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Speed and Area Tradeoffs in Cluster-Based FPGA
Architectures

Alexander Marquardt, Vaughn Betz, and Jonathan Rose

Abstract—One way to reduce the delay and area of field-pro- total circuit delay) in FPGA's than it is in MPGA's or standard
grammable gate arrays (FPGA's) is to employ logic-cluster-based cells, and consequently it is more important to minimize the in-

architectures, where a logic cluster is a group of logic elements o connect delay in FPGA's than it is in MPGA's or standard
connected with high-speed local interconnections. In this paper, cells

we empirically evaluate FPGA architectures with logic clusters . . . .
ranging in size from 1 to 20, and show that compared to architec- ~ Another important factor affecting circuit delay is the process
tures with size 1 clusters, architectures with size 8 clusters have used in the manufacture of an FPGA. As process geometries

23% less delay (30% faster clock speed) and require 14% less shrink into the deep-submicrometer region, interconnect resis-

area. We also show that FPGA architectures with large Cluster o, q and capacitance become increasingly significant—smaller
sizes can significantly reduce design compile time—an increas-

ingly important concern as the logic capacity of FPGA's rises. For Processes that result in improvements in logic speed do not re-
example, an architecture that uses size 20 clusters requires seversult in similar improvements in interconnect speed. The result
times less compile time than an architecture with size 1 clusters.  of this is that as processes shrink, interconnect delay accounts
Index Terms—Clustering, design, gate-array, high-performance, for an increasing proportion of total circuit delay. Clearly, inter-
high-speed interconnect, performance tradeoffs. connect delay must be minimized in order to achieve the best
possible circuit performance.
The design of an FPGA's architecture can have a signifi-
cant impact on the performance of circuits implemented in the
IELD-programmable gate arrays (FPGA's) have beconpPGA. In this paper, we explore FPGA architectures composed
one of the most popular implementation media for digitaf |ogic clusters, where #gic clusteris a grouping of logic
circuits. Since their introduction in 1984, FPGA's have beCOthqementS connected with high_speed local interconnections. Al-
a multibillion dollar industry. The key to the success of FPGA'gra's FLEX 6 K, 8 K, and 10 K [2], the Xilinx 5200 and Virtex
is their programmability, which allows any circuitto beinstantlxg], [4], the newest Actel [5], and the Vantis VF1 [6] parts all
realized by appropriately programming an FPGA. employ some form of cluster-based logic blocks, so research in
FPGAs have some compelling advantages over standggik area is of clear commercial relevance.
cells or mask-programmed gate arrays (MPGAS): faster tjs also of interest to see how cluster size affects design com-
time-to-market, lower nonrecurring engineering (NRE) costsjje time. An FPGA composed of large clusters requires fewer
and easier debugging. Additionally, FPGA's offer designefggic plocks to implement a circuit than an FPGA using small
the ability to fix errors or to add features to systems th@j,sters. This reduces the size of the placement and routing
have already been manufactured. FPGA's are also useful B?Bblem, and hence reduces design compile time.
implementing designs that are low volume or are required preyious work on logic-cluster-based architectures consid-
immediately, since they do not require design-specific mangze only area [7], [8]. An earlier version of this work consid-
facturing like standard cells or MPGAs. _ ered circuit speed [10], but used a computer-aided design (CAD)
The benefits offered by FPGA's come at a price—FPGARq, that was not completely timing driven. In this paper, we
are at least three times slower and require at least ten timesthg o |,se of a completely timing-driven CAD flow (including

area of MPGA's [1]. This loss in speed is mainly due to the fagf he\y timing-driven placement algorithm) to evaluate the effect
that logic in FPGA's is connected via programmable switcheg; c|uster size on FPGA speed and area.

while in standard cells or MPGAs, logic is connected with metal g paper is organized as follows. Section Il introduces the
wires. The programmable switches in FPGA's have high resigycqre of cluster-based logic blocks. In Section 11, we outline

tarl1lce and cap?cnancehcomfpared to the metal wiring in standgyd o herimental methodology used to evaluate the utility of dif-
cells or MPGA's, and therefore reduce circuit speed. INtercopso ¢ custer sizes. Section IV discusses how area and delay are

nect delay is more significant (typically well over 50% of th%odeled. Section V discusses the area-delay product metric and

why we believe it is a useful tool for comparing different archi-
Manuscript received April 26, 1999. tectures. Section VI describes how we selected various parame-
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In general, an FPGA consists of logic blocks, 1/0 blocks, and (b) Logic Cluster

programmable routing, as shown in Fig. 1. To implement a City. 2. Logic cluster and basic logic element.
cuit in an FPGA, each of the logic blocks in the FPGA is ap-
propriately programmed to implement a small part of the func-
tionality of the desired circuit, and each of the I/0 blocks is 1) size of (number of inputs to) an LUK );
programmed to be an input pad or an output pad. These func2) cluster siz¢ N)—the number of BLE’s in a cluster;
tional portions and I/O’s are then connected through the pro-3) number of inputs to the cluster for use as inputs by the
grammable routing. LUT's (1);
The logic block used in an FPGA has a large impact on the 4) number of clock inputs to a cluster (for use by the regis-
performance of the FPGA. We are interested in determining the  ters) M.,,.
effects and tradeoffs of cluster-based logic blocks, which weThjs work focuses on logic clusters in which the LUT size

describe below. K is four and the number of clock pins on a clusidiy, is

one—this is the case shown in Fig. 2 and was also the case used
in [8]-[10]. Note that the total number of BLE inputss- N;
however, onlyl inputs are brought into the cluster.

We are interested in studying logic blocks that consist of a References [7] and [8] showed that FPGA's composed of
grouping ofbasic logic elementéBLE’s) connected with fast logic clusters of size 1-10 BLE’s have the best area efficiency.
local interconnect. In general, a BLE is a small indivisible uniThat research did not consider the effect of cluster size on circuit
combining sequential and combinational logic; the BLE that wapeed; however, it did speculate that larger cluster sizes would
study consists of a four-input lookup table (LUT) and a flip-floghave a positive impact on FPGA performance.
as shown in Fig. 2(a). A logic block combining éra more
BLE's is known as aogic cluster[8], [9]. Fig. 2(b) shows
the structure of a logic cluster consisting 8fBLE’s and the
routing required to connect them together.

The clusters that we study afi@dly connectedmeaning that
any BLE input can connect to any cluster input or any BL
output. Since the cluster is fully connected, itis possible to bri
a netinto the cluster on a single cluster input and route this ne
many BLE’s within the cluster via the local routing. This allowd" . . :
the number of nets brought into the cluster (number of cluster We are able to judge the quality of each architecture.
puts used) to be less than the total number of BLE inputs with"hp CAD Flow
the cluster. Another benefit of fully connected clusters is that _

CAD tools are simplified since all BLE’s within the cluster are 1he CAD flow that we use to evaluate different FPGA ar-
logically equivalent. chitectures is basically the same as in [8] and [9] and is given

A logic cluster consisting of BLE's is described with the fol-
lowing four parameters [8], [9]:

A. Cluster-Based Logic Blocks

[ll. EXPERIMENTAL METHODOLOGY

We use an empirical method to explore different FPGA archi-
ctures. This involves technology mapping, packing, placing,

d routing benchmark circu#tsto realistic architectures with
Lsters of size 1-20. The area and delay of each circuit imple-
entation are then computed using sophisticated models, and

20ur benchmarks consist of the 20 largest MCNC circuits [11]. The circuits
range in size from 1047 to 8383 4-LUT’s. The circuits used are: alu4, apex2,
apex4, bigkey, clma, des, diffeq, dsip, elliptic, ex1010, ex5p, frisc, misex3, pdc,

1A logic cluster that consists of only one BLE has no local routing. $298, s38417, s38584.1, seq, spla, and tseng.

Authorized licensed use limited to: The University of Toronto. Downloaded on July 19,2021 at 01:47:38 UTC from IEEE Xplore. Restrictions apply.



86 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 8, NO. 1, FEBRUARY 2000

Circuit Netlist of BLEs Netlist of Clusters

y N B

Logic optimization (SIS) '_
C
D

Technology map to 4-LUTS (FlowMap + Flowpack) .@ =

Cluster v - _1'_ _:D'

Parameters g Pan FFs and LUTSs into
logic clusters (T-VPack)
(N,LK) v \

Placement (VPR,
T-VPleEce) Dl
Fig. 4. Packing example.
Routing -
ARRIes el g i o) | st
(Fe, etc.s) s capacities (W) After packing is complete, the next stage in the CAD flow
is placement, which is done with T-VPlace [14]. The T-VPlace
algorithm is an extension to the VPlace algorithm developed in
[8] and [9]. It is given a netlist of circuit blocks (I/O’s or logic
clusters) and maps each circuit block into a physical location
in the FPGA. This algorithm is simulated annealing [15]-[17]
) ) based and optimizes the final placement to minimize the re-
Yes - Wmin determined quired routing area as well as minimize the critical path
Routing with W = 1.35 Wmin delay.
(VPR, timing-driven router) The next stage in the CAD flow is routing. The router in VPR
v [8], [9] is fully timing-driven and attempts to minimize the crit-
ical path delay (given the current placement).
Determine critical path delay and Fig. 3 shows how VPR computes the minimum number

transistor area to build FPGA

(VPR + TransCount) of tracks in which a circuit will route, which we refer to as

a high-stressrouting. Basically, VPR repeatedly routes each
circuit with different channel widths (number of tracks per
channel), scaling the FPGA's architecture until it finds the
Fig. 3. Architecture evaluation CAD flow [8], [9]. minimum number of tracks in which the circuit will route. We
define alow-stressrouting to occur when an FPGA has 35%
more routing resources than the minimum required to route a
in Fig. 3. First each circuit is logic optimized by SIS [12] and@iven circuit. We feel that low-stress routings are indicative of
technology mapped into 4-LUT’s by FlowMap [13]. Then théiow an FPGA will generally be used (it is rare that a user will
timing-driven packing algorithm, T-VPack [10], [14], is used taitilize 100% of all routing and logic resources), so our delay
group the LUT’s and registers into logic clusters of the desirg@sults are based on low-stress routings.
size with the desired number of inputs. After this, each circuit is By allowing the channel width to vary, and searching for the
mapped onto an FPGA by a timing-driven placement to8tinimum routable width, we can detect small improvements in
called T-VPlace [14] that we have incorporated into VPR. LadtPGA architectures or CAD algorithms that might otherwise go
VPR's timing-driven router is used to connect all of thennoticed. Compare this to mapping a circuit into a fixed-size
wiring. FPGA—this would only tell us if the circuit fit or not. A “bi-
T-VPack [10], [14] is a timing-driven version of the VPack alhary” result like this makes it is difficult to draw conclusions
gorithm developed in [8]. The T-VPack algorithm takes a netligout new architectures.
of LUT'’s and registers (BLE’s) and produces a netlist of logic After placement and routing, we know exactly how each
clusters as shown in Fig. 4. T-VPack maps BLE’s into clustekenchmark circuit is embedded into the FPGA architecture
so that physical constraints on the number of inglijsnumber under consideration. This allows us to apply the detailed area
of BLE’s (IV), and number of clockéM,y,) are satisfied. In and delay models described in Section IV to evaluate the area
addition to meeting physical constraints, T-VPack has two opnd delay of each implementation.
timization goals:

1) tominimize the number of cluster inputs used, which min- IV. ARCHITECTUREMODELING
imizes the number of point-to-point connections in the
post-clustering circuit; Inthis section, we first describe the area and delay models that

2) to pack BLE's along the critical path into as few clusterae use to evaluate the various FPGA architectures. After this,
as possible so that many critical connections use the fag describe the effect that varying cluster size has on segment
routing inside the logic clusters. lengths and transistor sizing.
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TABLE |
INTRACLUSTER DELAYS IN TSMC's
% g 0.354m CMOS RROCESS(LETTERS CORRESPOND TOPOINTS
g g LABELLED IN FIG. 5)
& o
[N L
n 15
= e BtoC
g ‘g Cluster | AtoB |andDto| CtoD | BtoD
& = Size ) | (ps) | C(ps) | (ps) (ps)
[ —
Local = 1 (No local 760 140 (and 379 519
Buffers ‘e BLE routing noDtoC
w Local . muxes) path)
Input Routing « N
Connection Muxes » BLEs 2 760 687 379 1066
Buffers .
& Muxes 4 760 761 379 1140
Logic Cluster 8 760 902 379 1281
Fig. 5. Detailed logic cluster structure. 16 760 1054 379 1433
20 760 1081 379 1460

A. Area Model every connection’s delay in the circuit has been computed, VPR
The area modéthat we use is based on counting the numbg@erforms a path-based timing analysis using these intercluster

of minimum-width transistor areagquired to implement each connection delay values (Elmore delay) and intracluster delay

FPGA architecture, which is the same model as was used in {8Jues (Table 1). A full description of the timing analyzer used

and [9]. A minimum-width transistor area is simply the layouin VPR is available in [8] or [9].

area occupied by the smallest transistor that can be contacted in

a process, plus the minimum spacing to another transistor abgvegffect of Cluster Size on the Physical Length of FPGA

it and to its right [8]. By counting the number of minimum-Routing Segments

width transistor areas required to implement an FPGA, rather s we increase the cluster size, both the logic area per cluster
than the number of square microns that these transistors wouldA ' 9 P

occupy, we obtain a process-independent estimate of the FP Orqgtg;gc?(re? geiscgjssstiggtz\z' rzlgt"r? d)err;gn:t;zztif 2?;\; a;uls
area. The area model that we use is described in detail in §1 9l plus | lated routing) grows as ciu 'z
ncreased. This increased tile size results in routing segments

and [9]. with the same “logical length” having different physical lengths

We use a program calletransCount(d] to determine the for logic clusters of different sizes, where the logical length of a
area of a cluster-based logic block (including the local cluster 9 ' g 9

routing) with any values ofV, I, &, and M.y This program rout:f;g segment is the number of logic blocks that the segment
models such effects as buffer resizing as a function of the fan&ﬁ)ﬁ/ ’ Il the m red lenath of a routin ment its ph
of the connections within a logic block and builds multistage e cal the measured lengih of a routing segment Its pnys-

buffers when high drive strengths are required. Since the arg llength. The resistance and capacitance of a routing segment

of an FPGA includes both logic block area and routing area, oW linearly with the segment's physical length. We have ex-

use VPR to determine the transistor count of the area taken anmentally determined the average rate at which the FPGA

the routing for each FPGA of interest, and by adding this aré\I Srgrcr)thV\fth clulst;ar: S|rze,tiz:11nd ha\rf lrjlf?d tih'ts r:nforr?]z;tmn to i
to the logic block area we obtain the total FPGA area. appropriat€ly scale the routing segment resistance and capac-
tance values for the various cluster sizes. The increase in the re-

sistance and capacitance of routing segments as the size of the
B. Delay Model FPGA logic block increases is an important effect that has often
The delays of the connections within logic clusters wer@een neglected in prior FPGA architecture research.
found by performing SPICE simulations using TSMC's
0.354m process for each structure in the cluster. Fig. 5 shows Sizing Routing Transistors to Compensate for Different
the major structures and speed paths in a logic cluster. ImportBiysical Segment Lengths
delay values through this cluster are shown in Table I; however,, compensate for differences in the capacitance and resis-

some_delays cannot be Ii_sted because the process informatiqg,i]%e of routing segments in FPGA's using different sizes of
proprietary and was obtained under a nondisclosure agreemgqfic clysters, we scale the routing pass transistors and buffers.
VPR has a built-in delay estimator that usemadifiedEl- o' of our pass transistor and buffer scaling is in relation to a
more delay [18] model to estimate the delay of each connectigse architecture that has been area-delay optimized for clus-
in the routing. The modifications to the Elmore delay are degys of size four. From this base architecture, we linearly scale
scribed in [19] and are such that it can be used to estimate delgying puffers and pass transistors depending on the relation
of circuits containing buffers, resistors, and capacitors. Aftgtween the new segment lengths and the base segment length.

3Note that the area model is based on transistor area rather than metal al%&r example., inan FP_GA with S'Ze_l6 Clusters, the physmal Seg—
since transistor area determines the die size of current FPGAs. ment length is approximately two times longer than in an archi-
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Igﬁgﬂlgd block architecture and transistor sizes, but also a routing archi-
Channel Inlcr?ase width Iﬂ%ff;ilged tecture and the flexibility of the logic block to routing interface.
width Cslilzseer I . area The following sections detail the architectural parameters used
Logic 58§t‘§r per cluster in our experiments.
clustey Increased
routin, . .
B arleag A. Basic Architecture
er cluster . . . . . .
Segment length P We investigate island-style FPGA's in which each logic

Increased segment length ) ) ’ .
cluster is surrounded by routing channels on all four sides with

Fig. 6. Effect of cluster size on physical length of routing segments. the logic cluster input and output pins evenly distributed around
the logic cluster perimeter. This basic architecture was shown

tect ith size 4 clust T intai hiv th is(ra:d:ig. 1. For our experiments, each circuit is mapped to the
ecture with size 4 Clusters. To maintain roughly tn€ Same Spegf o ot square FPGA with enough logic clusters and I/O pads

per routing segment, we increase the size of the routing SWitC'fSSaccommodate it

connecting to e_ach wire t_)y afactor of two. In Section \./”'D’ Y€ Inour experiments, we vary the number of I/O pads per row or
verlfy that this linear scaling Of_ buffers and pass transistors W'Hblumn depending on the cluster size. Since a large cluster size
physical segment length provides good results. requires fewer clusters to implement a given circuit, we require

VPR models_ the changes n .delay capsed by resizing buff Bre /0 pads per row or column. We set the number of I/0 pads
and pass transistors in the routing, and it also accurately mo é.? row or column to

the area required for different sizes of routing pass transistors
and buffers. Pads= [2 - v/ClusterSiz€]. 1)

Setting the number of I/O pads per row or column with the above
equation keeps the total number of I/O pads roughly the same
V. ARCHITECTUREEVALUATION —AREA-DELAY PRODUCT {51 each FPGA architecture, independent of the cluster size that

One metric that we will use to evaluate the quality of differerit used.

architectures is the area-delay product. We feel that there are twgecall that we _de_scnbe a logic cluster with f,o ur par’ameters:
reasons that this metric makes sense. the number of logic input§ ), the number of BLE’s (LUT’s and

. ) i ) registers) in a clustefV), the number of clock input&M.y),

1) Intuitively, we want o find the point at which we are sacaq the number of inputs to each LUK ). We fix the number
rificing the leastamount of area for the mostimprovement ¢jocks per cluster at one for all our experiments, since the
in speed. Given that we can always trade area for SPeG¢NC henchmark circuits we use to evaluate architectures all
(see below), and speed for area, it makes sense t0 Cq{fye only one clock. We set the number of inputs to each LUT,
bine these two factors into one curve to see where the bgsty, 1o, since previous research has shown that LUT’s of this
tradeoff occurs. _ _ _size are the most area efficient [20] and because this is the LUT

2) Much of the performance gain from using an FPGA is dj;¢ ysed in most commercial FPGA's. We describe how we set
rived from parallelizing functional units rather than rawpo number of inputg in the next section.
clock speed. In this casthroughput= number of func-
tional units- clock rate Another way of looking at this

is throughput= (1/area per functional unjt- (1/delay. . ) ]
Therefore, if we minimize the area-delay product, we will Previous work [8] has examined the issue of how many cluster

maximize throughput. inputs are required for 98% utilization of the logic clusters,

There are two main factors that can affect the area-del\évy ere utilization is defined as .
{num logic block

product of an FPGA: transistor sizing and the FPGA archi- —cluster size
tecture. In general, the speed of an FPGA can be increased utilization = . (2
. - ; o num cluster used
(to a point) by sizing up the buffers and transistors within thf ¢ h h d VPack t logic into th
FPGA, but this increases area. Alternatively, the FPGA can Qat reseg_r ch, however, use ac on\?g okglclln qth N
made smaller by sizing down the buffers and transistors, t%%ltjs €rs. SInce we areé using our neéw f-vimack algonthm
or packing in our cluster-based logic block experiments, and

this d des the FPGA perf . s o
IS degrades the periormance &ecauseT-VPackhasbetterut|I|zat|onthanVPack, itis prudent

Throughout this paper, we will size the transistors in ea th . ts with T-VPack. Fia. 7 sh h
FPGA architecture to minimize the FPGA's area-delay produ&?. rerun these experiments wi -virack. F1g. f Ssnows the

Only by resizing transistors appropriately for each architectu%émber of inputs required to achieve an average utilization of
t

B. Inputs Required Versus Cluster Size

0 I -
in this way can we fairly compute the speed and area efficien % versus cluster size fo_r both V_Pack and T-VPadle use
of FPGA's with different logic block architectures. e T-VPack results of this experiment to set the number of
physical inputs per cluster for the remainder of our architecture
studies.

VI. ARCHITECTUREPARAMETERS . . .
4This shows that T-VPack reduces the number of inputs required versus

T | h d and f FPGA lovi | T-VPack for 98% utilization at large cluster sizes. The fact that the two tools
0 evaluate the speed and area ot an employing 10glge different requirements for the number of inputs is an example of the

clusters for its logic blocks, we must choose not only the logiependencies between FPGA architecture and CAD.
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TABLE I
o 40 " ROUTING AREA VERSUSF input FORVARIOUS CLUSTER SIZES
2= - " Routing Area for various cluster sizes
&35 30¢ . . A L . .
i E P (in millions of minimum-width transistors)
4?—?') A 25 + ) o 7
23 I e ] Fe_input 4 8 14 20
CE
BE 5t A i 0.1'W — — — 1.51
s W
£2 0| e ] 0.2:W — — 1.38 1.41
N +
2= st T-Vpack —— 1 0.3W - 1.29 1.34 1.41
Vpack -
0 : e ‘ : — 0.4W 1.47 1.27 1.34 1.42
0 2 4 6 8 10 12 14 16 18 20
. 5 45 . 3 .
Cluster Size (V) 0.5W 1.4 1.28 1.37 1.46
0.6 W 1.44 1.30 — —
Fig. 7. Inputs required for 98% utilization versus cluster size.
0.7W 1.45 — — —
0.8W 1.49 — — —
Logic Logic Logic Logic Logic 09W 150 — — —
cluster [ 1] ] |cluster cluster cluster | ]| | cluster ) -
r x
7 < vl | Best 06W | 04W | 03W 02:W
I(\ /I Ay y /‘. Fe inpur
RS INE WL value
Logic Logic Logic Ifogic Logic
Cll ster cluste{ cluster /cluster cluster
! Camr o\ /A T A \ routing track in an adjacent channel. However, for large clusters,
//, g \\\ A S\ settir_wg F, to W provides far more routing flexibility than is
I \ / H.gh My required, wasting area.
L . .
! 4 i \ Reference [8] found that a more appropriate level of routing
! flexibility results when thel', value for logic block output pins
) {} / F, ouput 1S S€t toW /N, so all the experiments in the next sec-
$ tion use this value. This choice 6t ..,y €nsures that all the
P routing tracks in each channel can be driven by at least one

output from each cluster.
Fig. 8. FPGA with length 4 segments, 50% buffered, and 50% pass-transistoiChoosing the appropriate value B} iy, involves finding

switches. the best tradeoff between track width and area per track as fol-
lows.
C. Routing Architecture 1) AsF_ inpys IS increased, fewer tracks are required to im-

Recall that we define the number of logic blocks thatarouting ~ Plément a given circuit since the router has more choices
segment spans as the logical length of that segment. In [8] and_ ©f which track each input can connect to. _
[9], it is shown that an architecture in which routing segments 2) Each track takes more areafisinpu; is increased since
have a logical length of four, with 50% of the segments con- there.are more switches on.each track (reca}ll_ that routing
nected by tri-state buffers and 50% connected by pass transis- aréa is determined by transistor area, not wiring area [8],
tors, provides good area efficiency and speed for FPGA's con-
taining logic clusters of size four. This routing architecture is Therefore, we must determine the point at which the best
shown in Fig. 8. We implicitly assume that this routing architradeoff occurs. We have run experiments on size 4, 8, 14, and
tecture is good for architectures containing logic clusters of &P clusters to determine the best ;.. values, as shown in
sizes, and we use this routing architecture in all of our expefiable Il, and have linearly interpolated between these results for
ments. Ideally, one would find the best routing architecture f@ther cluster sizes. Note that for these experiments, we have no-
each FPGA employing a different cluster size, but this would réced that the critical path is not affected by thgiyu: values
quire a huge amount of effort. By basing all of our experimen@h0sen, so we choose th& ;... value based only on the area
on this routing architecture, we may slightly favor architecturggsults.
with size 4 clusters over other architectures.

VII. EXPERIMENTAL RESULTS AREA AND DELAY AT

D. Flexibility of Logic Block to Routing Interconnect Versus VARIOUS CLUSTER SIZES

Cluster Size Recall that our goal in this work is to determine the effect of

For a cluster of size 1, [21] showed that a good valué'of cluster size on the area and speed of FPGA's that use a cluster-
(the number of routing tracks to which each logic block pin cadmased architecture. The CAD flow of Fig. 3 is used to obtain
connect) isW (the total number of tracks in a channel). Thisrea and critical-path delay estimations for the 20 benchmark
value of F,, means that each logic block pin can connect to amyrcuits implemented in architectures with clusters of size 1-20.
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Fig. 9. Area versus cluster size. Fig. 10. Critical path delay versus cluster size.
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This involves packing, placing, and routing the benchmark cir-
cuits and comparing the resulting FPGA areas and critical path
delays. The results that we present are based on low-stress rout-
ings (described in Section Ill-A). The total area of each circuit
(logic plus routing) is given in terms of the equivalent number
of minimum-width transistor areas. Critical path delay is given

in seconds.

Note that the CAD tools we use are heuristic and there is vari-
ability in the quality of the solutions that the CAD tools obtain.
This causes the area and delay curves to be somewhat “jagged.”
We use an average of 20 circuits to minimize the imperfections

‘:' ' "Intra-Cluster Nets on Critical Path ——
Inter-Cluster Nets on Critical Path —+—— 1

O = N W R ON N 0O
T T T

Internal and External Nets on Critical
Path (Average Over 20 Circuits)

0 2 4 6 8 0 12 14 16 18 20

of the CAD tool results, but this does not completely smooth Cluster Size

the resulting curves. Even with these small imperfections, we

believe that the overall trends are still quite visible. Fig. 11. Internal and external nets on the critical path.

A. Area Results If one is trying to minimize the area of an FPGA architecture,

In Fig. 9, we show the geometric average of the area requiradluster of size 7 is the best; however, any cluster size between
to implement the benchmarks versus cluster size. Total ared isnd 15 requires within 20% of the area taken by size 7 clusters.
affected by intercluster routing area (area taken by routing be-
tween clusters) and cluster area (area taken by BLE’s and loBal Delay Results

cluster routing). We now discuss these two components. Fig. 10 shows the geometric average of the critical path delay
As we increase cluster size up to about size 9, the amount@tne benchmarks versus cluster size. This graph shows that the
routing required between clusters is reduced since many C@Rical path delay is decreasing as cluster size is increased. An
nections are completely absorbed within the clusters. After sigg-hitecture with size 20 clusters is 33% faster (has 25% less
9, the routing area begins to increase. We believe that the reag@ay) than an architecture with size 1 clusters.
for this increase is because large clusters make it difficult for the|, Fig. 11, we show the relationship between the number of
placer to do a good job minimizing wirelength. This happengternal (intracluster—fast) and external (intercluster—slower)
because larger clusters are connected to more nets, whichdgnnections on the critical path. As cluster size is increased, the
creases the number of clusters with which each cluster has ngigper of internal connections on the critical path is increased,
in common. It is therefore likely that when the placer moves gy the number of external connections is decreased. This pro-

large cluster to improve the wire length of some nets, this saR@les a circuit speedup due to fact that internal connections are
move will increase the wire length of many other nets. faster than external connections.

The area taken by the logic clusters is shown as well. Notice|; is jnteresting to note that the number of external (inter-

that there is a jump in intracluster area between size 1 and sigster) nets on the critical path (Fig. 11) does not decrease as
2 clusters. This occurs because for size 1 clusters, there isf@ch with cluster size as the intercluster delay (Fig. 10) de-
need for local multiplexers. For clusters of size 2-20, as we igreases with cluster size. From size 1-20, we have a reduction
crease cluster siz€V), the total area taken by the multiplexersp the number of external nets on the critical path of about 28%;
within each cluster grows quadratically, but the number of clugompare this to the intercluster component of the critical path

ters required to implement a circuit decreases With/. The  gelay, which has been reduced by 51% over this same range.
overall result is a linear increase in the total area taken by the

|OgiC clusters. For sufﬁciently Iarge clusters. the area reduction§AS cluster size is increased, internal cluster multiplexer and wiring delays
’ increase. If we were to keep increasing the cluster size indefinitely, this effect

!n the routing are overtaken by the increased area require Id eventually result in internal delays becoming large enough that any gains
implement the larger clusters. obtained from making connections local to the cluster would be lost.
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cluster connections on the critical paths becoming fastéis 36406 - |

is explained below.
The improvement in intercluster delay with increased cluster g

size is caused in part by a reduction in the “logical” Manhattan &

distance between connections in the FPGA as shown in Fig. 122‘5

By sizing bufferé to compensate for the increased physical

length of routing wire segments associated with larger clusters

the delay of each routing segment has remained roughly con-

stant. Since the total number of segments on the critical path. 14. Area versus cluster size for various transistor sizings.

has decreased due to the reduction in the “logical” Manhattan

distance, the result is a greater improvement in interclusig “half’ transistor size results are a better indicator of the ar-

component of the critical path delay than the reduction in thgitecture performance.

number of external nets on the critical path would indicate.
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E. Summary

Any architecture with clusters in the range of size 3-20 is

In Fig. 13, we show the geometric average of the area-del@asonable, with size 8 being the best. On average, circuits im-
product of the benchmarks versus cluster size. An important fgemented in an FPGA with size 8 clusters have 23% less delay
sult is visible in this figure—clusters of size 3—-20 provide th@a 30% increase in speed) and use 14% less area than circuits
best tradeoff between area and delay, with the best results pgplemented in an FPGA with size 1 clusters. We also showed
curring for a cluster of size 8. Compared to a cluster of size ongsw the sizing of the routing transistors and buffers affects area
a cluster of size 8 has an area-delay product that is 33.5% legad delay.

While we presented only 20 circuit average results in this

D. Effect of Routing Transistor Sizing on Critical Path Delay paper, all of the individual benchmark circuits tracked these av-
and Area at Various Cluster Sizes erages quite well (with minor variations, mostly at cluster sizes

The purpose of this section is to provide a verification that and 2).
the manner in which we sized routing buffers and transistors is
acceptable and did not favor one cluster size over another. VIIl. D ESIGN COMPILE TIME VERSUSCLUSTER SIZE

We have repeated the experiments described in SectionVl, this section, we demonstrate that cluster-based FPGA
using transistor and buffer sizes of one-half and double the sizgghjtectures can significantly improve design compile time.
used in Section VII. The results from these experiments gty 17 shows how the average CPU time (on a 300-MHz
shown in Figs. 14-16. These experiments show that area ¢fftaSPARC workstation) required to implement the circuits
be traded for speed and speed for area. Fig. 16 shows thalfgfies with cluster size. The solid line in Fig. 17 shows the
large cluster sizes, our “regular” transistor sizing is too large f@sta| (packing, placement, and routing) compile time, while
the best area-delay tradeoff. Therefore, for large cluster sizgf three dashed lines show the individual components of

6Changes in delay and area due to different size routing buffers are accourﬂ%ﬁ_s _compile time. The routing time is taken from low-stress
for in VPR’s timing and area models. (minimum number of tracks per channeB5%) routings. The

C. Area-Delay Product
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Fig. 17. Design compile time versus cluster size.

clusters result in fewer intercluster connections to route. For ex-
ample, using a size 20 logic cluster reduces routing time by three
times versus using a size 1 cluster. Building an FPGA with size
20 logic clusters reduces the total CPU time required for place-
ment and routing by seven times versus a size 1 logic cluster.

IX. POTENTIAL SOURCES OFINACCURACIES

Every effort has been made to ensure that our results are accu-
rate; however, there are three potential sources of inaccuracies.
First, without actually laying out the various FPGA archi-
tectures, there is some estimation involved in determining how

much area various FPGA implementations will require.
Second, VPR uses the Elmore delay model [18] to evaluate

Critical path delay versus cluster size for various transistor sizingsth€ routing delay of circuits implemented in the various FPGA

architectures. Generally, the routing delays calculated by VPR
are within 9% of SPICE delays [8], [9]. Since routing delay is
only a portion of the total circuit delay, and because we use
actual SPICE values to evaluate the intracluster component of
the circuit delay, our overall delay numbers should deviate by
less than 9% compared to SPICE.

Third, area and delay results are affected by the quality of
the placement and routing software. The tools used for these
experiments have been shown to produce high-quality results
[8]-[10], [14], but it is always possible that the CAD software
does a better job for certain architectures over others.

We have taken considerable care to minimize the effects of
these potential sources of inaccuracies, and we believe that our
results are of high quality.

X. CONCLUSION

Using the area-delay product evaluation metric, we have
demonstrated that logic clusters containing between 3-20
BLE's all achieve good performance, so any cluster size in
this range is a reasonable choice. Compared to FPGA's using a
single BLE logic block, logic clusters in this size range achieve
significant area and speed improvements. For example, an
FPGA employing a size 8 logic cluster requires 14% less area,
achieves 30% higher speed, and has an area-delay product
33.5% lower than an FPGA using a single BLE logic block.

We have also shown that larger cluster sizes can significantly
improve design compile time. For example, an architecture with
size 20 clusters requires eight times less placement time and
three times less routing time compared to an architecture with
size 1 clusters.
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