile has two versions, that is, a right and a bottom version.

Theright input/output tile (see Figure 7.11(a)) has two sets of input/output ports
Fr and G, and the set of direct ports. The ports in the sefr connect to the
system resources, while the ports in theGettonnect to the routing resources of
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Figure 7.10 Components of a reconfigurable logic core: (a) input/output tile with routing
(a top version), (b) input/output tile with routing (a left version), (c) corner
routing tile.
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Figure 7.11 Components of a reconfigurable logic core: (a) input/output tile (a right ver-
sion), (b) input/output tile (a bottom version).

logic tiles via the seLr of the logic tile ports. The connectivity matrix for direct
connections of the right input/output tile is defined by the funclgsuch that

OR: (E X FR) — {0, 1}. (7.21)

Thebottominput/output tile (see Figure 7.11(b)) consists of the same elements as
the right input/output tile, but the elements are mirrored. The tile has two sets of
input/output portds andGr, and the set of direct ports. The ports in the sdig
connect to the system resources, while the ports in thé:sebnnect to the routing
resources of logic tiles via the dag of the logic tile ports. The connectivity matrix

for direct connections of the bottom input/output tile is defined by the funéon
such that

o : (E xFg) —{0,1}. (7.22)

7.2.5 LevelV - Array

The top level of a reconfigurable logic architecture is an array of logic tiles. The
total number of logic tiles and the aspect ratio of the array are parameters. The
logic tiles (t) are, as shown in Figure 7.12, surrounded by the input/output tiles
with routing (ort) and the input/output tilesdt). Theiort andiot tiles have a
twofold function. Firstly, they are an interface between a reconfigurable logic
fabric and the system resources. Secondly, they complete the routing architecture.
The latter is required because the external routing channel created by the routing
resources of the logic tiles on the edge of the array is present only at the bottom
and at the right side of the array. Therefore, the input/output tiles with routing
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Figure 7.12 Array — a top-level view of a reconfigurable logic architecture.

(iort) are placed on the left and at the top side of the array, and simple input/output
tiles (iot) are placed at the right and at the bottom side of the array. Additionally,
a corner routing tilecrt) that closes the external routing channel is placed at the
left top corner of the array. The bold ring in Figure 7.12 shows a resultant routing
channel created in this way.

All tiles of the array are abutted via their routing or logic ports, as shown in Figure
7.12. Note also, that the connectivity matridesf each tile are defined identically.
Consequently, the right functioning of the switch blocks in the logic tiles at the
edge of the array and the input/output tiles with routing must be guaranteed by the
proper programming of the configuration memory. This means, for example, that
programmable switches of the right bottom logic tile are programmed such that no
routing connections to the bottom and to the right sides of this tile are possible.

7.3 Architecture modelling examples

In this section, the described architecture template is applied to model application-
domain-oriented reconfigurable logic architectures that have been presented in
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Chapters 4—6. (Because of the example character of the routing structures that
have been proposed for each logic block architecture, we focus only on the first
three levels of hierarchy of the template, that is up to the logic block level.) We
also discuss some architectural implications of our template.

7.3.1 Template instances

Table 7.7 lists the values of the template parameters that characterise three
application-domain-oriented instances of the reconfigurable architecture template,
that is, the data-path-oriented instance (see Chapter 4), random-logic-oriented
instance (see Chapter 5) and memory-oriented instance (see Chapter 6). The
table also summarises other characteristics of the template instances (such as the
number of input and output ports at each hierarchy level), which are determined
by the template parameter values. Basic functionality at each level, defined as the
number of inputs of the largest Boolean, arithmetic, and memory functions that
can be mapped, is also mentioned.

Figures 7.13, 7.14 and 7.15 show the logic block structures of the three proposed
application-domain-oriented architectures that are modelled according to the tem-
plate rules. The instances are modelled as follows:

e Data-path-orientednstance is built of one processing elemeM|(= 1).
The processing element contains four logic elemédhts= 4) of the ‘data-
path’ type { : data— path).

e Random-logic-orientethstance is built of four processing elemerjtd (=
4). Each processing element contains one logic elembBit 1) of the
‘random-logic’ type € : random-— logic).

e Memory-orientednstance is built of two processing elemenisl|(= 2)
forming two separate clusterg§K( = 2). The processing element of
each cluster contains one logic elemeM|(= 1) of the ‘memory’ type
(t: memory.
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Level of Instance type
hierarchy Data-path-oriented Random-logic-oriented Memory-oriented
Logic element TEMPLATE PARAMETERS
7:data-path | 7:random-logic | 7:memory
DERIVED PARAMETERS
P|=2 |P|=4 |P|=6
1S1=3 [SI=0 [S=1
|Al=1 |A|=1 |A|=2
FUNCTIONALITY
Boolean: 2-in Boolean: 4-in Boolean: 5-in
arithmetic: 1-bit arithmetic: 1-bit arithmetic: 2-bit
memory: — memory: — memory: 2-bit
Processing TEMPLATE PARAMETERS
element IN|=4 \ IN|=1 \ IN|=1
DERIVED PARAMETERS
1X|=8 |X|=4 |X|=6
1S=3 |S1=0 [S=1
IY|=4 Y|=1 Y|=2
FUNCTIONALITY
Boolean: 4-in Boolean: 4-in Boolean: 5-in
arithmetic: 4-bit arithmetic: 1-bit arithmetic: 2-bit
memory: — memory: — memory: 2-bit
Logic block TEMPLATE PARAMETERS
IM|=1 IM|=4 IM|=2
|K|=1 |K|=1 |K|=2
DERIVED PARAMETERS
111=8 [1]=11 [11=12
IT|=3 IT|=0 IT|=2
|O|=4 |O|=4 |O|=4
FUNCTIONALITY
Boolean: 4-in Boolean: 6-in Boolean: 6-in
arithmetic: 4-bit arithmetic: 4-bit arithmetic: 4-bit
memory: — memory: — memory: 4-bit
Logic tile shorted ports: shorted ports: shorted ports:
ci; andt; - ci; andt;
Cip andty

Table 7.7. Modelling of the proposed application-domain-oriented architectures using the
template parameters. (For completeness’ sake, the ports that must be shorted at
the logic tile level to obtain correct instance structures are also mentioned.)
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Figure 7.13 Model of the data-path-oriented template instance.
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Figure 7.15 Model of the memory-oriented template instance.

7.3.2 Discussion

Despite strict rules that govern each level of hierarchy of the proposed architecture
template, a careful selection of the template parameters is required to obtain a tem-
plate instance with desired characteristics. For example, Figure 7.16 shows two
logic block structures that are built of the same number of logic elements. Though
similar in structure, the logic blocks differ in the provided functionality. This is
because different template parameters are used to characterise both instances. The
logic block shown in Figure 7.16(a) has two processing eleméts= 2) , each

with two logic elements|N| = 2). In contrast, the logic block shown in Figure
7.16(b) has only one processing elemeht|(= 1), but which contains four logic
elements|N| = 4). Therefore, while the first logic block can implement up to two
5-input Boolean functions, the second logic block allows an implementation of
four independent 4-input Boolean functions. The latter logic block instance offers
thus a higher degree of flexibility.
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Figure 7.16 A modelling example: two logic blocks with an identical number of logic
elements but different functionality.
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7.4 Template-based design

The above-discussed template isanceptual modedf a reconfigurable logic ar-
chitecture. The same model can be easily translated intexaoutable model

The executable model supports the design of application-domain-oriented recon-
figurable logic cores for the SoC integration. Three primary methods of applying
the proposed template include:

e architecture exploration,
e physical design,

e application mapping.
Below, each of the methods is briefly explained.

7.4.1 Architecture exploration

The template is used to model various application-domain-oriented reconfigurable
logic architectures. A given application domain is characterised by the parameters
of the application domain model according to the procedure discussed in Section
2.3. The parameters of the application domain model can be translated into the
parameters of the architecture template in the way shown in Table 7.8.

Application parameter | Architecture template parameter
Type of processing T: logic element type
Word-size IN|- M|
IN|: number of logic elements
IM|: number of processing elements
Rent exponent A: switching matrix

Table 7.8 The correspondence between the parameters of the application domain model
and the parameters of the reconfigurable architecture template.

The template parameters that are instantiated based on the results of the application
domain characterisation provide a starting point for the process of architecture
exploration. The use of the template improves the quality of an initial solution and
allows systematical experiments on a large set of potentially interesting solutions.

7.4.2 Physical design

Two phases of the physical design process clearly benefit from the proposed
architecture template. They are:
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¢ netlist generation, and

¢ layout creation.

With a clearly defined set of rules describing each level of hierarchy of the recon-
figurable logic architecture template, the netlist of each template instance can be
generatecdutomatically Such a netlist can be used both for a functional verifica-
tion of the core (e.g. a netlistin a behavioural HDL) or for a VLSI implementation
of the core (e.g. a netlist in a synthetisable HDL). In the latter case, the netlist
is mapped onto a library of predefined components (cells) and is used as an in-
put to an automatic placement and routing fo@ecause the quality (in terms of
area) of the final layout may be unsatisfactory, more customised layout generation
techniques are also possible.

The modular layoutis one of such techniques. It describes a hierarchical layout
approach which allows the creation of the layout of a complete reconfigurable
logic core using the layouts of a limited number of basic building blocks called
tiles. As we showed in Section 7.2, the layouts of only six different blocks, that is
the logic tile, two versions of the input/output tile, two versions of the input/output
tile with routing, and the corner routing tile, are needed. The layouts of the tiles are
abutted and connected together via the tile ports. The layout of each tile may be of
a full-custom type (a hand-crafted layout) or a semi-custom type (an automatically
generated layout based on a library of basic cells).

7.4.3 Application mapping

The tools supporting an application mapping flow of the template-based recon-
figurable architectures can be mag¢argetable This means that by setting the
parameters, the functionality of the tools can be modified to reflect specific char-
acteristics of a target reconfigurable architecture. In the process of mapping an ap-
plication onto a reconfigurable logic fabric two main phases can be distinguished,
that is:

¢ logic synthesis with technology mapping, and

e placement and routing.

State-of-the-art retargetable mapping tools, sudd@asMap[32] andVPR[105],

prove the feasibility of applying architecture templates in the application map-
ping flow. Both tools cover only one of the above-mentioned application mapping
phases. For example, FlowMap, proposed at the University of California at Los
Angeles, addresses the technology mapping problem. FlowMap enables the map-
ping ontok-input LUTSs, wherek is a parameter and can be set by a user. The tool
guarantees the delay-optimal mapping. VPR (Versatile Placement and Routing) is

SSuch an approach is equivalent to a traditional standard-cell mapping.
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a retargetable placement and routing tool. VPR accepts a description of an FPGA
architecture in a high-level format and automatically generates its routing struc-
ture. Because the placement and routing algorithms recognise the changes in the
underlying routing architecture and adopt to them, the mapping onto architectures
with considerably different routing structures is possible.

Figure 7.17 shows an example of a simple reconfigurable logic core (for the sake of
simplicity, the core with one logic tile only is shown), which has been generated in
the architecture generator callddchimed Archimed [33] has been implemented
according to the proposed architecture template. The tool allows an automatic
generation of high-level netlists that describe the structure of domain-oriented re-
configurable cores. The cores are built using four types of basic building blocks
(tiles) that have been described in Section 7.2.4.

|0Tile with Routing

Corner Routing Tile
[top)

LogicTile

P Tl i

10 Tile with Routing
[left)
10 Tile
[mght]

10Tile
[bottom)

Figure 7.17. An example of a simple reconfigurable logic core which has been generated
using the proposed architecture template. Four basic tiles (i.e. a logic tile,
input/output tile, input/output tile with routing, and a corner routing tile)
can be identified. The specification of the reconfigurable logic core that is
generated automatically in the architecture generator called Archimed is used
as an input to a retargetable placement and routing tool called Pythagor.
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The architecture specification generated by Archimed is used in the retargetable
placement and routing tool called Pythagor [34]. Such a specification defines a
logic fabric on which applications are mapped. The template-based architecture
specification allows the introduction of changes into the routing (and logic) re-
sources of the architecture and analysis of their impact on the routability. The
screen-shot of Pythagor is shown in Figure 7.18.
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Figure 7.18 Screen-shot of the retargetable placement and routing tool called Pythagor.

7.5 Conclusions

In this chapter, the template-based methodology for the reconfigurable logic de-
sign has been discussed. The methodology facilitates the architecture exploration,
physical design and application mapping for reconfigurable logic cores of different
types, shapes and sizes. The methodology helps to reduce design time and effort.
The parametrised architecture template, which is central for the proposed method-
ology, is used to create application-domain-oriented architecture instances. The
architecture instances are derived by setting the template parameters according to
the characteristics (parameters) of a target application domain.

The proposed architecture template has five levels of hierarchy. The levels are:
logic element, processing element, logic block, tile, and array. Each level of hierar-
chy has a strictly defined purpose. The logic element, for example, is a basic logic
component of a reconfigurable logic architecture. The type of the logic element,
and thus its functionality, depend on the type of processing in a target application
domain. At the next level, the processing element determines the size of Boolean
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functions that can be implemented in a reconfigurable logic architecture. Such a
size is determined by the number of logic elements in the processing element. The
third level is defined by the logic block. The logic block consists of a single or
several parallel clusters of processing elements. The total number of processing
elements in all clusters, and thus the total number of logic elements, correspond
to the data word-size of a target application domain. The type of feedback con-
nections is also defined at the logic block level. At the fourth level, the logic tile
defines the routing resources of the logic block. Other tiles, that is input/output
tile, input/output tile with routing and corner routing tile, which are basic building
blocks of the architecture, are also defined at this level. Finally, at the array level,
the basic tiles are used to create the complete architecture of a reconfigurable logic
core.

Using examples of the domain-oriented reconfigurable architectures proposed in
Chapters 4—6, we showed how such architectures can be modelled using the tem-
plate parameters. We also briefly discussed the role of the template in the process
of designing domain-oriented reconfigurable logic cores.



Chapter 3

CASE STUDY: MEMORY-ORIENTED
EFPGA CORE

In this chapter, a VLSI implementation of the memory-oriented embedded FPGA
(eFPGA) core, the architecture of which has been described in Chapter 6, is pre-
sented. We discuss first implementation details of basic building blocks of the
architecture. Next, we discuss a silicon prototype of the eFPGA core which has
been implemented in a 0.18nCMOS technology using the described blocks. Fi-
nally, we compare our eFPGA core with state-of-the-art commercial FPGAs. The
comparison is based on the logic tile area as the cost metric. By focusing on the
logic tile area, both the logic and routing resource costs of an FPGA are taken into
account.

8.1 VLSI implementation aspects

The discussion in this section is restricted to these aspects of the VLSI implemen-
tation that differentiate our approach from the implementation approaches that are
typical for state-of-the-art FPGAs. Consequently, we focus on the implementation
of the configuration memory, consisting of the LUT and control memories, and we
discuss the implementation of programmable interconnect.

8.1.1 Memory design

The configuration memory is an inherent part of a reconfigurable logic device.
By loading configuration data (program) to an uncommitted reconfigurable logic
device, its functionality is established. To distinguish between two roles that the
configuration memory plays typically in a reconfigurable device, we assume a di-
vision of the configuration memory into a LUT memory and a control memory
(see Section 6.6). The LUT memory defines a basic functionality of a reconfig-
urable logic device, and optionally can also be used as a data memory. The control
memory programs the routing resources (i.e multiplexers and switches in the in-
terconnect) as well as the elements that define an operating mode of the device.
In the memory-oriented reconfigurable logic architecture, the distinction between
the LUT and control memories is also implied by their different implementations.
This issue is addressed below.
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LUT memory

The logic block of the memory-oriented reconfigurable logic device contains two
4/2-LUTs. Such multi-output LUTs have a memory-like organisation. This means
that each LUT is built of a single read/write decoder and an array of memory
cells, rather than of independent (read) multiplexers and independent columns of
memory cells as in traditional implementations (see Section 6.1.2). The memory-
like implementation of the LUTs is area efficient and facilitates their use as data
memories.

Despite a clear resemblance of the 4/2-LUT structure to a traditional memory
structure, the LUT implementation differs from a typical memory implementa-
tion. First of all, memory columns of the 4/2-LUT are implemented with single
bit lines rather than dual bit-lines. Secondly, no precharging of memory bit-lines
is used. Although this results in slightly longer read delays, it helps to avoid the
problem of the synchronisation of the precharging operation with the clock signal
or the pulse from an address-transition-detection circuitry [70]. Finally, no special
sensing circuit is used, and read and write operations are controlled by a single
transistor.

(a) (b)

T3 copy_in »—— T3

we we
Tl ——# copy_out Ti -

T4
in out in —,—\—\—‘— out
T2 T M ™ — 7

T5 T5

T6 T6
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Figure 8.1 Two version of the LUT memory cell: (a) the memory cell which state is
copied in the dual-port memory mode, (b) the memory cell which receives the
copied information.

The LUT memory cells for first (left) and second (right) 4/2-LUTs are shown in
Figures 8.1(a) and (b), respectively. The cells consist of seven transistors. Two
pairs of transistors, that i9,3— T4 andT5— T6, form cross-coupled inverters.
The transistor§ 2 — T7 are access transistors and are coupled to the row decoder
signaldec Finally, the transistor§ 1 in both memory cells determine their op-
erating modes, that is, writing We= 1 or reading ifwe= 0. Both cells have a
single write portin and a single read podut. Furthermore, the memory cell of

the left LUT has an extra output pactbpyy:, and the memory cell of the right
LUT has an extra input podo py,. These ports are coupled together via the copy
elements (see Figure 6.8(c)) if the LUTs are configured to implement a dual-port
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memory (see Section 6.4). Provided that the LUT decoders are controlled directly
by the write enable signaise, a six-transistor LUT memory cell implementation

is also possible. The example layout of the (left) LUT memory cell implemented
according to the 0.1@mCMOS design rules is shown in Figure 8.2.

Figure 8.2 The layout of the memory cell in the left 4/2-LUT (the layout corresponds to
the circuitry shown in Figure 8.1(a)).
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Figure 8.3 The proposed 4/2-LUT implementation.
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The memory cells in the 4/2-LUT are organised into two columns of 16 cells. The

output portout of the cells in each column are connected together. To overcome
the voltage drop during reading logic ‘1’ from the selected memory cell, a regen-

erative circuitry is placed at the output of each memory column. The regenerative
circuitry is implemented with a small feedback PMOS transistor [80], as shown in

Figure 8.3.

Control memory

As discussed in Section 6.6, the configuration memory of the memory-oriented
reconfigurable logic device is designed to support a partial reconfiguration. To
enable that, memory cells of the control memory are designed with six transistors
rather than five transistors as in a typical configuration memory cell implementa-
tion [114]. The extra transistor guarantees an independent selection of the memory
cells. The control memory cell designed in this way is shown in Figure 8.4(a), and
its layout according to the 0.3m CMOS design rules is shown in Figure 8.5.
The role of the transistors in the schematic from Figure 8.4(a) is analogous to the
role they play in the LUT memory cell (see SectiodT memory.

(a) (b
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we we

EL T4 TLL T4
in out in ; ﬂ :‘
T2 T ™ - ;

, 4
dec dec /{0 wire segment 2

programmable switch

T6 T6

Figure 8.4. The implementation of the configuration memory cells: (a) proposed config-
uration memory cell, (b) configuration memory cell with the integrated dual
pass-gate programmable switch.

The control memory can be implemented either as a centralised memory or a dis-
tributed memory. Theentralised control memorg characterised by the abutted
control memory cells that form one memory block. On the one hand, this enables
a compact memory layout and the reduction of the size of the buffers that drive the
output signals of the decoder. On the other hand, this also puts constrains on the
size of transistors in the memory cells. The transistors must be made large enough
to provide sufficient strength for driving long wires that connect memory cells
with programmable switches. In contrast, thetributed control memorfias the
control memory cells located in a very close neighbourhood of the programmable
switches they control. Because of that, the memory cells can be implemented with



8.1 VLSI implementation aspects 181

Figure 8.5. The layout of the configuration memory cell (the layout corresponds to the
circuitry shown in Figure 8.4(a)).

minimum size transistors. This results in a very compact layout. An additional
advantage is a direct availability of the complementary value of the configuration
signal. Such signal is needed to control a complementary pass gate switch, for
example. In a very compact realisation, the control memory cell can be integrated
with a programmable switch, for example as it is shown in Figure 8.4(b). The
disadvantage of the distributed control memory is that it results in very long wires
between the address decoder and the control memory cells. The discussion on
the implications of the control memory organisation on the layout is continued in
Section 8.3.

8.1.2 Programmable interconnect design

The interconnect in a reconfigurable logic device is programmable. The intercon-
nect wires are partitioned into segments of different lengths, with pairs of segments
connected via programmable switches. The switches are controlled by the signals
from the control memory. The programming of the control memory allows a real-
isation of an arbitrary connection scheme.

Because of their small size, NMOS pass transistors have been used typically for
the implementation of programmable switches in FPGA devices. However, in
deep-submicron technologies the use of pass transistors is less beneficial. The rea-
son is avy voltage drop in an NMOS transistor that accompanies a transfer of

W/t denotes a threshold voltage of an MOS transistor.



182 Case study: memory-oriented eFPGA core

a logical ‘1’ signal. This results in power dissipation in the logic circuitry that
follows the transistor [108]. To overcome this effect, in some commercial FPGA
devices the voltage on the gate of a pass transistor is boosted above the value of the
supply voltage [14]. Alternatively, transistors with different values of the threshold
voltage are used. Both methods require, however, adaptations of the standard man-
ufacturing process and are thus less attractive for embedded FPGAs that should be
fabricated in a standard CMOS process. Therefore, in today’'s FPGAs the short-
distance interconnect is implemented typically with programmable multiplexers,
and the long-distance interconnect with 3-state buffers.
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Figure 8.6. Basic components of a programmable interconnect architecture implemented
using complementary pass gates: (a) programmable switches in two ver-
sions (for the centralised and distributed configuration memories), (b) pro-
grammable buffers.

To guarantee a high routing flexibility, the short-distance interconnect in the
memory-oriented architecture is implemented using both programmable switches
(for the length-1 interconnect segments) and multiplexers (for the direct intercon-
nect). The longer wires (the length-4 interconnect segments) are implemented
with bi-directional buffered switches. The programmable switches and buffered
switches are implemented with complementary pass gates [110], as shown in Fig-
ures 8.6(a) and (b), respectively. The complementary pass gates help to achieve a
better power-delay product than would be possible if single pass transistors were
used. This effect is illustrated in Figure 8.7, where the comparison between pro-
grammable switches realised using single pass transistors and complementary pass
gates is shown. The data in the figure have been obtained by modelling intercon-
nect segments of different lengths (from length-1 to length-12) as the 10th-order
RC networks with an appropriate load. For each segment length, the delay (in ns)
and power-delay product (in n8V) have been found. The factor of difference

in the power-delay product (for which the programmable interconnect was opti-

mised) between both types of switches differs from 1.87 (length-1 segments) to
2.0 (length-12 segments).
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Figure 8.7. Comparison of programmable switches implemented using pass transistors
and complementary pass-gates. The paranheiethe figure is the length of
the interconnect segment, ahd-= 1,2,4,8,16.

8.2 Prototype chip

The silicon prototype of the proposed memory-oriented reconfigurable logic ar-
chitecture has been implemented in the TSMC QudABCMOS process. The test
chip (see Figure 8.8) includes &4 array of the logic tiles that are surrounded by
the input/output tiles. A global configuration decoder and a programmable clock
generator are also included at the top level.

To reduce design effort, the layout of the chip was realised using a semi-custom
rather than a full-custom design approach. A standard cell library extended with

a few FPGA-specific cells, such as memory cells, dedicated multiplexers, pro-
grammable switches, was used. The layouts of the FPGA-specific cells were de-
signed to have the same height as standard cells. This allowed the use of a standard
ASIC design flow for the VLSI implementation of the chip.

The prototype chip was realised following the modular design concept. This means
it was assembled using four types of basic building blocks, that is, a logic tile, an
input/output tile, an input/output tile with routing and a corner tile. The netlists
of the tiles were created using the schematic entry of Cadence Virtuoso, and were
simulated on the transistor-level using Pstar simulator integrated in the Cadence
Affirma environment. The verified netlist of each tile was placed and routed us-
ing Cadence Silicon Ensamble. The top level layout of the core was implemented
in a hierarchical way using the layouts of basic tiles. The top-level connections
between tiles were also laid out using Cadence Silicon Ensamble. The top-level
layout of the reconfigurable logic core was integrated with the input/output (1/0O)
pads connecting to the input/output pins of the core. In total, 76 pads were placed
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Figure 8.8. Layout of the test chip of the memory-oriented reconfigurable logic device.

on the chip: 32 1/O pads for data ports, 28 input pads for the configuration ports
(configuration signals, control signals and decoder signals), 8 power and ground
supply pads for the core, 8 power and ground supply pads for the I/O pads them-
selve$, and one output pad for testing the accuracy of the internally generated

clock signal.

Design 4x 4 array, memory-oriented architectu
Technology TSMC 0.13umCMOS
Interconnect 6 metal layers, copper
Power supply 1.2V (core) + 3.3 V I/O pads

Logic block area 190x 111un?
Logic block delay ~1.5ns
Logic tile area (original) 227x 134unt
Logic tile area (improved) 175x 106 pn?
Configuration bits/logic tile 317
Test chip area (inc. 1/0 pads) 2.0x 1.35 mnt

Table 8.1 The characteristics of the prototype chip. Two versions of the logic tile, that is,
an original and improved, are indicated.

The characteristics of the prototype chip are summarised in Table 8.1. The table
lists dimensions of two different versions of the logic tile: an original logic tile

2The I/0 pads require a different supply voltage (i.e. 3.3 V) than the core itself.
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(see Figure 8.9(a)) that has been used in the prototype chip implementation, and
the improved logic tile (see Figure 8.9(b)) that has been realised later. The silicon

area of the improved logic tile has been reduced by a factor 1.6 compared to the
area of the original logic tile. This has been achieved with a little extra effort by:

e changing the centralised configuration memory (i.e. the LUT and control
memories) into the distributed configuration memory (see the discussion in
Section 8.1.1),

e integrating the layout of the switch block and connection blocks with the
logic tile layout,

e simple optimisations of the logic structure (e.g. replacing a chain of logic
gates by a simple gate of the equivalent functionality).

Figure 8.9. Two implementations of the logic tile: (a) original and (b) improved (dis-
tributed LUT and control memories, integrated switch block). The relative
dimensions of the tiles are not preserved.
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Input connection
block

Control memony 1 e [ Control memony 2

Dutput connection
block

Figure 8.10 Schematic of the implemented logic block (the connection blocks are in-
cluded).

Figure 8.11 The logic block part (with connection blocks) of the original logic tile lay-
out (compare Figure 8.9(a)). The centralised layout of the LUT and control
memories implemented with standard cells is shown. For the sake of clarity,
the metal layers on top of the logic block have been hidden.
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8.3 Cost comparison

To determine the quality of the proposed memory-oriented reconfigurable logic ar-
chitecture, we compare it with the architectures of two state-of-the-art commercial
FPGAs, namely Xilinx Virtex-E [118] and Altera APEX 20KE [4]. The logic tile
areais chosen as the cost metric in our comparison since it captures the information
about the cost of logic and interconnect resources. Furthermore, as we explained
in Chapter 3, the dimensions of the logic tile influence other implementation pa-
rameters of the architecture, such as performance and power consumption.

The layout areadr (in pnf) of the logic tiles in the Xilinx and Altera devices have
been obtained by die measurements, the results of which have been published in
[13]. The layout area of the logic tile in the proposed memory-oriented eFPGA
is the area of the improved logic tile, which dimensions are given in Table 8.1.
The information about the logic tile areas, the technology in which the tiles were
fabricated, the number of utilised metal layers (ML), and the implementation style
is provided in Table 8.2. For a fair comparison, different target technologies and
the different granularity of the compared logic tiles must be taken into account.
Therefore, Table 8.2 also lists the normalised akeg of the logic tiles. The
normalised aredr, is the area of a given logic tile after its scaling to a 0.13
um CMOS process, in which the logic tile of our eFPGA has been implemented.
The normalised areAr, is calculated based on Equation 8.1. The factdn
Equation 8.1 is the granularity scaling factor, which expresses the granularity of
the logic tiles in commercial FPGAs in terms of the granularity of the logic tile in
our eFPGA. The granularity relates to the functional capacity of the FPGA logic
tile (logic block) and is given in the number of its 4-LUT equivalents. The values
of the factom for the compared FPGA devices are listed in Table 8.2.

0.13 2
ATn= (Technolog) Arn, 8.1)
Logic tile At Technology n Atn
type ] [un]

Xilinx Virtex-E 35462 0.18um 8 ML, 1.0| 18497
full-custom layout
Altera APEX 20KE || 63161| 0.18um 8 ML, 0.4 13178
full-custom layout
Proposed eFPGA | 18550| 0.13um 6 ML, 1.0 || 18550
standard-cell layout

Table 8.2 Silicon area comparison of the logic tiles in two commercial FPGAs and the
proposed memory-oriented eFPGATKe logic tile of the Altera APEX 20KE
device has no memory mapping capabilities.)

The results from Table 8.2 show that the logic tile of the proposed memory-
oriented eFPGA is only 0.03% and 41% larger than the logic tiles of the Xilinx
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Virtex-E and Altera APEX 20KE FPGA devices, respectively. Three primary rea-
sons for such a difference are:

¢ a full-custom implementation of the commercial devices versus a standard-
cell-based implementation of the proposed device,

¢ the use of more metal layers in the commercial devices than in the proposed
device (i.e. eight metal layers versus six metal layers),

e the circuit-level optimised structures of the commercial devices versus a
straightforward implementation of the proposed device.

Note, that the relatively large area difference with respect to the Altera device is
caused by a limited functionality of this device, that is, no support for mapping
data memories in the logic block.

In [78], it has been shown that a standard-cell-based implementation of a FPGA
logic tile yields a 42% larger silicon area than its full-custom implementation.
Exploiting this fact and taking into account the above-mentioned aspects, we con-
clude that if a similar implementation method was used, the proposed memory-
oriented eFPGA device would be superior to the Xilinx Virtex-E and Altera APEX
20KE FPGA devices. This means that the logic tile of our eFPGA would provide
a similar functionality at théower cost

8.4 Conclusions

In this chapter we discussed the VLSI implementation of the memory-oriented
embedded FPGA. We focused first on the implementation aspects of the LUT
and control memories in such an FPGA. In particular, we explained differences
between the conventional LUT and SRAM implementations and our memory-
like LUT implementation. We also discussed the implementation of the pro-
grammable interconnect. We showed that the use of complementary pass gates
as programmable switches in deep-submicron FPGAs vyields better energy-delay
product than is possible to achieve using single pass transistors. Finally, we pre-
sented the prototype chip of the memory-oriented eFPGA fabricated in uth13
CMOS process. We showed that after scaling to the same technology and tak-
ing into account the difference in the granularity, the current, standard-cell-based
implementation of our eFPGA logic tile is only 0.03% and 41% larger than the
full-custom implementations of the logic tiles in the Xilinx Virtex-E and Altera
APEX 20KE FPGA devices, respectively. We also mentioned the reasons that
make us convinced that if a similar implementation approach was followed, the
architecture of the proposed eFPGA would be superior to the architectures of the
compared commercial devices. That is, it would offer a similar functionality at the
lower cost.
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CONCLUSIONS

In this thesis, the problem of designing cost-efficient reconfigurable logic cores
for embedded systems-on-a-chip (SoC) has been considered. The purpose of the
on-chip integration of reconfigurable logic is the increase of the computational
efficiency and flexibility (programmability) of a target IC, and consequently the
improvement of the system characetristics and the extension of the life-time of
a final product. The cost aspect is crucial for embedded systems in consumer
electronics. Therefore, the intrinsic area, performance and power consumption
overhead of reconfigurable logic compared to the hard-wired logic of application-
specific ICs must be reduced to make the SoC integration attractive.

To understand the reasons for the high area overhead of reconfigurable logic sev-
eral generations of commercial FPGA devices were analysed. We explained that
the changes in their architectures were driven by the demand for increased effi-
ciency enabling an implementation of more complex functions. We discussed fun-
damental trade-offs in the architecture of FPGA devices and showed that different
types of logic impose partly conflicting requirements on the FPGA structure. Fi-
nally, we also showed that the high intrinsic cost of FPGAs, which is dominated
by the routing, is caused by their general-purpose character.

To solve this problem, we proposed the concept of application domain specialisa-
tion of reconfigurable logic. According to this concept, the cost reduction can be
achieved if a reconfigurable logic architecture is optimised towards requirements
of processing kernels from a target application domain instead of being made fully
general-purpose. We suggested three parameters for the characterisation of pro-
cessing kernels. They are: (dominant) type of processing, word-size and Rent
exponent. The first two parameters characterise logic requirements, while the lat-
ter characterises the interconnect requirements. Assuming the type of processing
as a primary characteristic and applying it to a reasonably large set of processing
kernels from different application domains, we classified such kernels as being ei-
ther data-path-oriented, random-logic-oriented, or memory-oriented. This leads to
three corresponding classes at the implementation level. We assumed that, though
being optimised to target application domains, domain-oriented architectures must
also allow the mapping of other types of functions.
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The concept of application-domain-specialisation of reconfigurable logic was gen-
eralised in the template idea. The template is a parametrised model of a recon-
figurable logic core. The template facilitates architecture exploration, the VLSI
implementation of template instances (netlist and layout generation) and the im-
plementation of their mapping tools (architecture modelling for computer-aided-
design). In consequence, the template reduces the overall design complexity and
allows an easy creation of instances.

The proposed architecture template is hierarchical, with five levels of hierarchy
(in rising order): a logic element, a processing element, a logic block, a tile, and
an array. By setting the template parameters according to the application-domain-
specific values, domain-oriented architecture instances of the template can be de-
rived.

Three instances of the architecture template were described in detail. The first,
a data-path-oriented architecture targets applications with a substantial amount of
data-path logic. The reduction in cost was achieved by optimising the architecture
for arithmetic using the proposed inversion-based folding type I. As a result, a ba-
sic arithmetic operation, that is a 1-bit binary addition, could be implemented using
only a 2-input look-up table (2-LUT) enhanced with dedicated carry logic and a
controlled inversion element. The logic block of the data-path-oriented architec-
ture was built of four such LUTs and of a network of 2:1 multiplexers combining
LUT outputs. Two primary functional modes of the architecture were enabled in
this way. In the data-path mode, nibble-level (4-bit) processing is possible and the
logic block generates a multi-bit result. In the random logic mode, a Boolean func-
tion with up to four inputs can be implemented and a 1-bit result is produced. The
number of LUT memory bits that are needed to implement data-path functions is
four times lower than the number of LUT bits that are required in state-of-the-art
FPGA architectures. Although the logic block of the data-path-oriented architec-
ture requires more ports than a 4-LUT-based logic block of a typical FPGA archi-
tecture, we showed that both architectures have a similar cost of routing. This was
guaranteed by the specific realisation of the connection and selection blocks in our
architecture. Use was made of the fact that in the data-path mode more routing
tracks and lower connection flexibility, and in the random logic mode less routing
tracks but higher connection flexibility are required.

The data-path-oriented architecture could be optimised further by applying config-
uration bit sharing. This is possible because of the bit-sliced structure of data-paths
and the bus-like way of routing data signals. In the modified data-path-oriented ar-
chitecture, the reduction in the number of configuration bits of logic and routing
resources by a factor of four compared to the proposed data-path-oriented archi-
tecture, and by a factor of 16 compared to traditional FPGAs, was achieved.

The second, random-logic-oriented architecture was optimised for applications
dominated by random logic. The implementation cost of this architecture, com-
pared to the implementation cost of general-purpose FPGAS, was reduced by low-
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ering the number of input ports of the logic block. Since each logic block port has

a fixed area contribution, this resulted in the reduction of the routing resource cost.
The lowered number of ports of the logic block has only a slight impact on the
mapping capabilities of the architecture, and was possible because a large percent-
age of Boolean functions usually share some of their inputs. The logic block of
the random-logic-oriented architecture was designed as a cluster of four 4-LUTSs,
with each 4-LUT implemented by means of two 3-LUTs. Such an implementation
facilitates the mapping of both random logic and arithmetic circuits.

Finally, the third, memory-oriented architecture aims at the implementation of ap-
plications with storage requirements and some amount of data-path and random
logic. Similarly to the random-logic-oriented architecture, the routing resource
cost was reduced by lowering the number of input ports of the logic block. To
enable such a cost reduction while guaranteeing a sufficient degree of flexibility,
the logic block of the memory-oriented architecture was implemented using two
4/2-LUTs. The 4/2-LUT is a novel 4-input/2-output look-up table that is enhanced
with control logic to support the memory functionality, and with controlled in-
version elements at the inputs and outputs to support the arithmetic functionality.
The arithmetic functionality was implemented using the proposed inversion-based
folding type Il. The key advantage of the 4/2-LUT is that it requires two times less
routing resources (because of the reduced port number) than the look-up tables
with similar functionality of state-of-the-art FPGAs. Furthermore, it also has two
times less LUT memory bits than state-of-the-art multi-output look-up tables with
memory mapping capabilities.

To evaluate the proposed ideas, three comparison methods were used. In the first
method, the mapping coMC of a given benchmark function, which is the total
area of the implementation, was assumed as the primary cost metric. The method
was used for a comparison of architectures of which the VLSI implementation
area was known and for which mapping tools were available. Consequently, we
applied this method to compare the proposed data-path-oriented architecture with
two commercial FPGASs, that is Xilinx Virtex-E and Altera APEX 20KE. Using a

set of 15 industrial designs of a different type and complexity we showed that a
standard-cell implementation of our data-path-oriented architecture and an unopti-
mised mapping flow allow on average a 17% reduction in cost compared to a full-
custom realisation of the Xilinx Virtex-E FPGA. When only data-path-dominated
designs are considered, our architecture enables a 34% reduction in cost. With
the same assumptions, our architecture results on average in a 8% cost overhead
compared to the Altera APEX 20KE FPGA, and allows a 37% reduction in cost if
only the data-path-dominated designs are considered.

The second comparison method was also based on the VLSI-implementation-
related cost metrics such as the data-path mappingMGsp and random logic
mapping cosMCg. This method was applied, however, only to those architec-
tures for which dedicated mapping tools were not available. The standard-cell-
based implementation of the modified data-path-oriented architecture turned out
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to have 1.36 times higher data-path mapping cost than the smallest data-path-
optimised and full-custom implemented FPGA from academia, that is CFPA.

In the third comparison method, a simple area model was used to estimate the
logic and routing cost of reconfigurable architectures. In this model, the logic cost
was estimated based on the number of LUT memoryNjits, while the routing

cost was estimated using the weighted logic block pin nurRperThis compar-

ison method was applied to the proposed random-logic-oriented architecture, for
which neither implementation data nor dedicated mapping tools were available.
The architecture was compared with three state-of-the-art commercial FPGA de-
vices, that is Xilinx Virtex Il, Altera Stratix, and Atmel AT40K. Using such a
comparison method we showed that at comparable logic cost, the routing cost of
commercial architectures is over 1.6 higher than the routing cost of the proposed
architecture.

The memory-oriented architecture was compared using the logic tile area obtained
from a prototype chip, which was implemented in a QUb3CMOS process. The
logic tile of the memory-oriented architecture was compared with the logic tile of a
Xilinx Virtex-E FPGA device. We showed that the functionality equivalent to that
of the full-custom implemented Xilinx Virtex-E FPGA can be achieved at compa-
rable cost in silicon area using a standard-cell-based implementation approach.

Future work

So far we proved that application domain specialisation allows a cost reduction of
reconfigurable logic. This fact makes embedded domain-oriented reconfigurable
logic a viable solution for designing cost-efficient system-on-chip ICs.

The gained knowledge and the obtained results were transfered to Philips Research
Eindhoven, The Netherlands and the initiated research is continued as part of the
Philips Research programme.

Still, a number of issues require further investigation. One of them is a full-custom

realisation of the domain-oriented architectures, which may show an even more
clear benefit of the proposed solution. Next, dedicated mapping tools that fully

exploit all properties of the proposed architectures should be developed to further
improve mapping results. Finally, the integration of our embedded reconfigurable
logic solutions in the context of a real system-on-a-chip must be considered to
evaluate their benefits as part of a commercial product.
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SUMMARY

The rapid increase in the design time and manufacturing costs of integrated
circuits (ICs) and the constant demand for higher computational efficiency (in
MOPS/W) make traditional implementation methods based on application-specific
logic and programmable processors no longer sufficient. Embedded reconfig-
urable logic appears an interesting alternative in the system-on-a-chip context.
Unlike application-specific logic, it allows an implementation of system compo-
nents which functionality can be changed after a device is fabricated, and which
are characterised by a higher computational efficiency than programmable proces-
sors. This is achieved, however, at the cost of larger area, lower performance and
higher power consumption compared to application-specific ICs.

This thesis concerns itself with the design of cost-efficient embedded recon-
figurable logic using the concept of a template. The template is a generic,
parametrised model of a reconfigurable logic core. The use of the template enables
a fast architecture exploration, simplifies the process of the VLSI implementation
of template instances, and supports the creation of retargetable mapping tools for
them.

The architecture instances that are derived from the proposed template are
application-domain-specific rather than general-purpose. The application do-

main specialisation means that both logic and interconnect of a reconfigurable

logic architecture are tuned to the requirements of processing kernels from a

target application domain. This reduces the cost overhead yet still guarantees the
required degree of flexibility.

A method of characterising processing kernels from different application domains
to find a suitable architecture template instance is proposed. Three parameters,
that is (dominant) type of processing, word-size and Rent exponent, are proposed
as main characteristics of processing kernels. Using a large set of kernels from
different applications, three basic classes of reconfigurable logic architectures are
derived. They are: data-path-oriented architectures, random-logic-oriented archi-
tectures and memory-oriented architectures. Three template instances that corre-
spond to the derived architecture classes are described in detail. For each recon-
figurable architecture instance, the implementation details of the logic block and
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the programmable interconnect are given. Two methods of an efficient LUT-based
implementation of binary addition are proposed and applied to the design of basic
building blocks of two proposed template instances. A comparison of the pro-
posed reconfigurable architectures with state-of-the-art Field Programmable Gate
Arrays (FPGAS) is also presented. Using implementation-based and model-based
comparison methods it is shown that the proposed domain-oriented reconfigurable
logic is superior to the compared general-purpose commercial FPGA devices.

The VLSI implementation aspects and silicon prototype of a memory-oriented
reconfigurable logic core are described in detail. The core was implemented using
the proposed template-based modular design concept. It is shown that embedded
reconfigurable logic with a functionality similar to that of commercial, full-custom
implemented Xilinx Virtex-E FPGAs can be achieved using a standard-cell-based
implementation at comparable cost in silicon area.



SAMENVATTING

De snelle toename in de ontwerptijd en produktiekosten vartepgreerde schake-
lingen (ICs) en de constante vraag naar hogere rekergeffiei (in miljoen op-
eraties per seconde per Watt, i.,e. MOPS/W) maakt dat traditionele implemen-
tatiemethoden, gebaseerd op applicatie-specifieke logica and programmeerbare
processoren niet langer afdoende zijn. Ingebedde herconfigureerde logica blijkt
een interessant alternatief in de context van systemen op chip. In tegenstelling
tot applicatie-specifieke logica, staat het implementaties van systeemcomponen-
ten toe, waarvan de functionaliteit veranderd kan worden nadat een chip gefab-
riceerd is, en welke gekarakteriseerd worden door een hogere rekémgiican
programmeerbare processoren. Dit wordt echter bereikt tegen hogere opperviak-
tekosten, een kleinere rekenkracht en een hoger vermogensverbruik vergeleken
met applicatie-specifieke ICs.

Dit proefschrift behandelt het ontwerp van kosten-efinte ingebedde hercon-
figureerbare logica, gebruikmakend van het concept van een architectuursjabloon.
Dit sjabloon is een generiek, parametriseerbaar model van een herconfigureerbare-
logica kern. Het gebruik van het sjabloon maakt een snelle architectuurexploratie
mogelijk, het vereenvoudigt het VLSI implementatieproces van sjablooninstanties
en het ondersteunt de creatie van flexibele gereedschappen voor de afbeelding van
applicaties op deze instanties.

De architectuurinstanties die worden afgeleid van het voorgestelde sjabloon zijn
applicatie-domein-specifiek in plaats van gericht op volledig generieke toepassing.
Specialisatie voor een bepaald applicatie domein betekent dat zowel logica als
verbindingen van een herconfigureerbare logica architectuur afgestemd worden
op de eisen van rekenintensieve algorithmen uit het applicatiedomein waarop men
zich richt. Dit verlaagt de kosten, maar garandeert toch de vereiste graad van
flexibiliteit.

Een methode wordt voorgesteld om algorithmen uit verschillende appli-

catiedomeinen te karakteriseren ten behoeve van het vinden van geschikte
sjablooninstanties voor deze domeinen. Drie parameters, te weten het (dom-
inante) type rekenkundige bewerkingen, de woordbreedte en Rent exponent,
worden voorgesteld als de belangrijkste karakteristieken van rekenkundige algo-
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rithmen. Gebruikmakend van een grote verzameling algorithmen uit verschillende
applicaties worden drie basisklassen van herconfigureerbare logica architec-
turen afgeleid. Dit zijn: datapad-geénteerde architecturen, willekeurige-
logica-georénteerde architecturen en geheugen-@edeerde architecturen. Drie
sjablooninstanties die overeenkomen met de afgeleide architectuurklassen wor-
den in detail beschreven. Voor elk van deze instanties worden details van
het logica blok en de programmeerbare verbindingen gegeven. Twee metho-
den voor een effiéinte LUT-gebaseerde implementatie van binaire optelling
worden voorgesteld en toegepast op het ontwerp van basisbouwblokken van
twee van de voorgestelde sjablooninstanties. Tevens wordt een vergelijking
tussen de voorgestelde herconfigureerbare-logica-architectuur met ‘state-of-the-
art’ Field Programmable Gate Arrays gepresenteerd. Met gebruikmaking van
implementatie-gebaseerde en model-gebaseerde vergelijkingsmethoden wordt
aangetoond dat de voorgestelde domein-georienteerde herconfigureerbare logica
superieur is ten opzichte van de beschouwde generiek toepasbare FPGAs.

VLSI implementatie-aspecten en een silicium prototype van een memory-
georénteerde herconfigureerbare kern worden in detail beschreven. De kern
werd gémplementeerd met gebruikmaking van het sjabloon-gebaseerde modu-
laire ontwerpconcept. Er wordt aangetoond dat met een standaard-cell-gebaseerde
implementatie van ingebedde herconfigureerbare logica een functionaliteit kan
worden bereikt die vergelijkbaar is met die van comniesi volledig geop-
timaliseerde implementaties van Xilinx Virtex-E FPGASs, tegen vergelijkbare
kosten in silicium oppervlak.
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Stellingen
behorende bij het proefschrift
Template-Based Embedded Reconfigurable Computing
van

Katarzyna Leijten-Nowak

Reconfigurable computing is a viable implementation approach for applications
in which the required degree of flexibility and performance justify extra silicon
area.

. The intrinsic cost of reconfigurable logic can be reduced if a reconfigurable logic

architecture is tuned to the requirements of a target application domain.

. The 4-LUT, which is the basic computing element in commercial FPGAs, is a
factor of four oversized for the implementation of word-level arithmetic compu-
tations.

. The term ‘layout’ is ambiguous in the context of programmable logic devices.

It refers both to the VLSI implementation of a programmable logic device and

to the way in which an application is mapped onto such a device.
. Progress in technology is as much determined by innovation as it is by legacy.
. Ambient intelligence is artificial.
. Denying the existence of extraterrestrial life is egocentric.

. Competing in endurance events, such as Ironman triathlons and ultra-marathons,

says more about the mental than about the physical condition of the participants.

. The concept of so-called ‘eco-products’ offered at premium prices makes

healthy food a privilege of those who can afford it.

A woman’s memory is like a DRAM — it requires continuous refreshing. The
memory of a man is like a hard disc — it often crashes completely.

We are the first generation that influences the climate, and the last generation to
escape the consequences.

[prof. Olav Orheim, Norwegian Glacier Museum]
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