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Abstract

The programmable logic device (PLD) industry has ex-
perienced an exponential growth in the past fifteen years.
With the rapid development of the programmable logic ar-
chitectures, the PLD (especially the field programmable gate
array (FPGA)') synthesis tools and algorithms have also
made significant progress. Automatic synthesis tools are
widely used in FPGA designs due to the rapid increase of
FPGA complexity. Therefore, the increasing demands of
high-density and high-performance FPGA designs and short
compilation /synthesis time require that the FPGA architec-
ture development process to be tightly coupled with the ad-
vanced synthesis technologies. In this paper, we present a
logic-level architecture evaluator, named fpgaEva, for SRAM-
based FPGAs. fpgaEva is targeted for heterogeneous and
hierarchical FPGA architectures, including (i) FPGAs with
heterogeneous look-up tables (LUTS) (ii) FPGAs with em-
bedded memory blocks (EMBs) (iii) LUT cluster based
FPGAs and (iv) FPGAs with complex programmable logic
blocks (PLBs). It incorporates the state-of-the-art synthe-
sis algorithms and techniques and has a user friendly Java-
based GUI (Graphical User Interface). Together, they form
an integrated and flexible FPGA architecture evaluation sys-
tem.

1 Introduction

The integrated circuit (IC) technology has enjoyed a spec-
tacular growth in the past thirty years following the
Moore’s Law [15], with device density doubling every three
years. As a relatively young branch of the industry, the pro-
grammable logic device (PLD) sector has also experienced
an exponential growth in the past fifteen years, in fact, with
an even faster pace compared to the rest of the semiconduc-
tor industry. For example, during the five year period from
1994 to 1998, in terms of total sales, the average growth of
the semiconductor industry is about 28% per year, with Intel
(the leading microprocessor company) growing at an aver-
age rate of 24.5% per year and LSI Logic (a leading ASIC
provider) growing at an average rate of 16.7% per year. In
comparison, Altera (one of the two leading PLD providers)
had an average growth of 36% per year (see Table 1).

LFPGA is one of the two main types of PLDs. The other type is
complex PLDs (CPLDs).
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Annual Growth Rate
(1994 to 1998)
(in terms of total sales)

Company /Industry

Semiconductor Industry 27.78%
Altera 36.07%
Intel 24.50%
LST Logic 15.71%
Table 1: The growth rate of the PLD industry with re-

spect to the rest of the semiconductor industry (source:
http://www.marketguide.com).

The rapid growth of the PLD industry is also evident
from the significant advance of the programmable logic ar-
chitectures in the past fifteen years. For example, Xilinx (the
leading field programmable gate array (FPGA) provider) in-
troduced its XC2000 device family in 1985, with only 64 to
100 4-LUTSs, providing 1200 to 1800 logic gates. In 1998,
however, Xilinx has successfully shipped its Virtex devices
[21] with 58K to 4M system gates, 1Mb of configurable dis-
tributed RAM and up to 832Kb of synchronous embedded
memory?. We expect that such rapid growth of the PLD
industry will continue for the next ten years.

With the rapid development of the programmable logic
architectures, the FPGA synthesis tools and algorithms have
also made significant progress. For example, the early work
on logic synthesis for FPGAs was mainly targeted at a sim-
ple array of homogeneous LUTs. (A comprehensive survey
of existing synthesis and mapping algorithms for LUT-based
FPGAs up to 1996 can be found in [3].) The recent FPGA
synthesis algorithms, however, are able to take advantage
of certain heterogeneous architectures [8] [14] [9] [4] [13],
consider using embedded memory blocks (EMBs) for logic
implementation [20] [10] [9], enable the effective synthesis for
LUT cluster based architectures [16] [7], and explore the full
functionality of complex programmable logic blocks (PLBs)
[5] [6].

Automatic synthesis tools are widely used in FPGA de-
signs due to the rapid increase of FPGA complexity. There-
fore, the increasing demands of high-density and  high-
performance FPGA designs and short compilation/synthesis
time require that the FPGA architecture development pro-
cess to be tightly coupled with the advanced synthesis tech-
nologies. In this paper, we present a logic-level architecture
evaluator, named fpgaEva, for SRAM-based FPGAs. fp-
gaEva is targeted for heterogeneous and hierarchical FPGA
architectures, including (i) FPGAs with heterogeneous look-
up tables (LUTs) (ii) FPGAs with EMBs (iii) LUT cluster
based FPGAs and (iv) FPGAs with complex programmable
logic blocks (PLBs). It incorporates the state-of-the-art syn-

2The data is quoted from Virtex data sheet [21].
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thesis algorithms and techniques and has a user friendly
Java-based GUI (Graphical User Interface). Together, they
form an integrated and flexible FPGA architecture evalua-
tion system.

The remainder of this paper is organized as follows. Sec-
tion 2 discusses the capabilities of fpgaEva. Section 3 presents
the evaluation results of fpgaEva. Section 4 concludes the
paper.

2 Capabilities of fpgaEva

In this section, we present the architecture evaluation capa-
bilities provided by fpgaEva. fpgaEva is targeted for hetero-
geneous and hierarchical FPGA architectures. Section 2.1
and Section 2.2 describe the evaluation capabilities for two
types of heterogeneous FPGA architectures, FPGAs with
heterogeneous LUTs and FPGAs with EMBs. Section 2.3
and Section 2.4 describe the evaluation capabilities for two
types of hierarchical FPGA architectures, LUT cluster based
FPGAs and FPGAs with complex PLBs.

2.1 Evaluation Capabilities for FPGAs

with Heterogeneous LUTs

Early FPGAs usually have a simple array of homogeneous
programmable logic blocks (PLBs). As the FPGA capacity
increases, the resources on a FPGA become heterogeneous.
The heterogeneity of a FPGA architecture can be roughly
classified into the following two types. (1) A heterogeneous
architecture may have several sizes and/or configurations of
the same type of logic blocks. For example, it may contain
LUTs of different sizes. (2) A heterogeneous architecture
may have different kinds of resources on the same chip, such
as PLBs, EMBs, and embedded processors. Several com-
mercial architectures, such as those from Lucent Technolo-
gies [18], Vantis [19], and Xilinx [21], fall into the category
of the first type of heterogeneous FPGAs. They provide
PLBs that can be configured to implement LUTSs of differ-
ent sizes, as studies suggest that “one-size fits all” may not
provide the best performance and/or density for LUT-based
FPGAs, especially for large designs. The evaluation capa-
bilities of such architectures are discussed in this section.
On the other hand, FLEX 10K and APEX 20K from Al-
tera [2] has both logic blocks and EMBs, which makes them
the heterogeneous FPGAs of the second type. The evalua-
tion capabilities of such architectures are discussed in next
section.

How to optimally distribute and efficiently utilize differ-
ent types of logic blocks and different kinds of resources is a
challenging yet important problem to both architecture eval-
uation and synthesis tools. Much progress has been made
recently on synthesis for heterogeneous LUT-based architec-
tures. In [11], a technology mapping algorithm for heteroge-
neous LUTSs of two sizes with a specific ratio is developed for
area minimization. This algorithm is then used to evaluate
the heterogeneous FPGA architectures with LUTs of dif-
ferent sizes and some interesting results are obtained. The
same problem is studied in [14] and an area optimal algo-
rithm is developed targeted for trees. The cut enumeration
based approach presented in [4], can also be applied to mini-
mize the area for mapping a general logic netlist into hetero-
geneous LUTs assuming different areas for LUTSs of different
sizes, and its area minimization capability has been demon-
strated to be superior to that of [14]. In [8], a polynomial-
time delay-optimal algorithm, is presented for heterogeneous

FPGAs with LUTSs of different sizes, assuming different de-
lays for LUTs of different sizes. Using this algorithm, sev-
eral interesting experiments are conducted to evaluate the
heterogeneous FPGA architectures with the comparison to
the corresponding homogeneous ones. From the comparison
results, it is clearly shown that heterogeneous FPGAs are
superior to the homogeneous ones in terms of both delay
and area optimization.

In fpgaEva, the algorithms presented in [8] and [4] are
used to evaluate heterogeneous LUTs with the objective of
delay optimization and area minimization, respectively. One
can specify an architecture with several LUT sizes and the
delay and/or area associated with each LUT size (see Fig-
ure 1). fpgaEva will then run the corresponding algorithms
through the benchmarks one has selected and report the re-
sults in terms of the circuit delay, area and the usage of each
size of LUT.

| fpyaEva - Heterogeneous FPGA Architecture Evaluator [Untitled] =

Architecture Proposal - Evaluate and Campare Options Help

LUT Mo Fo rFft1 F2 F3 44 45 48 47

LUT Input Size
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Results:
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Figure 1: Screen shot of fpgaEva in evaluating a FPGA archi-
tecture with heterogeneous LUT's.

Furthermore, one can optionally put a resource bound on
a specific type of LUTs. The work on delay-oriented tech-
nology mapping for heterogeneous FPGAs with bounded
resources on specific types of LUTs was introduced in [9],
which will be applied to evaluate such architectures with
resource bounds.

2.2 Evaluation Capabilities for Embedded
Memories

There is considerable amount of research effort towards de-
veloping the second types of heterogeneous FPGAs, aiming
at high-degree on-chip integration of different kinds of re-
sources, including PLBs, EMBs, embedded processors, or
even customized IP cores. We also call such a device field-
programmable system-on-a-chip (FPSOC), as it is intended
for a single-chip implementation of an entire system on a
FPGA device. The introduction of on-chip EMBs is the first
step in this direction (as first introduced in Altera FLEX
10K devices [2]). The recent FPGA synthesis algorithms can
consider using EMBs for logic implementation [20] [10] to re-
duce the circuit area (when EMBs are not used by designers
as on-chip memories). Another work on delay-oriented tech-
nology mapping for heterogeneous FPGAs with bounded re-
sources on specific types of LUTs [9] can be directly applied
to the mapping of logic into EMBs for delay reduction with
EMBs being the bounded resources.

In fpgaEva, the algorithms proposed [10] and [9] are used
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to evaluate FPGAs with EMBs for area and delay optimiza-
tion, respectively. One can specify the number, size, config-
uration flexibilities and delay of the EMBs (see Figure 2).
fpgaEva will run the corresponding algorithms through the
benchmarks one has selected and report the results in terms
of the circuit delay and area.

Figure 2: Screen shot of fpgaEva in evaluating a FPGA archi-
tecture with E  s.

2.  Evaluation Capabilities for LUT Clus
ter ased Architectures

As the capacity of FPGA devices increases, we see a clear
trend that hierarchical architectures are being widely used,
in which basic PLBs, such as LUTSs, are grouped into a logic
cluster and connected by local programmable interconnects
inside the cluster. These clusters are then connected using
global programmable interconnects. It is possible to have
multiple levels of hierarchy as well, where the first level of
clusters can be further grouped into a second level cluster,
and so on. The use of hierarchical architectures clearly ex-
ploits the inherent locality of interconnections that exists
in most applications. It leads to the improvement in both
performance (through use of fast local interconnects for the
majority of connections) and density (due to the reduction
of the amount of global interconnect needed). There are ba-
sically two types of clusters, the the programmable intercon-
nect based cl sters (PIC), often referred to as LUT clusters
if the basic PLB is LUT, and hard- ired connection based
¢l sters (HCC), also referred to as complex PLBs. Evalu-
ation results on several aspects of the architectures using
these two types of clusters have been reported ( . . [5] [6]

[1)).

In a LUT cluster, a group of LUTSs are connected by a
local programmable interconnection array that usually pro-
vides full connectivity and is much faster than the global
or semi-global programmable interconnects (which normally
have to go through a lot more programmable switches). A
number of commercial FPGAs use the LUT cluster based
architecture, such as the logic array block (LAB) in Altera
FLEX 10K and APEX 20K devices, and the MegaLAB in
APEX 20K devices [2]. For example, in FLEX 10K devices,
each LAB consists of eight 4-LUTs connected by the local
interconnect array. The evaluation capabilities of such type
of hierarchical architectures are presented in this section.

In a complex PLB, a group of basic logic blocks are con-
nected directly by wires without going through programmable

switches (called “hard-wires”). Obviously, hardwires pro-
vide much faster connections than programmable intercon-
nections. An example of the complex PLB is the config-
urable logic block (CLB) in Xilinx XC4000 FPGAs [21]
which consists of two 4-LUTs with their outputs hard-wired
to the inputs of a 3-LUT. The evaluation capabilities of such
type of hierarchical architectures are presented in next sec-
tion.

For LUT cluster based hierarchical architectures, a com-
mon approach is to map the given logic network first into a
flat netlist of basic logic blocks, and then group them into
clusters under size and pin constraints. (Since the local in-
terconnects in each LUT cluster usually provide full connec-
tivity, there is no routability constraints inside a cluster.)
Such a two-step approach may benefit from recent progress
on circuit clustering, such as the results on performance-
driven clustering for combinational circuits under size and
pin constraints ([17], [22], [1] and [12]) and simultaneous
clustering with retiming for sequential circuits ([16] and [7]).
In particular, the methods in [16] and [7] enable the efficient
clustering for a sequential circuit so that the clock period of
the clustered circuit is quasi-optimal under retiming (differ
by at most an inter-cluster delay from the optimal solu-
tion). Both methods have polynomial-time worst-case time
complexity. But the method [7] improves that in [16] sig-
nificantly in runtime and scales very well to large designs in
practice.

In fpgaEva, the algorithms presented in [7] are used to
evaluate the LUT cluster based hierarchical architectures
with the objective of delay optimization. One can specify
the capacity and pin constraint of the LUT cluster, and by
doing so for several architecture proposals, one can easily
compare the performance of different architectures with dif-
ferent cluster constraints.

We would like to point out that most of the existing
FPGA synthesis algorithms transform a given design into a
flat netlist of basic PLBs (such as LUTSs) without consider-
ing the device hierarchy. It would be interesting to develop
algorithms that can synthesize the netlist directly into hier-
archical architectures.

2. Evaluation Capabilities for Comple
PL s

For complex PLB based hierarchical architectures, most works
first map the given logic netlist into LUTs and then com-
bines the LUTs to form complex PLBs in a heuristic post-
processing step. A noticeable exception is the work in [5],
which uses Boolean matching techniques [6] to completely
characterize the set of functions that can be implemented in
a complex PLB, and map the given logic network directly
into a netlist of complex PLBs.

As a specific Boolean matching technique needs to be
developed for each type of complex PLBs, fpgaEva incorpo-
rats the techniques presented in [6] for a set of complex PLB
architectures. Furthermore, fpgaEva allows users to provide
APIs (Application Programming Interfaces) for user defined
Boolean matching procedures so that fpgaEva can be used
as a general platform to evaluate different complex PLB ar-
chitectures.

Evaluation esults

In this section, we present some samples of the evaluation
results using fpgaEva on FPGAs with heterogeneous LUTs
and FPGAs with complex PLBs.
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.1 Evaluation of FPGAs with Heteroge
neous LUTs

As an example, we use fpgaEva to compare five architec-
ture proposals, with the first one being the heterogeneous
FPGA with four types of LUTSs, 3-LUTs, 4-LUTSs, 5-LUTs,
and 6-LUTs with delays of 1, 1.33, 1.67, and 2, and the
other four being the homogeneous -LUT FPGAs with
3 4 5 and 6 respectively. The comparision results on
both area and mapping delay are summaried in Table 2.
Each “mapping delay” in columns 2, 4, 6, 8 and 10 is the
critical path delay in the mapped network. Let
! . In order to compare the area in the map-
ping solution, we set 2 in Table 2, which assumes that
the area of one 3-LUT, 4-LUT, 5-LUT and 6-LUT is 1, 2, 4
and 8, respectively. Heterogeneous FPGAs always achieve
better mapping delay than that of homogeneous FPGAs.
On average, the mapping delays of the four homogeneous
FPGAs are almost the same. As for the area, the hetero-
geneous FPGA outperforms the homogeneous FPGAs with
4, 5, and 6. When 3, the homogeneous FPGA
gets 34% better area than the heterogeneous FPGA but has
25% longer delays on average. To better understand the im-
pact of area ratio and the mapping results on both area
and delay, Figure 3(a) is plotted with 1 3 as the
X-axis and ? as the -axis, and Figure 3(b) is
plotted with 1 3 as the X-axis and as the
-axis. From Figure 3 we can see that the FPGA with het-
erogeneous LUTs, 3-LUTs or 4-LUTs is more efficient than
the one with 5-LUTSs or 6-LUTs. However, this architecture
study conclusion relies on the delay ratio of heterogeneous
LUTs. Table 3 shows how the heterogeneous LUTs with
different capacities and delays are used in the delay optimal
mapping solution with different delay ratios, which could
be very useful for the architecture design of future hetero-
geneous FPGAs. When the delays between different LUTSs
become closer, more larger LUTs will be used in the delay
optimal mapping solution.

.2 Evaluation of Comple PL s

As an example [6], we consider four PLB structures shown
in Figure 4: (a) the XC4000 CLB, and other three PLBs
named (b) PLB1, (c) PLB2, and (d) PLB3. The XC4000
CLB, PLB1, and PLB3 contain two LUTs (F and G) at the
input stage and one logic unit (a MUX or an LUT) at the
output stage, while PLB2 has one LUT at the input stage
and one LUT at the output stage. Obviously, these PLBs
have different functional capabilities. The XC4000 CLB can
be used to implement any function of up to five inputs, or
any two independent functions of four inputs, or some func-
tion of up to nine inputs (which we call ide functions).
PLBI1 is the XC5200 CLB when LUTSs F and G are 4-LUTs,
and can implement any function of up to 5 inputs and some
wide functions of 9 inputs. To save silicon area, LUT F or
LUT G or both could be 3-LUTs. However, the functional
capability is also reduced. For example, the implementation
of every 5-input function is no longer guaranteed. PLB2 and
PLBS3 are simplified from the XC4000 CLB. A smaller sili-
con area is consumed by PLB2 or PLB3 comparing to the
X(C4000 CLB, but their functional capabilities are also re-
duced. In [6], Boolean matching methods are developed for
these PLBs and their functional capabilities are evaluated.

The experimental results are summarized in Table 4. We
evaluate the functional capability for each PLB through di-
viding the number of cuts implemented by the number of
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Figure 4: Four PL architectures. (a) L ()PL
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SRAM bits in the PLB. Among all four PLB architectures
with a variety of input sizes for LUTs F and G, we see PLB2
obtains the largest number of 5-cuts and 6-cuts implemented
for each LUT SRAM bit, and the second place belongs to
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omogeneous FPGAs of -L Ts etero-FPGAs
4 6
Circuits mapping Area mapping Area mapping Area mapping Area mapping Area
delay delay delay delay delay

xpl 6 9 . 4 .00 100 4 16 .

9sym 128 8.00 182 8. 4 244 8 288 6.6 161
9symml 8 126 8.00 182 8. 4 22 8 288 6. 11
C499 9 68 8.00 446 8. 4 616 10 12 6 6.6 4 2
C880 1 9 1. 40 4 9 2 14 1496 11. 0
alu2 1 26 14.66 412 .4 648 14 10 2 12.00 4
alu4 16 46 1. 20 16.6 1068 16 1984 1. 890
apex2 9 22 9. 88 8. 4 648 10 1120 . 9
apex4 9 1102 9. 1814 10.00 02 10 04 .6 18
apex6 46 6.66 8 8 6.6 1028 8 1824 .6 1
apex 6 10 . 208 6.6 60 6 648 .00 244
count 6 12 . 12 .00 00 6 488 4.6 192
des 9 2091 8.00 016 8. 4 22 6 44 6 .00 048
duke2 6 266 6.66 416 6.6 48 8 12 2 . 420
e64 248 . 88 .00 664 6 1240 4. 61
misex1 4 2 4.00 46 . 60 4 2 2.6 49
rd84 6 81 6.66 120 6.6 12 8 296 . 101
rot 11 84 9. 616 10.00 10 2 10 1880 8.6 18
vg2 6 . 102 6.6 180 6 6 4.6 10
4ml 28 . 44 .00 2 4 6 .00 20
T TAL 162 04 161.2 10 44 161. 1 408 166 242 129.00 10 2
Ari_Mean 8.10 2.0 8.06 .20 8.08 | 8 0.40 8.0 | 12 .60 6.4 6.1
Ari_Ratio +2 -4 +2 +0.2 +2 +62 +28 +1 1 1
Geo_Mean . 200.06 .49 296. 8 .11 4 .08 .68 699. .89 | 288.09
Geo_Ratio +2 -0 +2 + +2 + + 0 +142 1 1

Table 2: Performance

PLB1 with ( ) (3 4) (alarge number of 5-cuts per
bit) and PLB3 with ( ) (4 4) (a large number of
6-cuts per bit). However, the XC4000 CLB provides good
functional capability for 7-cuts.

Config cuts per RAM bit

PL s ( ) bits -cut | 6-cut -cut

C4 2 40 12 292 6 89

( ,4) 24 | 216 249 -

PL 1 (4,4) 2] 16 9| 208 -

(4,) 48 | 1106 | 24 6 -

PL 2 24 216 4226 -

PL (4 28 | 168 | 1 64 -

(4,4) 6| 140 290 -
Table 4: Functional capa ility per each S A it of the four
PL architectures for -cuts -cuts and -cutsin ench-

marks.
Concluding emar s

This paper presented a logic-level architecture evaluator,
named fpgaEva, for SRAM-based FPGAs. fpgaEva is tar-
geted for heterogeneous and hierarchical FPGA architec-
tures, including (i) FPGAs with heterogeneous look-up ta-
bles (LUTs) (ii) FPGAs with EMBs (iii) LUT cluster based
FPGAs and (iv) FPGAs with complex programmable logic
blocks (PLBs). It incorporates the state-of-the-art synthe-
sis algorithms and techniques and has a user friendly Java-
based GUI (Graphical User Interface). Together, they form
an integrated and flexible FPGA architecture evaluation sys-
tem. fpgaEva is available at

omparison etween homogeneous FPGAs and heterogeneous FPGAs
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