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INTERCONNECT STRUCTURE FOR A 
PROGRAMMABLE LOGIC DEVICE 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The invention relates to programmable integrated 
circuit devices, more particularly to the interconnect struc 
ture in a field programmable logic device. 

[0003] 2. Description of the Background Art 

[0004] Field programmable gate arrays (FPGAs) include 
logic blocks connectable through a programmable intercon 
nect structure. The interconnect structure typically provides 
for connecting each logic block to each other logic block. 
Early FPGAs accomplished this by providing short inter 
connect segments that could be joined to each other and to 
input and output terminals of the logic blocks at program 
mable interconnection points (PIPs). As these FPGAs 
become larger and more compleX, the interconnect structure 
must also become both larger and more compleX. In order to 
improve speed (performance), direct connections to adjacent 
logic blocks have been provided, and for transmitting a 
signal the distance of many logic blocks, longer lines have 
been provided. In order to save silicon area, less frequent 
PIPs have been provided. With fewer PIPs present, the 
routing is less lleXible (for the same number of routing 
lines), but typically faster due to reduced loading. By 
removing only those PIPs which are least often used, routing 
lleXibility can be minimally affected. Thus, there is a trade 
off between performance, silicon area, number of routing 
lines, and routing lleXibility. 

[0005] Several U.S. Patents show such structures for inter 
connecting logic blocks in FPGAs. Freeman in U.S. Reissue 
Patent Re 34,363 describes the first FPGA interconnect 
structure, and includes short routing segments and lleXible 
connections as well as global lines for signals such as clock 
signals. Carter in U.S. Pat. No. 4,642,487 shows the addition 
of direct connections between adjacent logic blocks to the 
interconnect structure of Freeman. These direct connections 
provide fast paths between adjacent logic blocks. Greene et 
al in U.S. Pat. No. 5,073,729 shows a segmented intercon 
nect structure with routing lines of varied lengths. Kean in 
U.S. Pat. No. 5,469,003 shows a hierarchical interconnect 
structure having lines of a short length connectable at 
boundaries to lines of a longer length eXtending between the 
boundaries, and larger boundaries with lines of even longer 
length eXtending between those boundaries. Kean shows in 
particular lines the length of one logic block connecting each 
logic block to the neXt, lines the length of four logic blocks 
connectable to each logic block they pass, and lines the 
length of siXteen logic blocks connectable at the length-four 
boundaries to the length-four lines but not connectable 
directly to the logic blocks. In Kean’s architecture, adjacent 
logic blocks in two different hierarchical blocks (i.e., on 
either side of the boundaries) connect to each other differ 
ently than adjacent logic blocks in the same hierarchical 
block. 

[0006] Pierce et al in U.S. Pat. No. 5,581,199 shows a 
tilebased interconnect structure with lines of varying lengths 
in which each tile in a rectangular array may be identical to 
each other tile. In the Pierce et al architecture, an intercon 
nect line is part of the output structure of a logic block. 
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Output lines of more than one length eXtend past other logic 
block input lines to which the logic block output lines can be 
connected. All of the above-referenced patents are incorpo 
rated herein by reference, and can be reviewed for more 
understanding of prior art routing structures in FPGAs. 

[0007] In the interconnect structures described by Free 
man and Greene et al, each path is formed by traversing a 
series of programmably concatenated interconnect lines, i.e., 
a series of relatively short interconnect lines are program 
mably connected end to end to form a longer path. The 
relatively large number of programmable connections on a 
given signal path introduces delay into the signal path and 
therefore reduces the performance of the FPGA. Such inter 
connect structures are called “general interconnect”. 

[0008] The direct connections first described by Carter and 
included in the architecture of Kean provide fast paths 
between adjacent logic blocks, but in Carter’s structure 
general interconnect must still be used to traverse the 
distance between any two blocks that are not adjacent. 
Therefore, circuits large enough or compleX enough to 
require interconnecting signals between non-adj acent blocks 
(which frequently occur) must use the general interconnect 
to make these connections. For short paths, general inter 
connect is slower than direct interconnect, because general 
interconnect must be connected through several PIPs, or, if 
long lines are used, must be buffered to accommodate long 
or heavily loaded signals, introducing delay. Additionally, it 
is ineflicient in terms of silicon area to use long lines for 
short paths that may be traversing only a few logic blocks, 
since the long lines can otherwise be used for longer paths. 
Further, since software that implements a logic design in an 
FPGA typically places interconnected logic in close proX 
imity, structures that take advantage of this placement strat 
egy will work well with the software, resulting in shorter 
compilation times for routing software and more eflicient 
circuit implementations. 

[0009] Interconnect lines called “quad lines” are included 
in the XC4000EX FPGAs from Xilinx, Inc., and described 
on pages 4-32 through 4-37 of the XilinX 1996 Data Book 
entitled “The Programmable Logic Data Book”, available 
from Xilinx, Inc., 2100 Logic Drive, San ̀Iose, Calif. 95124, 
which are incorporated herein by reference. However, since 
each quad line contacts every tile that it traverses, these lines 
have a large number of PIPs, each of which adds RC delay. 

[0010] Pierce et al provides fast paths between both adja 
cent logic blocks and logic blocks several tiles apart. The 
output lines of the Pierce et al architecture can each drive the 
inputs of a limited set of other logic blocks. However, the 
possible destinations are limited to selected logic blocks, 
and the interconnect lines can only access certain specific 
inputs of the destination logic blocks. 

[0011] In each of the prior art structures recited above, 
each interconnect line has programmable connections to the 
inputs of other logic blocks. However, in the structures of 
Freeman, Carter, and Pierce et al, a given logic block input 
can be driven from either horiZontal interconnect lines, or 
vertical interconnect lines, but not both. An alternative 
approach is to separate the interconnect lines from the logic 
block inputs by way of a routing matriX, which gives each 
interconnect line more lleXible access to the logic block 
inputs. Such an architecture is described in U.S. Pat. No. 
5,682,107 entitled “FPGA Architecture With Repeatable 
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Tiles Including Routing Matrices and Logic Matrices” by 
Tavana et al, issued Oct. 28, 1997, which is referenced above 
and incorporated herein by reference. In the structure of 
Tavana et al, most interconnect lines entering the tile con 
nect to a routing matriX within the tile, rather than directly 
to logic block inputs or outputs. Connections between pairs 
of interconnect lines and between interconnect lines and 
logic block inputs are made through lines called “tile inter 
connect lines” that do not leave the tile. The advantage of 
having an eXtra interconnect line in a path from the edge of 
a tile to the logic block in the tile is that the routing matriX 
is ñeXible but consumes a relatively small amount of silicon 
area. A combination of PIPs can allow access from any line 
entering the tile to any desired input of a destination logic 
block. Yet the total number of PIPs is smaller than in many 
other interconnect structures. The disadvantage is that get 
ting on and off the tile interconnect lines inserts a certain 
amount of delay into the path for each tile traversed. This 
delay inhibits the fast propagation of signals through the 
FPGA. Tavana et al have therefore provided long lines 
connectable to every tile they pass and double-length lines 
that bypass the tile interconnect lines in one tile. These lines 
can be used for signals that are traversing one or more tiles 
without accessing the logic blocks in the traversed tiles. 

[0012] Kean separates the interconnect lines from the 
logic block inputs using input multipleXer switches, which 
provide routing ñeXibility to the inputs. 

[0013] Since the slowest signal path between logic blocks 
typically determines the performance of a circuit, it is 
advantageous to make the slowest path as fast as possible. 
One way to accomplish this is to design the interconnect 
structure such that there is a relatively uniform delay on all 
signal paths throughout an FPGA. In the above routing 
structures, a typical distribution of delays on signal paths 
shows a few signal paths with significantly greater delay 
than the average. These signal paths are typically those with 
large “RC trees”, i.e., signal paths which traverse a resistor 
(such as an unbuffered PIP), then have a large capacitance on 
the destination side of the resistor. An interconnect structure 
with relatively uniform delay could be better realiZed if large 
capacitances on a signal path (e.g., longer interconnect lines) 
were predictably placed on the source side of the resistor, or 
as close as possible to the source end of the signal path. 

[0014] High fanout signals have large capacitance and are 
often slower than low fanout signals. Prior art routing 
structures had high-fanout signal routing with relatively 
large RC delay. An interconnect structure should ideally 
provide high-fanout signal routing with a delay comparable 
to that of other signals. 

[0015] It is therefore desirable to find an interconnect 
structure that allows: 1) uniformly fast propagation of sig 
nals, including high-fanout signals, throughout the FPGA, 
2) implementation of localiZed circuits in non-adjacent as 
well as adjacent blocks using fast paths, 3) ease of use by 
software, 4) eflicient implementation of commonly used 
logic functions, and 5) a high degree of routing ñeXibility 
per silicon area consumed. 

SUMMARY OF THE INVENTION 

[0016] According to the invention, an FPGA interconnect 
structure includes a combination of wiring segment lengths 
and connections to logic blocks such that a given logic block 
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can be connected through fast paths both to adjacent logic 
blocks and to logic blocks several tiles away. In the preferred 
mode, the FPGA includes a two-dimensional array of iden 
tical tiles. In each tile is a logic block. Also in each tile are 
programmable interconnection points (PIPs) and segments 
of interconnect lines that adjoin segments of interconnect 
lines in adjacent tiles. The adjoined segments form inter 
connect lines eXtending through several tiles to PIPs in other 
tiles some distance away. A combination of lines connecting 
to adjacent tiles (called single-length lines) and lines at least 
three tiles long connecting a first tile to at least second and 
third tiles at least two and three tiles away (called interme 
diate-length lines) creates an interconnect hierarchy which 
allows any logic block to be connected to any other logic 
block, and yet also allows for fast paths both to adjacent tiles 
and to tiles some distance away. Longer interconnect lines 
(called long lines) may be included as a third level of 
hierarchy to permit eflicient interconnection of widely sepa 
rated tiles. Long lines can span the entire width of the tile 
array, or can be programmably segmented into two or more 
shorter long lines. In one embodiment, long lines are dis 
tinguished from intermediate-length lines in that a pattern of 
PIPs spanning two or more tiles is repeated along the length 
of the long line. When the siZe of the tile array is increased, 
more instances of the pattern occur. By contrast, intermedi 
ate-length lines according to the invention are of a prede 
termined length that does not alter when the siZe of the array 
is increased. When the siZe of the tile array is increased, 
additional intermediate-length lines are added. 

[0017] A unique aspect of the invention is having an 
interconnect line (specifically an intermediate-length line or 
a long line) that programmably connects to logic blocks in 
at least three separate tiles, while eXtending through at least 
one tile in which no PIPs connect to the interconnect line. 
Such an interconnect line is said to be “unconnectable” to 
the tile in which no PIPs connect to the interconnect line and 
also “unconnectable” to the logic block in the tile, although 
connections can be made from the interconnect line to the 
logic block through PIPs in other tiles. A programmable 
connection from an interconnect line to a logic block in a 
given tile may be made: a) directly to a logic block input, b) 
through one or more PIPs connected to the interconnect line 
in the same tile, or c) through one or more PIPs connected 
to the interconnect line in the same tile and through one or 
more single-length lines. If any such programmable connec 
tion from an interconnect line to a logic block in a given tile 
can be made, the interconnect line is said to be “connect 
able” to the logic block and to the tile. 

[0018] In a preferred embodiment, from an originating tile 
an intermediate-length line connects to the tile three tiles 
away (i.e., separated by two tiles from the originating tile), 
then continues and connects to the tile siX tiles away (i.e., 
separated by five tiles from the originating tile). This inter 
mediate-length line (called a “heX line”) does not connect to 
the intervening tiles one, two, four, and five tiles away. 
Instead, these tiles are reached indirectly by using single 
length lines from the originating tile, the third tile, or the 
siXth tile. Connecting to only three of the seven tiles 
traversed by the heX line reduces the number of PIPs, and 
therefore reduces the silicon area required to form the 
interconnect line (thereby lowering the cost of the FPGA) 
and also reduces the capacitance added by PIPs (thereby 
increasing FPGA performance). Yet the combination of this 
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intermediate-length routing, direct connections to neighbor 
ing tiles, and long lines to distant tiles allows highly ñeXible 
routing of signals. 

[0019] Many modifications of the interconnect structure of 
the invention are possible. One such modification is the use 
of asymmetrical PIP patterns on interconnect lines (inter 
mediate-length lines or long lines) such that the interconnect 
line connects three logic blocks, With tvvo of the three logic 
blocks being in adjacent tiles, While the third logic block is 
in a tile separated from the other tvvo tiles. 

[0020] As FPGAs grovv larger, the amount of routing 
required per tile grovvs larger. Therefore, the silicon area 
required to implement the necessary PIPs tends to grovv 
larger, and the silicon area per tile increases as the number 
of tiles in an FPGA increases. It is desirable to reduce the 
number of PIPs required per tile. 

[0021] In one embodiment, only the single-length lines 
have connections to the logic block inputs. The intermedi 
ate-length lines have connections to each other and to 
single-length lines, but not to the logic block inputs. The 
long lines have connections to the intermediate-length lines, 
but not to the single-length lines or to the logic block inputs. 
Therefore, the number of PIPs in a tile is reduced. As With 
the intermediate-length lines, reducing the number of PIPs 
on a long line reduces both silicon area and capacitance on 
the long line, thereby reducing RC delay. In some embodi 
ments, special tiles include additional connections betvveen 
the various interconnect lines to facilitate distribution of 
high-fanout signals. In some embodiments, global lines 
having direct access to the logic block inputs are available 
for global signals such as clocks or other high fanout control 
signals. In some embodiments, the long lines have connec 
tions to each other in the repeatable tile instead of in special 
tiles. 

[0022] In some embodiments, the single-length lines are 
driven by unbuffered PIPs and the intermediate-length and 
long lines are driven by buffered PIPs. Signals are typically 
routed on longer buffered interconnect lines first, then 
fanned out on shorter unbuffered lines. In this manner, large 
unbuffered RC trees are avoided, making delays on signal 
paths throughout the FPGA more uniform and improving 
performance. More uniform delays also make it easier to 
predict the performance of a circuit earlier in the design 
cycle. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 shovvs some of the single-length and inter 
mediate-length interconnect lines according to one embodi 
ment of the invention. FIG. 1 is a simplified representation 
of the embodiment of FIG. 2. 

[0024] FIG. 2 shovvs a bus representation of a single tile 
in Which intermediate-length lines are connected to every 
third and siXth tile (i.e., heX buses are used). 

[0025] FIG. 2A is a slightly modified version of FIG. 2 
shovving a different representation of the single-length buses 
and svvitching structure 403. 

[0026] FIG. 3 shovvs a detailed representation of a single 
tile in the preferred embodiment. All features shovvn in FIG. 
2 are represented, and some additional features are included. 
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[0027] FIG. 4 shovvs the region of FIG. 3 labeled INTER 
CONNECT. 

[0028] FIG. 5 shovvs the output multipleXer (OMUX) of 
FIG. 3. 

[0029] FIG. 6 shovvs the input and output signals for the 
configurable logic element (CLE) of FIG. 3. 

[0030] FIGS. 6A and 6B shovv the internal logic for the 
CLE of FIG. 3. To vievv the entire CLE, FIGS. 6A and 6B 
must be vievved together as shovvn in the key at the top of 
FIG. 6A. 

[0031] FIG. 7 shovvs the input multipleXer (INUX) of 
FIG. 3. 

[0032] FIG. 8 shovvs a routing eXample of a signal path 
using heX and single-length lines. 

[0033] FIG. 9 shovvs a routing eXample of a signal path 
using long lines, heX lines, and single-length lines. 

[0034] FIG. 10 shovvs a routing eXample of a high fanout 
control signal delivered to a column of tiles. 

[0035] FIG. 11 shovvs a routing eXample of a high fanout 
function generator input signal delivered to a column of 
tiles. 

[0036] FIG. 12 shovvs an eXample of hovv to combine the 
interconnect of FIGS. 10 and/or 11 to deliver a high-fanout 
signal to an array of tiles. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0037] The follovving dravving conventions are used 
throughout the figures. A small solid black dot at the 
intersection of tvvo lines indicates a permanent electrical 
connection betvveen the crossing lines. An open circle 
enclosing an intersection betvveen tvvo lines, or separating a 
single line into tvvo line segments, indicates a programmable 
bidirectional connection betvveen the lines or line segments 
(for eXample, a pass transistor Which is turned on to make 
the connection). An open triangle at an intersection of tvvo 
lines indicates a programmable connection With signal llovv 
going onto the line pointed to by the apeX of the triangle. 
(The signal is of course then present on the full length of the 
line. Thus, a triangle pointing in the opposite direction 
Would have the same signal llovv because the triangle points 
to the same line.) A triangle shovving a connection betvveen 
tvvo buses indicates that at least one connection eXists 
betvveen the lines making up the buses. In accordance With 
one embodiment of the present invention, programmable 
connections are provided by using programmable intercon 
nection points (PIPs), Wherein each PIP includes at least one 
transistor. 

[0038] A line Which ends Within a tile or block structure 
(i.e., does not eXtend to the border of a tile or block) is 
physically terminated Within the tile or block. A line Which 
eXtends to the border of the tile connects to a line on the neXt 
tile, Which it contacts When tvvo tiles are abutted together. 
Note that some lines Which eXtend to an edge of a tile and 
thus into an adjacent tile change names at the tile boundary. 

[0039] Simplified Representation of the Inventive Concept 

[0040] FIG. 1 shovvs in simplified form some of the 
single-length and intermediate-length interconnect lines 
according to one embodiment of the invention. FIG. 1 
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illustrates part of an array of tiles in an FPGA. In each tile 
is logic block L and a routing or svvitching structure R. Also 
in each tile are line segments Which connect to line segments 
in adjacent tiles to form interconnect lines. Most of the 
interconnect lines in the FPGA are not shovvn in FIG. 1 so 
as not to obscure the connectivity of the invention. Three of 
the tiles, labeled TILE1, TILE2, and TILE3 are shovvn in 
more detail, and short- and intermediate-length interconnect 
lines extending from TILE1, TILE2, and TILE3 are shovvn. 
(However, intermediate-length lines extending horizontally 
are not shovvn.) Single-length lines N, S, E, and W extend 
north, south, east, and West, respectively, from TILE2 to the 
four neighboring tiles. Equivalent lines not labeled extend 
from TILE1 and TILE3 as Well. Identical structures are also 
present in all other tiles but are not shovvn in FIG. 1. These 
single-length lines N, S, E, and W extend betvveen svvitching 
structures R in neighboring tiles, and have programmable 
connections to logic block L. 

[0041] Intermediate-length lines also extend north, south, 
east and West from each tile to connect to other tiles three 
and six tiles avvay. Therefore in this embodiment the inter 
mediate-length lines are “hex lines” as previously defined. 
Only the vertically extending (north and south) hex lines are 
shovvn, to avoid obscuring the connections. (Later figures 
shoW the complete connection pattern.) 

[0042] From TILE2, hex line 6VN extends to the north a 
length of six tiles, connecting to TILE1 three tiles to the 
north and to another tile (not shovvn) six tiles to the north. 
Also from TILE2, hex line 6VS extends to the south six tiles, 
connecting to TILE3 and to another tile (not shovvn) six tiles 
to the south. Hex line 6VM connects tile TILE2 to tiles 
TILE1 and TILE3. Thus, three hex lines extend vertically 
and connect to TILE2. Also in TILE2, line 6VS is program 
mably connectable to line 6VN, as indicated by the PIP 
joining the ends of these tvvo lines. In this manner an easy 
connection is available to a tile tvvelve tiles avvay from the 
starting tile. Only one additional connection is needed to 
extend the connection to another interconnect line six tiles 
long. 

[0043] Note that Within TILE2, only the single-length 
lines N, S, E, and W have access to logic block L. Thus a 
signal on a hex line must transfer to a single-length line to 
access logic block L in the destination tile. A signal entering 
TILE2 on line 6VS can connect to lines W, N, or E and 
thereby to logic block L in TILE2. Further, the signal noW 
on single-length lines W, N or E can also access the logic 
block L in the tiles to the West, north or east of TILE2. In this 
embodiment, no connection from hex line 6VS to single 
length line S is provided, as eliminating this connection 
saves silicon area and the tile to the south of TILE2 can be 
accessed through another path. In the embodiment of FIG. 
1, a signal in TILE3 can reach the logic block of the tile to 
the south of TILE2 either by: 1) traversing tvvo single-length 
lines to the north, or 2) taking hex line 6VM to TILE2, 
connecting to single-length line W or E, then entering 
svvitching structure R in TILE2 and “bouncing” (moving 
onto and off of an interconnect line in the same tile) from 
single-length line W or E to single-length line S inside the 
svvitching structure. The second alternative has one more 
PIP in the signal path than the first alternative, the PIP in 
svvitching structure R. In another embodiment, a connection 
to the south can of course be provided. 
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[0044] Repeatable Tile Representation 

[0045] FIG. 2 more completely illustrates a single tile. 
FIG. 2 shovvs bus segments of various Widths, as indicated 
by diagonal slash lines having a number indicating the bus 
Width. The number of lines in each bus segment can of 
course vary in different embodiments. In the embodiment of 
FIG. 2, the tiles are identical. Since the illustration is of a 
single tile, complete interconnect lines must be understood 
by realiZing that bus segments extending to the top of FIG. 
2 Will contact bus segments at the bottom of another copy of 
FIG. 2 placed adjacent to the north. Similarly, bus segments 
extending to the right of FIG. 2 Will contact bus segments 
of another copy of FIG. 2 placed adjacent to the right, and 
so forth. An array such as present in an FPGA is represented 
by placing many copies of FIG. 2 together. 

[0046] Hex Buses 

[0047] In FIG. 2, 12-segment bus 6N extends horizontally 
through programmable region PROG-2, then turns north to 
become bus segment 47. Bus segment 47 extends to the top 
edge of the tile. Another copy of FIG. 2 placed adjacent and 
to the north of FIG. 2 Will have a bus segment 46 extending 
to the bottom of the copy that contacts bus segment 47. Bus 
segment 46 extends vertically through the tile, but is offset 
right by one bus before it reaches the top of the tile, such that 
bus segment 46 in a given tile contacts bus segment 45 in the 
tile adjacent to the north. Similarly, at the tile boundary, bus 
segment 45 contacts bus segment 44, bus segment 44 
contacts bus segment 43, bus segment 43 contacts bus 
segment 42, and bus segment 42 contacts bus segment 41. 
This offset arrangement results in a hex length bus extending 
through six adjacent tiles. Bus segment 41 extends into the 
tile from the bottom, then turns West and extends horiZon 
tally through programmable region PROG-2 as bus segment 
6S. Bus segment 6V also extends horiZontally through 
programmable region PROG-2, and connects to bus segment 
44. Each tile therefore includes three bus segments 6N, 6V, 
and 6S extending into programmable region PROG-2. These 
bus segments enable the connections from a given tile to 
tiles three and six tiles avvay, Which makes these interme 
diate-length lines hex lines as defined above. Bus segments 
41, 42, 43, 44, 45, 46 and 47 together form a 72-line vertical 
“routing trac ” designated 6VN at the north end and 6VS at 
the south end of FIG. 2. Bus segments 42, 43, 44, 45, and 
46 are called “interior segments”, and bus segments 41 and 
47 are called “end segments”. 

[0048] HoriZontal 12-segment hex buses are similarly 
provided, each tile having portions 6W, 6H, and 6E extend 
ing into programmable region PROG-2. Bus segment 6E 
extends from programmable region PROG-2, then turns east 
and extends as bus segment 37 to the east edge of the tile. 
Bus segment 37 of a given tile contacts bus segment 36 in 
the adjacent identical tile to the east. Similarly to bus 
segments 41-47, bus segments 31-37 provide a hex length 
bus extending through six adjacent tiles. Bus segment 31 
extends into programmable region PROG-2 as bus segment 
6W. Bus segment 34 extends into programmable region 
PROG-2 as bus segment 6H. Bus segments 31, 32, 33, 34, 
35, 36 and 37 together form a 72-line horiZontal routing 
track designated 6HW at the West end and 6HE at the east 
end of FIG. 2. 

[0049] Note that 72-line hex buses 6VN, 6VS, 6HW, 6HE 
are not typical buses in that the hex lines making up the 
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buses do not all start in the same tile and end in the same tile, 
i.e., there is no fiXed boundary for the bus. Twelve heX lines 
end, and another twelve heX lines begin, in each tile. This 
feature, among others, distinguishes the inventive structure 
over that of Kean and other hierarchical interconnect struc 
tures. In the hierarchical interconnect structures, an FPGA is 
divided hierarchically with periodic routing structures at the 
hierarchical boundaries. The present invention uses identical 
tiles, each of which tiles includes end segments of some of 
the lines. 

[0050] Other Buses 

[0051] North, south, east, and west single-length buses (N, 
S, E, and W respectively), each 24 lines wide, are also 
provided. These single-length buses connect to each other 
within switching structure 403 located in programmable 
region PROG-2. In FIG. 2, single-length buses S, W and E 
are shown entering switching structure 403 in two positions, 
in order to correspond to FIG. 4. However, the bus segments 
labeled S, W, and E pass continuously through switching 
structure 403. The way these bus segments pass through 
switching structure 403 is clarified in FIG. 2A, which shows 
a different representation of switching structure 403, but is 
otherwise the same as FIG. 2. 

[0052] In this embodiment, each single-length line can be 
connected to the input multipleXer IMUX-2. Each single 
length line can also be connected to some of the heX lines. 

[0053] FIG. 2 includes another feature: horiZontal and 
vertical long line buses. Each of the two long line buses is 
12 lines wide. Two-line buses 437P, 438 (corresponding to 
lines LVO and LV6, LHO and LH6, respectively, in FIGS. 4 
and 7) taken from each long line bus eXtend into program 
mable region PROG-2 where they can be programmably 
connected to drive heX lines. The two accessed long lines in 
each long line bus are separated from each other by siX lines, 
and each long line is accessed every siXth tile. Two-line 
buses 437I, 438 taken from each long line bus eXtend from 
input multipleXer IMUX-2, which can provide signals to the 
long lines. (Two-line bus 437I includes the same two signals 
as two-line bus 437P.) The horiZontal long line bus is 
designated LHW at the west end and LHE at the east end of 
FIG. 2. LHW and LHE eXtend through an offset region 422 
(shown in FIG. 3) which offsets the bus by one line per tile. 
In this manner, each identical tile accesses two different lines 
of horiZontal long line bus LHW/LHE, and each long line is 
accessed every siXth tile. Similarly, the vertical long line bus 
is designated LVN at the north end and LVS at the south end 
of FIG. 2. LVN and LVS eXtend through an offset region 421 
similar to offset region 422. The long line buses eXtend the 
entire length or width of the tile array. 

[0054] Another bus eXtends horiZontally through the pro 
grammable region PROG-2, a tristate buffer bus, 4 lines 
wide, designated TW at the west end and TE at the east end 
of FIG. 2. TW and TE are connected by programmable 
offset region 423. Programmable offset region 423 is similar 
to offset regions 421 and 422 in that it offsets the bus by one 
line, however, programmable offset region 423 is only four 
lines wide and also includes one programmable bidirectional 
PIP for eXtending the length of bus TW or TE. (The internal 
structure of programmable offset region 423 is shown in 
FIG. 3.) This PIP can be used either to “break” each line of 
the tristate bus every fourth tile, or to connect lines together 
every fourth tile to continue a tristate line up to the full width 
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of the tile array. Two eXamples of tristate buses that can be 
used are described by Steven P. Young et al in commonly 
assigned U.S. Pat. No. 5,677,638, entitled “High Speed 
Tristate Bus with MultipleXers for Selecting Bus Driver”, 
issued Oct. 14, 1997, and commonly assigned U.S. Pat. No. 
5,847,580, “High Speed Bidirectional Bus with Multiplex 
ers”, by Bapat et al, issued Dec. 8, 1998, both of which are 
incorporated herein by reference. 

[0055] Programmable Bus Connections 

[0056] Programmable bus connections are located in 
region INTERCONNECT-2, which is part of programmable 
region PROG-2. Where heX buses cross single-length buses, 
open triangles indicate programmable connections in which 
one of the heX lines at the base of the triangle can drive one 
of the single-length lines at the tip of the triangle. Triangles 
pointing to heX lines represent buffered connections, and 
triangles pointing to single-length lines represent unbuffered 
connections such as simple pass transistors. 

[0057] Note that not all intersections have triangles. For 
eXample, heX bus segment 6V can connect to east and west 
single-length buses E and W, but not to north and south 
buses N and S. Similarly, heX bus segment 6H can connect 
to north and south single-length buses N and S, but not to 
east and west buses E and W. HeX bus segment 6S coming 
from the south can connect to east and west single-length 
buses E and W and also to north bus N. This partial 
connectivity saves silicon area while still providing useful 
connections for good routability and performance. Similarly, 
heX bus segment 6N coming from the north can connect to 
east and west single-length buses E and W and also to south 
bus S, heX bus segment 6W coming from the west can 
connect to north and south single-length buses N and S and 
also to east bus E, and heX bus segment 6E coming from the 
east can connect to north and south single-length buses N 
and S and also to west bus W. In each of these cases, the 
connection may be limited by hardware or software to being 
unidirectional such that the heX buses can drive the single 
length buses, but the single-length buses cannot drive the 
heX buses. (In the actual hardware of this embodiment, the 
connection is a bidirectional pass-gate, whereby the single 
length buses can drive the heX buses. However, doing so 
reduces the speed of the resulting signal path dramatically, 
and therefore software for programming the FPGA does not 
select such a path.) 

[0058] All of the single-length buses can be driven by 
output multipleXer OMUX-2 by way of output bus OUT. 
HeX bus segments 6E, 6W, 6N, and 6S can also be driven by 
output bus OUT. 

[0059] Vertical heX bus segments 6N and 6S can be 
connected together via programmable bus connection 404. 
(The internal structure of programmable bus connection 404 
is shown in FIG. 4.) In this fashion, a line in a vertical heX 
bus can be continued 12, 18 or more tiles, rather than 
terminating after 6 tiles. Similarly, horiZontal heX bus seg 
ments 6W and 6E can be connected together via program 
mable bus connection 405. Additionally, vertical heX bus 
segments 6N and 6S can be connected to horiZontal heX bus 
segments 6W and 6E via programmable bus connections 
406, 407, 408, and 409. The connectivity of these bus 
connections is shown in FIG. 4. Note also that heX bus 
segment 6V (which implements the connection to the third 
tile in the vertical direction) can drive horiZontal heX bus 



US 2002/0008541 A1 

segments 6W and 6E. Similarly, heX bus segment 6H (which 
implements the connection to the third tile in the horizontal 
direction) can drive vertical heX bus segments 6N and 6S. 
By this means, the direction of a signal path is easily 
changed between horiZontal and vertical. 

[0060] HoriZontal heX bus segments 6E and 6W in a given 
tile can be driven by the two horiZontal long lines accessed 
in the same tile. Vertical heX bus segments 6N and 6S in a 
given tile can be driven by the two vertical long lines 
accessed in the same tile. This capability allows a signal on 
a long line to fan out to an entire row or column of tiles with 
high speed, as later shown in FIGS. 10-12, by routing from 
the long line to each heX line (and hence to single lines) 
rather than propagating serially along the heX lines. 

[0061] Switching structure 403 allows each single-length 
bus (N, S, E, W) to be connected to each of the other 
single-length buses. The connectivity in switching structure 
403 is shown in FIG. 4, and is also described and shown in 
detail in FIG. 6A of commonly assigned U.S. Pat. No. 
5,828,230 entitled “FPGA Two Turn Routing Structure with 
Lane Changing and Minimum Diffusion Area” by Steven P. 
Young, which is hereby incorporated herein by reference. 

[0062] Significance of Programmable Bus Connections 

[0063] The bus connections in FIG. 2 implement an 
interconnect structure for FPGAs according to the invention. 
The buses of this embodiment interact in the following 
ways: 1) long lines can drive heX buses parallel thereto, but 
cannot drive either perpendicular heX buses or single-length 
buses eXcept through the parallel heX buses, 2) heX buses can 
drive single-length buses both parallel and perpendicular 
thereto, but single-length buses cannot drive heX buses 
(although in one embodiment heX buses and single-length 
buses are connected through bidirectional PIPs, so a soft 
ware limitation is imposed to make these connections uni 
directional), 3) heX buses can further drive other heX buses 
both parallel and perpendicular thereto, and 4) most heX 
buses cannot connect to the inputs of input multipleXer 
IMUX-2, although a limited number of lines from the heX 
buses can make such connections, as is later described. 
Therefore, in the interconnect structure of FIG. 2, it is 
preferred to make connections between tiles by placing a 
signal first on the longest suitable line and from there 
moving the signal to a shorter line. For eXample: 1) a 
connection to a logic block three or siX tiles away would be 
made through a heX line, switching to a single-length line to 
reach the input multipleXer, 2) a connection to a logic block 
seven tiles away would be made through first a heX line and 
then a single-length line (this connection requires no more 
PIPs than the first eXample), 3) a connection to a logic block 
on the other side of the FPGA would be made through first 
a long line, then a heX line, then transferred to one or more 
single-length lines before entering the destination input 
multipleXer. In this manner, large RC trees are avoided, by 
ensuring that unbuffered PIPs do not drive heavily loaded 
lines. Further, the various types of signal paths throughout 
the interconnect structure have similar delays, increasing the 
overall performance of the circuit. 

[0064] Of course, many signal paths do not travel only 
within one column or one row of tiles. To turn a corner, a 

signal path can move from a given single-length line to a 
perpendicular single-length line through the switching struc 
ture 403, or from a given heX line to a perpendicular heX line. 
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[0065] Programmable Logic Portion of the Tile 

[0066] The interconnect portion INTERCONNECT-Z of 
the repeatable tile of FIG. 2 eXists only for the purpose of 
delivering signals between the logic blocks in different tiles. 
The logic block LB of this embodiment comprises a con 
figurable logic element CLE-2, an output multipleXer 
OMUX-2, an input multipleXer IMUX-2, and two tristate 
buffers 445. (The number of tristate buffers can of course 
vary in other embodiments of the invention.) Configurable 
logic element CLE-2, input multipleXer IMUX-2, and output 
multipleXer OMUX-2 in FIG. 2 have small solid black 
triangles on each input and output. The direction of the apeX 
of the triangle indicates the direction of the signal llow. 
Thus, a triangle with its apeX inside the rectangular boX 
indicates an input line or bus and a triangle with its apeX 
outside the rectangular boX indicates an output line or bus. 

[0067] Input multipleXer IMUX-2 of this embodiment 
accepts inputs from: 1) each of single-length buses N, S, E, 
W, 2) four lines 428 of each 12-line vertical heX bus 42, 43, 
44, 45, 46, 47, 3) four lines 429 from 8-line output bus OUT 
from output multipleXer OMUX-Z, and 4) a total of four 
fast-feedback lines 430 from configurable logic element 
CLE-2. Input multipleXer IMUX-2 can programmably cre 
ate the following output signals: 1) two 13-line buses 436 
that provide input signals to configurable logic element 
CLE-2, 2) two signal lines 431 that drive the data inputs of 
tristate buffers 445, 3) two signal lines 432 that enable 
tristate buffers 445, 4) two lines of vertical long line bus 
LVS, and 5) two lines of horiZontal long line bus LHE. 

[0068] Configurable logic element CLE-2 accepts only 
inputs from input multipleXer IMUX-2, and drives 12 output 
lines shown in FIG. 2 as two 6-line buses 433. Four of these 
output lines form fast-feedback paths 430 to input multi 
pleXer IMUX-2. Outputs 433 from configurable logic ele 
ment CLE-2 drive output multipleXer OMUX-2. OMUX-2 
gets one additional input 434 from tristate buffer bus TW, 
and drives 8-line output bus OUT. Each of the two tristate 
buffers 445 drives two of the tristate lines in tristate buffer 
bus TW via 2-line bus 435. The connection of tristate buffers 
445 to tristate buffer bus TW is shown in more detail in FIG. 
3. 

[0069] Detailed Repeatable Tile Representation 

[0070] FIGS. 3-12 show the preferred embodiment of a 
repeatable interconnect structure according to the invention, 
which embodiment is similar to the embodiment of FIG. 2. 
FIG. 3 shows a detailed representation of a single tile in the 
preferred embodiment. All features shown in FIG. 2 are 
represented, and some additional features are included. 
Labels in FIG. 3 correspond to the same labels in FIG. 2, 
thus corresponding structures are easily identified. There is 
one difference in representation: in FIG. 3, 72-line vertical 
routing track 6VN/6VS of FIG. 2 is represented as two 
36-line vertical routing tracks, 6RN/6RS on the right and 
6LN/6LS on the left. Half of the lines of each 12-line heX 
bus are drawn on each side of programmable region PROG, 
which corresponds to programmable region PROG-2 in 
FIG. 2. This representational difference has no effect on the 
functionality of the tile. In FIG. 3, the horiZontal and 
vertical heX buses are shown with first lines of all buses are 
grouped together. Only the first lines are labeled. For 
eXample, labels 41 through 47 represent the first lines of heX 
















