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Abstract—Field-programmable gate arrays (FPGA’s) are now here is to produce a high-speed architecture and circuit with
widely used for the implementation of digital systems, and many g reasonable logic density.
commercial archltecture_s are a}vallable. Although the ||terature_ FPGA’s were first introduced in 1986 by Xilinx Inc., San
and data books contain detailed descriptions of these archi- . .
tectures, there is very little information on how the high-level Jose,. CA, using a memory-based programming te(_:hmlc’gy
architecture was chosen, and no information on the circuit- [3]. Since then, there have been many new commercial archi-
level or physical design of the devices. This paper describes thetectures [4]-[8] and several new programming technologies,
high-level architectural design of a static-random-access memory including two types of antifuse [9]-[11] and floating-gate

programmable FPGA. A forthcoming Part Il will address the transistors, which are ultraviolet (UV) and electrically erasable
circuit design issues through to the physical layout. The logic [12]-[14]

block and routing architecture of the FPGA was determined ] )
through experimentation with benchmark circuits and custom- A few noncommercial FPGA architectures have been re-

built computer-aided design tools. The resulting logic block is an ported for which the design details are more readily available.
asymmetric tree of four-input lookup tables that are hard-wired  The Triptych FPGA [15], [16] matches the physical structure
2?%?&rszég?n:ntselgrrgfﬁtggt:?bulﬂ?c?n.arCh'teCture with a carefully ¢ 4o routing .architefcture tp the fanin/fanoqt nature of the
structure of digital logic by using short connections to the near-
Index Terms—Field-programmable gate arrays, FPGA archi-  egt nejghbors. Segmented routing channels are used between

tecture, SRAM programmable. the columns to provide for nets with fanout greater than one.
No discussion is given about how the segmentation length

|. INTRODUCTION distribution was selected. This routing architecture does not

IELD-PROGRAMMABLE gate array (FPGA) technol- allow the arbitrary point-to-point routing available in general
Fogy permits the design of many different complex digite{fPGA structures. The logic block implements logical functions

circuits using a single off-the-shelf device [1]. The time—to'r'Sing a multiplexer-based three-input lookup table followed

market pressures and low financial risk has made FPGAY¥ @ master-slave D-latch and can also be used for routing.
and complex programmable logic devices (CPLD's) an idnitial results shqw po.tent|al implementation efficiencies in
creasingly popular vehicle for prototyping and, in many casd§'MS of area using this structure. The Montage FPGA [17],
actual production. There are many different architectures nd#f] IS @ version of the Triptych architecture, which is modified
available from over 15 silicon vendors. Although the datd® SUPPOrt asynchronous circuits and interfacing separately
books and related literature usually describe the architecturef|RCked synchronous circuits. This is achieved by the addition
detail, there is little information omow the architecture was ©f @n arbiter unit and a clocking scheme that allows two
chosen and no information on the circuit-level or physicaRoSsible clocks or makes the latches transparent.
layout level of the design. The contribution of this paper Earlier work at the University of Toronto, Toronto, Ont.,
is to describe how a suitable architecture was chosen folCgnada, resulted in the implementation of an architecture
static random-access memory (SRAM) programmable FPGR/TFPGAL) using three cascaded four-input logic blocks
A forthcoming paper [2] examines the circuit and layout issu@$ld segmented routing [18]. UTFPGAL used information
encountered when implementing that FPGA. Our primary gofi@m Pprevious architectural studies, but there was very little
transistor-level optimization (for speed), and little time was
Manuscript received May 31, 1996; revised September 8, 1998. This Wo$Qen.t on IayOUt. optlmlgatlon. This was a first .attempt th_at
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Fig. 1. Hard-wired connections and logic blocks. (a) Network of basic blocks. (b) Hard-wired connections and logic blocks. (c) Faster HLB network.

a number of custom CAD tools that have been used together to create an HLB with a fast three-block path, as
perform experimentalarchitectural studies. In this paper, weshown in Fig. 1(b). The resulting circuit in Fig. 1(c) has only
will describe two important architectural innovations that leativo slow programmable links instead of five along the critical
to higher speed FPGA's and influenced the architecture jghth. This is a sizable reduction in routing delay. Also, the
our second-generation FPGA. In the forthcoming Part Il [2lptal number of programmable connections has been reduced
we will also introduce a novel layout style for FPGA’s thafrom 9 to 4 and this may lead to a reduction in routing area.
builds the basic tile using a set of identical minitiles and

customization by the addition of vias. This allows us to stil\ The HLB Design Space

achieve reasonable density while significantly reducing the

time spent doing custom layout. These features have all beergven thi_s general noti_on of HLB,S.’ itis clee_lr that there are
implemented in our test chip, callédgic that'sErasable and many possible ways to implement it. Assuming that there is
Greatly Optimized (LEGO) ' only one type of basic block that is connected in a given HLB,

In Section Il, we show how various hard-wired interconneé'f‘e choices lie in the topology of the interconnection between

topologies between lookup tables can form larger logic blocgge blocks E?‘nd Size of _the l_aasm black itself. .
and influence delay and how to select an appropriate topolo _Ea_ch choice will provide different de_lay an_d area fora given
In Section lll, the routing architecture is derived and we sho%)/rcu't' In general, the more hard-wired links in an HLB,

that longer dedicated wire lengths in the routing architectu\&e faster the circuits implemented using that logic block.

are beneficial. Section IV provides a summary of our resul OWEVer, a greater nym_ber of hard-wired connections proyide
and some conclusions. less connect!on flexibility and may Iea_d to Iqwer den§|ty
because basic blocks are wasted. In this section, we give a
brief description of the experiments performed to determine a
good choice for the HLB topology. We omit the work done to
The speed and density gap between FPGA’'s and masletermine the choice of the basic block, which the interested
programmable gate arrays (MPGA's) is mostly due to threader can find in [23], along with a more detailed description
routing structures used to connect logic components in eamhthese experiments.
technology. In MPGA's, the logic elements are connected The basic block we choose to work with is the four-input
with mask-programmed metal wires. In FPGA's, logic blockookup table (4-LUT), as previous studies have indicated that
pins are connected using field-programmable switches. Rhis is a reasonable choice for both speed and density [24]-[28]
gardless of the type of programmable switch used in tld as such has been adopted by several commercial vendors
FPGA (e.g., SRAM controlled pass transistors [4] or antifus¢4]—[6].
[21], or floating-gate-based switching [14]), the capacitance, We restricted the choice of topology to be a tree, as circuits
resistance, and size of programmable connections makes thaftan are treelike in nature. Fig. 2 illustrates several of the
much slower and larger than a simple metal wire. topologies that were investigated. The naming convention of
One way to improve the speed and density of FPGA's these structures is as follows: it begins with the letter “L,”
to replace some of the programmable connections betweaban the height of the HLB (in basic blocks), then a dash
basic logic blocks with hard-wired connections, which aré-") followed by a listing of sizes of the subtrees from a
simple metal wires [22]. By using hard-wired links to construgtreorder traversal of the canonical HLB tree. Each subtree
more coarse-grained logic blocks [called hard-wired log®ize is separated by a dot (“.”) with the restriction that leaf
blocks (HLB's)] from several basic blocks, the delay and sizaputs and single-LUT subtrees are not listed.
of circuits can be reduced. For example, Fig. 1(a) shows aln addition to the HLB topologies illustrated in Fig. 2,
network of basic blocks with five programmable connectioral possible tree topologies with nine or fewer 4-LUT’s and
in the routing along the critical path (which we define as thilaree or fewer LUT levels were explored. Initial experiments
combinational path with the largest number of logic levelsihdicated that although HLB’s with more than nine 4-LUT’s
from block 1 to block 5 and nine programmable connectionmovide greater speedups, they require too much area to be
in total. Suppose that three of the basic blocks are hard-wireohsidered practical.

Il. LoGIC BLOCK ARCHITECTURE
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TABLE |
SPEED AND AREA OF HLB' s-BASED FPGA's, SPEED-OPTIMIZED CIRCUITS
Number of HLB Speed-Optimized Circuitls Area-Optimized Circuits
LUTsin | Topology Speed Area Speed Area
HIL.B Factor Factor Tactor Factor
: 1 I.1 1 (35 MIz) [ 1(15.3 x 106 pm?) | 1 (22 MHz) ] 1 (6.7 x 106 pm?®)
2 1.2-2 114 1.19 L7 0.93
3 L2-3 1.26 1.21 1.17 0.96
4 L2-4 .34 1.32 1.09 1.00
4 13-1.2 1.28 1.31 1.27 0.93
5 1.2-5 1.42 1.41 1.03 110
T L3-5.2 .37 1.37 1.24 1.04
6 L3-6.5 1.43 1.65 1.04 1.23
7 L3-7.3 1.43 .66 1.19 1.28
8 1.3-8.3.2 1.47 1.61 1.25 1.32
9 L3-9.4.2 1.50 1.70 1.24 1.42

An important architectural assumption is that each HLB. Experimental Results

has a buffer on the output of each LUT basic block that iS tap|e | provides the summarized results of the implementa-
accessible to the programmable routing. This direct access 3§ of the benchmark circuits for those HLB topologies that
two important advantages: delay is reduced because an Ou%‘ﬁear the most promising. Table | gives the highest speed
can be accessed without propagating it through downStreﬁ%est critical path delay) topologies for eastzeof HLB,

logic blocks and density is increased because unrelated pie\%%re size is measured by the number of 4-LUT's in the HLB

of logic can be packed tqgether in a multioutput HLB' when the circuits are optimized for both speed and area.
The goal of the experiments described below is to select-l-he first column of Table | lists the number of 4-LUT's

from among the many possible hard-wired 4-LUT archite<i:- the HLB. If there are two rows for a given number of

tures one that produces high system speeds at a reasonarh_I%T,s the second entry is an alternative HLB that shows
cost in area. ’

a slower speed, but at a lower area cost. The second column
_ gives the label of the HLB topology, as described above. The
B. Experimental Method third and fifth columns give the normalized speedup of the

To evaluate the HLB topologies, a set of 15 benchmahtLB with respect to L1 (a 4-LUT FPGA with no hard-wired
combinational circuits from the Microelectronics Centre dfnks), for the speed and area-optimized implementations. The
North Carolina (MCNC) suitewere each “implemented” as aspeed is calculated as the geometric average of the inverse of
set of FPGA's with each HLB topology. The area and deldji€ critical path delay for each circuit. It is then normalized
of each implemented circuit is then calculated using area awith respect to L1. The fourth and sixth columns of Table |
delay models, and the results are averaged over all circuige the normalized area, with respect to L1, for both the
for each HLB topology. By “implementation,” we mean thaspeed and area cases. The unnormalized absolute values for
each circuit is processed through a suite of CAD tools thépeed and area are given in the L1 row, assuming aquh?2-
take it from the logic level (equations) through to the physicgomplimentary metal-oxide—semiconductor (CMOS) process.
placement upon the hypothetical FPGA and the global routid@solute areas come from actual layouts of cells used in an
on that FPGA. Note that a custom logic synthesis tool, call@iea model. Absolute times come from a delay model, which
TEMPT, was developed to allow synthesis into the hard-wirédcorporates delay data derived from the simulation of the cell
structures [29]. layouts.

The focus of this paper is not the details of these exper-The speed-optimized results show that the hard-wired links
iments, but the results. As such, the description of the arean increase system speed from 14% up to 50% compared
and delay models and the CAD tools needed to provide tie a flat nonhard-wired 4-LUT when the circuits are speed
implementation are omitted, but can be found in [23]. Theptimized. However, the area cost of this speed is an increase
only detail necessary for the discussion below is the fact theft19%—70% in circuit size. Some of this increase is caused by
the CAD implementation stream has two modes: one in whigvasteful logic synthesis tools that sacrifice area for speed, but
the resulting FPGA circuit is optimized for speed (sometimakalso comes from the fundamental speed-area tradeoff with
at great cost in area) and the other in which the circuit [gard-wired links, as discussed above.
optimized for area at the cost of some speed. Our method offhe area-optimized results show that several topologies are
selecting an appropriate logic block for LEGO is to inspeetctually more area efficient than the flat four-input lookup
the results of both experiments using both optimizations atable. All topologies provide a gain in speed, although less
to deduce a reasonable compromise. than that of the speed optimized case.

Our criteria in choosing a block is to select one that gives

a good combination of speed and good density. From Table |,

1IMCNC, “Logic synthesis and optimization benchmarks user guide, Versidi€ reject those blocks that have too high an area penalty: those
3.0,” Jan. 1991. in the last four rows. Of the remaining blocks, L3-5.2, L2-5,
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P A key architectural question is the determination of the
*?F number of segments of each length, called skgmentation

length distributionThe greater number of longer segments, the
L2-5 greater the likelihood that long and otherwise time-consuming
connections will be routed with fewer series switches, resulting
in a faster circuit. An excessive number of longer segments,
however, will mean that some of the long segments will have
to be used for short connections, resulting in the waste of part
of the segment. This waste leads to a decrease in logic density.
Thus, it is important to find a segmentation distribution that
improves speed, but does not waste too much area.
There is a second important architectural feature of seg-

Programmable

Connection . . . L. .
- mented routing architectures besides the distribution: a seg-
Hard-wired . . i ey .
Connection 1353 Lasa L ment is called internallypopulatedif it is possible to make
. —3. 3-6.4 . . .
connections from the middle of a segment to logic blocks or
Fig. 2. Example of some of the tree topologies investigated. other routing segments. The advantage of unpopulated seg-
ments is that it has less parasitic switch capacitance connected
’_—_| ’_—_| ’:| ’:] Logic Block to the segment, which makes it faster. The disadvantage is that
Switch the reduction in routing flexibility (without population there
Channel = m 4-Segment cannot be internal fanout) may result in the need for more
&= Iy = . .
= = = o1 = tracks and, thus, a loss of logic density.
1_Segm{3‘;([:| |—_—| |—_—, |—_—|\/\ In this section, we briefly summarize a study on segmented
2-Segment routing architecture distribution and population that was used

as the basis for decisions on the routing architecture for
LEGO. The basic approach was experimental, similar to the
one described in the previous section: several benchmark
L3-4.2, and L2-4 provide the best speed up. However, the Lgrcuits are “implemented” as FPGA's, each with a different
4.2 block proved superior to the others in the area-optimizedgmentation distribution. These experiments required several
case, and so it was selected. Of note is that this block provided\p tools, including a detailed router specifically designed for
the best logic density overall, while also providing significantpga’s [31]. The number of tracks needed to complete the
speed up. The L3-4.2 HLB is illustrated in Fig. 2. route using segments of only length one is called the minimum.
It is tempting to use programmable multiplexers in place ®/hen the channel includes segments of other lengths, the

the hard-wired connections to allow either the direct link Hhumber of tracks required above the minimum is measured.
to access an input. We do not consider their use in this study

for two reasons: first, we are interested in finding the fastest
topologies and the multiplexers do not improve the speed, Definitions and Experimental Method

secondly, each extra input to the logic block is expensive iy 4 justrates the broad architectural features of the

in terms: of.area and part of the purpose of the hard-wqu_%Go FPGA. Thdogic block(L) has pins that are connected
connection is to save that area. to routing channels in a structure calledanection blockC).
The switch block(S) provides connectivity among its attached
channels. A channel consists of C and S blocks. Each channel
containsW routing tracks. We assume that each track consists

The FPGA routing architecture is the most important deteof only one type of segment length. We will consider only
mining factor of system speed and logic density because ttegments of length one, two, and three, which will be referred
programmable switches, which are pass transistors driventbyas 1-, 2-, and 3-segments.
SRAM cells, have significant resistance and capacitance and.et D; be the fraction of theW tracks that contain
require large area. The routing architecture is the mannerlirsegments. SimilarlyD, and D5 are the fractions for 2- and
which wire segments and switches are organized. 3-segments so thab; + D; + D3 = 1.

In the original Xilinx 2000 and 3000 architectures [3], [30] Concerning the issue of the internal population of the
a very simple architecture was employed: most wire segmestgments, we divide it into two parts: whether or not the
spanned only the length (or width) of one logic block andonnection blocks internal to the segment (i.e., those not
had switches at each end. One way to improve the speedabfits ends) should be populated and whether or not the
connections that travel long distances is to provide segmeintternal switch blocks should be populated. The following
that span multiple logic blocks without being switched, asotation indicates the level of populatiofi:B,, indicates that
illustrated in Fig. 3. In this way, a segment with appropriatall unpopulatable connection blocks are unpopulated, while
length for a connection can be selected, which results in 16§$3, means that they are populated. Similarly, for switch
resistance along the path. The general notion of segmenbdock population, we use&SB, and SB,. Thus, there are
routing was first introduced in [9]. four combinations of population. Notice that for 2-segments,

Fig. 3. Segmented routing architecture.

Ill. ROUTING ARCHITECTURE
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one tile TABLE I
--------------------- AVERAGE EXCESS TRACKS FORALL DISTRIBUTIONS, POPULATION C' By SB),.
........ . = . e y ABSOLUTE AVERAGE NUMBER OF TRACKS = 12, STANDARD DEVIATION = 2.2
- D:S
i . - . - >W Dy | 00 0.1 02]0.3]0.4[05][06]0.7]0.8
____________________________________ Tracks 0.0/ 0.o | 0.4 | 0.6 [[1.0 1.8(3.0[3.4]3.8
0.1 0.2 0.6 1.0 1.2 1.6 2.2 12.8] 3.4
» ;’;‘i’gch L N L c 0.2 0.6 | 0.8 | 1.0 [|1.0/| 1.8 |3.0] 3.2
0.3 0.8 0.6 1.2 1.8 2.2 2.4
c s c s 0.4 0.8 1.0 1.0 2.0 2.6
3 0.5 0.8 1.2 1.4 2.0
L p L e L . 0.6 1.2 1.8 2.0
B l;rog 0.7 1.4 1.8
Switch 0.8 1.8
Fig. 4. Architectural definitions.
combinations of population for the switch and connection
block. Notice that asD; decreases from ond)s; increases
14.00 from zero O3 = 1 — D;). Since this provides a greater
CBu SBu number of longer segments with lower flexibility, we expect
12.00 the number of tracks needed to successfully route will increase,
Average \ and this is borne out in the figure.
Excess 1000 The data show that both cases in which the switch block
Number of | cBpsBu is unpopulated (the upper two curves) result in significantly
Tracks 800 more excess tracks. For this reason we decided to populate
4 the switch block in LEGO. On the other hand, the bottom two
Needed 02 =0 . . .
N curves (with the switch block populated) illustrate that only a
To Route 6.0 minor increase in tracks is experienced when the connection
CBu SBp",’ \ block is depopulated. Since there is an advantage in speed for
400 \ depopulation (less capacitance on the track), we decided to
_copdast., \ depopulate the connection block in LEGO.
2.00 TS RN 2) Segmentation DistributionTable Il gives the average
\\'L';“____\ number of excess tracks for many possible value®gf Dy,
y ] .
0.00 farwes and Ds. Note that, sinceD; + D, + D3 = 1, there are only
two independent variables, which we choselgsand D3 in

0.20 0.40 0.80

D, (Fraction of Tracks of Length One)

0.60 1.00

the table. The rows vary, and the columns varys. This
table is for architectures with both the C blocks unpopulated
and the S blocks populated, as discussed above.

Table Il illustrates that, even with 80% length (three seg-
ments) that only about four extra tracks on average are

only the middle switch block can be depopulated and, fégquired. (The minimum number of absolute tracks required

3-segments, there are two switch blocks and one connectf8h the five circuits ranged from 9 to 15.) We decided that
block that can be depopulated. we were willing to tolerate only about one extra track per

channel above the minimum so that the area cost of the higher
) o speed tracks would be small. Thus, architectures \dthin
B. Experimental Results and Decisions the range of 0.0-0.6 and); in the range of 0.1-0.4 (those
The following experiments were performed: for all posshown in boxes in Table II) would reflect such a choice. The
sible values ofD;, D», and D3, using all four population faster architectures are those with higher value®)gf
combinations, the number of excess tracks needed over thén Part Il [2], we give the reasons that lead to the choice
minimum (for D; = 1) were measured and averaged for fivef 16 tracks per channel in LEGO. For the segmentation
benchmark circuits. We addressed the questions of populatftiatribution, there is an additional constraint that arises from
and distribution using these experiments. Note that the lodlte one-tile style of layout that was used: there must be an
block used in these experiments was a single 4-input LU&yen number of 2-segment tracks and the number of 3-segment
with a D flip-flop. While this was not the block chosen fortracks must be a multiple of three. Taking this constraint and
LEGO, we believe the general results discussed below wifie above distribution into account, the following segmenta-
hold for most logic blocks. tion distribution was used in LEGO: nine of the 16 tracks
1) Population of SegmentsThe first question we addressare 1-segments, four tracks are 2-segments, and three are
is that of population of the S and C blocks. Fig. 5 is a plo8-segments. This corresponds to a segmentation distribution
for D, = 0, of the average number of excess tracks versuswhich D; = 0.56, D> = 0.25, and D3 = 0.19, which fits
D, for the five circuits. The four curves are the differentithin the architectural range indicated above.

Fig. 5. Population comparison.
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IV. CONCLUSIONS

We have described the high-level architectural decisiong;
used to select the logic block and routing architecture for
the design of a high-performance FPGA. We developed the
architecture using an experimental process in which custonps;
built CAD tools are used to implement benchmark circuits on
candidate architectures. This method has the danger that the
tools may have unfair algorithmic biases toward certain ars
chitectures, resulting in “incorrect” architectural decisions. We
have made an honest effort, however, to use the highest quali
algorithms possible. This method is the only practical way o
dealing with the enormous complexity of FPGA architecturdsl
development because theoretical analysis can never account

array,” in Proc. Custom Integrated Circuits ConfMay 1986, pp.
233-235.

H. Hsieh, W. Carter, J. Y. Ja, E. Cheung, S. Schreifels, C. Erick-
son, P. Freidin, and L. Tinkey, “Third-generation architecture boosts
speed and density of field-programmable gate arraysPrat. Custom
Integrated Circuits Conf.1990, pp. 31.2.1-31.2.7.

B. K. Britton, D. D. Hill, W. Oswald, N.-S. Woo, and S. Singh,
“Optimized reconfigurable cell array architecture for high-performance
field-programmable gate arrays,” Broc. Custom Integrated Circuits
Conf., 1993, pp. 7.2.1-7.2.5.

R. CIiff et al., “A dual granularity and globally interconnected archi-
tecture for a programmable logic device,” Rroc. Custom Integrated
Circuits Conf.,1993, pp. 7.3.1-7.3.5.

D. E. Smith, “Intel's FLEXlogic FPGA architecture,” irCompcon
Spring’93, pp. 378-384.

D. Tavana, W. Yee, S. Young, and B. Fawcett, “Logic block and routing
considerations for a new SRAM-based FPGA architecture,Piac.
Custom Integrated Circuits ConfL995, pp. 511-514.

for all of the conflicting constraints that must be considered in9] A. EI Gamal, J. Greene, J. Reyneri, E. Rogoyski, K. A. El-ayat, and

a real design. In addition, this kind of approach produces an
architecture that is tuned to the capabilities of the tools, whigky,

is key to the success of an FPGA.

The architecture will be a symmetric array of the L3-4.
HLB logic blocks with a segmented routing architectur
employing the distribution and population described ifi2]
Section lll. Fig. 4 illustrates such an array. An FPGA with
these characteristics was designed and fabricated. The cirgyf
and layout issues are described in the forthcoming Part 1l [2].

As technology continues to scale, the area of the logic will
decrease, but the relative effect of the delays due to wiringy
will increase. This will create further demands on the routing

architecture, especially as the amount of logic available

and implementation tools to the architecture.

It is particularly important that a good set of benchmark
circuits be available, especially to the academic community.
With the trend toward larger systems-on-a-chip, studies lik&]
ours can only have merit when they use circuits that reflect
this trend. We hope that the community will work toward
improving the publicly available benchmark suites such as ti]
one provided by MCNC. It is essential that the industrial com-
munity participate in this effort as they possess such circuit]

and stand to gain the most from the research that uses th

In the future, we will explore other aspects in architectu
and design, including the incorporation of large blocks of
memory, more complex routing structures for high-spe

interconnect, and the global distribution of routing tracks.
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