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FPGA WITH DISTRIBUTED SWITCH MATRIX

Background of the Invention
" Field of the Invention _
The presént invention concerns an integrated circuit that implementsa -
5 field programmable gate array (FPGA). '
Description of the Prior Art
* Integrated circuits (ICs) have traditionally implemented a single
function, or else functions that were defined by software programming. However, in
-either case, the logic architecture that implemented the functionality was fixed
10 during the design of the IC. More recently, integrated circuits have been developed
whose logic architecture can be changed after manufacture. For example,
Programmable Logic Devices (PLDs) and Field Programmable Gate Arrays
(FPGAs) have been developed whose logic functions can be established by the user. .
One type of FPGA impleméntation is shown, for example, in U. S. patent 4,870,302.
15 Referring to Fig. 1, a typical FPGA architecture is illustrated. The logic functions
are typically done in Programmable Function Units (PFUs) 100, 101, 102, 103,
which are altemati_ﬁely referred to by workers in the art as Configurable Logic
Blocks (CLBs). Each PFU includes various logic circuit elements (AND gates, OR
gates, NAND gates, NOR gates, flip-flops, multiplexers, registers, latches, and tri-
20 state buffers, for example) that may be connected in a desired arrangement in order
to implement desired logic and memory functions. For example, typical logic
functions include combinatorial logic, adders, counters, and other data path
‘functions. Furthermore, the connections between the PFUs may also be established
as desired. Some of the means used or proposed for establishing the desired
25 connectivity within and/or between PFUs include fuses, anti-fuses, and pass
transistors controlled by program registers or electronically-erasable programmable
read-only memories (EEPROMs), for example
As illustrated in Fig. 1, the PFUs are connected together by Routmg
Nodes (R-nodes), being illustratively the conductors in groups 104, 105, 106 and
30 107. In addition, Configurable Interconnect Points (CIPs) are used to connect two or
more R-nodes together. The CIPs may be grouped as C-blocks (e.g., 108) and S-
blocks (e.g., 109), whose functions are described below. Due to their symmetric
layout, FPGAs may conceptually be dividéd into more or less identical blocks of
circuitry called Programmable Logic Cells (PLCs). For example, a given PLC (117)
35 typically includes a single PFU (101), and the associated R-nodes and CIPs as
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data path PFU or Programmable Input/Output cell (PIC). For example, conductor groups 104
- and 105 that connect to PFU 100 are referred to as the PFU Access R-nodes herein.
10 Similarly, the input and output R-nodes used to route signals into or out of a
Programmable Input/Output cell (PIC) are referred to as a PIC Access R-nodes.
Inter-Block R-nodes: The R-nodes used to route from one block to another block.
For example, conductor group 106 that connects C-block 108 and S-block 109, and
conductor group 107 that connects S-block 109 and C-block 110. '
15 Connections are typically made from the Access R-nodes to/from the
Inter-Block R-nodes by directly connecting the two R-nodes together with a CIP (a
buffer may or may not be included), These types of connections are typically
grouped into a block for each PLC called a connection block (C-Block). For
example, if a signal is an output of a PFU (100) it is placed on an output PFU Access
20 R-node (e.g., in group 105) and may then be placed on a horizontal Inter-Block R-
node (e.g., in group 107) by turning.on a CIP (e.g., in block 110) that directly
connects the two R-nodes. Similarly, if a signal is an input to a PFU it would be
taken from an Inter-Block R-node and then placed on an input PFU Access R-node
by again turning on a CIP that directly connects the two R-nodes. Connections
25 Dbetween the Inter-Block R-nodes are also made by directly connecting the two R-
nodes together with a CIP (again a buffer may or may not be included). For
‘example, if the horizontal Inter-Block R-node above is to "turn a corner” and be
placed on a vertical Inter-Block R-node, this is accomplished by turning on a CIP
that directly connects the two R-nbd?s. These types of connections are typically
30 grouped into a block for each PLC called a switch matrix block (S-Block).
* Figure 2 then shows an example of how the connections inside the C-
‘Block and S-Block can be implemented. In Fig. 2(A), a C-block is illustrated,
wherein the vertical roﬁting conductors 201 and 202 may be selectively connected to
the horizontal routing conductor 203 by means of the CIPs 205 and 206. Similarly,
35 the vertical routing conductors may be connected to the other horizontal conductors.
204, 207, 208, 209 and 210 by the-other CIPs illustrated. As shown in Fig. 2(A),
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voltage on the transistor is high, the transistor conducts, which connects the_ two
conductors. For purposes of illustration herein, a filled-in diamond illustrates the
case of a conducting CIP. When the gate voltage is low, the transistor does not
conduct. This is illustrated herein as an open diamond for the CIP. As described

10 above, these connections may alternatively be made by fuses, anti-fuses, etc.

In Flg 2(B), a typical S-block 250 is illustrated. The vertical conductor

251 is selectively connected to the horizontal conductor 253 by means of transistor
257, and to the horizontal conductor 254 by means of transistor 258. Similarly, the
vertical conductor 263 is selectively connected to horizontal conductors 253 and 254

15 by means of transistors 259 and 260, respectively. The vertical conductors 251 and
263 are selectively connected together by transistor 262, whereas the horizontal
conductors 253 and 254 are selectively connected together by transistor 261. In an
analogoué manner, the vertical conductors 252 and 264 and the horizontal
conductors 255 and 256 méy be selectively connected by the other transistors shown.

20 The problem with the above-type of architecture is that for every pair of
R-nodes that need to be connected together a CIP is needed. Since each of these
CIPs consist of components of significant size, this greatly increases the size of the
FPGA. Due to this size increase, FPGA architectures have tended to allow only a
subset of the possible connections between multiple pairs of R-nodes. But this

25 reduction in the number of possible connections between R-nodes makes-it more
difficult to route designs on a given FPGA. Therefore, it would be desirable to have
an FPGA routing architecture that Would_ allow for fewer CIPs to be used to route
inultiple R-nodes together. Thus the overall size of the routing architecture could be
smaller. |

30 Summary of the Invention

We have invented a Fleld Programmable Gate An'ay having a

hierarchical set of routing resources. In this des1gn, an additional set of R-nodes,
called Switching R-nodes, are included to route signals between, or among, R-node
conductor groups. Fer example, the Switching R-nodes may be used to connect

35 Access R-nodes and the Inter-Block R-nodes, as well as to connect the Inter-Block
R-nodes. In a typical case, a first (e. g,-horizont@l) Inter-Block R-node is connected
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-2- -described above. Around the periphery of the integrated CI rcuit are
programmabl e I nput/Qutput cells (e.g., 111, 112), al so rgferred 1 Eéﬁ’
hel ei n. These include | nput/Cutput bl ocks (e.g., 113, 114, THP=S g@?

that communicate externally to the integrated circuit vi-d
117, 118, 119, 120). ' In the curgent FPGA architectures, t he
R- nodes are typically broken into two clasSe€s: Access R-nodes: The I nput
and output R-nodes used to route signals into or out of a PFU or

Programabl e | tpatsec@nddaig. ceertical)ntey-Block Renaderhiyoneans of a SvdichingRimode.0As
a result, there need be no direct connections between any of the Inter-Block R-nodes,
although a few direct connections may be advantageous, especially for speed

- purposes. Connections from one Access R-node to another Access R-node are also
5 possible, as to provide feedback toa given PFU, or to connect PFUs in adjacent
programmable logic cells. ' - .
Brief Description of the Drawin)gg" _
Fig. 1 shows the typical prior-art FPGA routing architecture.
Fig. 2 shows typical prior-art C-block and S-block routing.
10 Fig. 3 shows one embodiment of the inventive Switching matrix.
Fig. 4 shows another embodiment of the inventive Switching matrix.
Figs. 5 and 6 show exémplary conductors layouts for implementing the Switching
R-nodes. | |
Fig. 7 shows an alternative embodiment of the invention.
15 Fig. 8 shows the connection of two switching R-nodes in adjacent progr_ammable_
logic cells.
Detailed Description
~ The following detailed description relates to an FPGA that includes a
distributed switch matrix for programmably connecting the routing conductors. The -
20 distributed switch matrix comprises groups of additional conductors, referred to as
"Switching R-nodes" herein. The Switching R-nodes programmably connect
selected ones of the routing conductors to other selected ones of the routing
conductors. In this manner, the direct connection between the conductors may be
avoided, allowing for a reduced number of programmable interconnect devices. In
25 many cases, connections between horizontal and vertical routing conductors are
provided, but connections between routing conductors in other onentauons are
possible, as discussed below.
~ Referring to Fig. 3, an exemplary embodiment of the present invention
is shown. The Switching matrix R-nodes (305-307) selectively connect the R-nodes
30 in the horizontal set #1 (conductors 301-304) and the vertical set #2 (conductors
308-312), by means of the associated CIPs (313-330) that are turned on
(conducting). For example, the R-node conductors 301 and 310 are connected by
means of Switching R-node conductor 307 and tuned-on CIPs 319 and 326.
Similarly, R-node conductors 303 and 311 are connected by means of Switching R-
35 node conductor 305 and turned-on CIPs 315 and 327. Also, R-node conductors 304

and 309 are connected by means of Switching R-node conductor 306 and turned-on
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and 105 that connect to PFU 100 are referred to as the PFU Access R-nodes
herein. Simlarly, the input. and output R-nodes used to route_signals into

or* out of a Prograrmable I nput/Qutput cell (PIC) are r ef er|r THIStSHERS HAPBEEN
Access R-nodes. Inter-Block R-nodes: The R-nodes used to rjout e REBAGHR:

bl ock to anot her block. For exanple, conductor ‘group 106 that connects
C-bl ock 108 and S-block 109, and conductor-§foup 107 that connects S-bl ock
109 and C- bl ock 110. Connections are typically made fromthe

Access R-nodesc leﬂﬁer fid! '@fee(s a‘gﬁiga%&?ﬁe‘@or?wed'ﬂ@%dnuum%uemt he

two. R-nodes t oget fer Qr _may not

These types of €ashrof $‘W@1&8 8”(‘%%@&# P&legﬁlé‘ﬂﬁ&? $ Adsgciated with ity ’L‘)‘ﬂe@&%"- PLC
called a con neeip & rbhaedr td Eorﬁvle@@ém: Svﬁtbhu%‘éﬂiﬁ@ki@ 10 af ledst 9he bédductoral Roaddeut

205) and 1ray 3ripEd RIS oBnCEP iRt Fidkit dv correst DB SUICHE Rafiofe fo.arfedt 1"
g L ou |to W(1)07R2 i géebw mnagftgf luaRCikdae(sets #2., A wil lbe ClrtHek@xp iah&rd Uéll:m,ahé R- Mgmgtst s
e 5, R oy i ol B Sk OAeod R W e e Big A °°
R-node by agaimodesrning on a CIP that directl y connects t he two R-nodes.
Connecti ons The three sets of R-nodes are typ1cally formed in two or more conductor
levels, typically metal, which are dxelectncally isolated from one another. For
10 example, the R-node set #1 may be in a first metal level, and the R-node set #2 ina
second metal level, with the Switching R-nodes formed in either level. However, if
desired, even a single conductor level can be used. For example, a single metal level
may be used for the R-nodes, with jumpers of polysilicon (or another conductor
type) provided at the cross-over locations. The CIPs are typically formed in the
15 underlying semiconductor substrate, which may be contacted by the R-node
conductors through window openings and inter-level vias according to techniques
known in the integrated circuit art. While Fig: 3 shows the logic of the Switching
R-node technique, the physical layout may be quite different. For éxample, referring
to Fig. 5, one layout shows that the switching R-node comprises conductor segment
20 56 that selectively connects vertical R-nodes 51 and 52 to horizontal R-node 50, by
- means of CIPs 53, 54.and 55. Referring to Fig. 6, another layout shows a Switching
R-node 66 that selectively connects vertical R—nodes 61 and 62 to horizontal R-node
60, by means of CIPs 63, 64 and 65.
Ina typtcal application of the present invention where a s1gnal isan-
25 output of a PFU, it is placed on an output PFU Access R-node, then routed to a
Switching R-node, and then routed to an Inter-Block R-node. For a PFU input, the
signal is taken from an Inter-Block R-node, routed onto a Switching R- node, and
then routed to an input PFU Access R-node. If multiple PFU Access R-nodes and
Inter-Block R-nodes can be connected to the same Switching R-node through the use
30 of CIPs, then fewer CIPs can be used to make the needed connections between the
PFU Access R-nodes and the Inter-Block R-nodes than in previous FPGA
architectures. Although there are many possible connections that can be made, each
Switching R-node typically carries only one signal at a time. Therefore, in the
current implementation, multiple Sv_vitching R-nodes are used to allow multiple
35 connections between PFU Access R-nodes and Inter-Block R-nodes. For the above
'example- where two Inter-Block R-nodes are routed together, the signal on one of the -
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between. the Inter-Block R-nodes are also nmade by directly connecting the
two R nodes together wwth a CIP (again a buffer may or nay .not be

"turn a corner” and be placed on a vertical Inter-Block R ndde, tRESLACED.

i icl uded). For exanple, if the horizontal Inter-Block R nod; —ﬁﬁg\gggg'smBEEN

acconpl i shed by turning on a CIP that direcly connects the =TT0des.
These types of connections are typically grouped into a bl ock for each PLC

called a switch matri x bl ock (S-Bl ock). %ure 2 then shows an
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possible connections that can be made, only one connection can be made for one
signal at a time. Therefore, in the current implementation, multiple Switching R-
nodes are used to allow multiple connections between the two groups of Inter-Block
R-nodes. .
10 _ A third type of routing, PFU feedback routing, can also be done with
- Switching R-nodes. This is done by routing an output Access R-node to a Switching
R-node, and then from the Switching R-node to an input Access R-node. Thus, the
inter-PFU routing is saved to route between different PFUs. If the Switching R-
nodes discussed above are actually the same set of Switching R- nodes, then these
15 Switching R-nodes may have all three functions of: (1) PFU Access-node to Inter-
Block R-node routing; (2) Inter-Block R-node to Inter- Block R-node routing, and
(3) PFU feedback routing. Thus the Inter-Block R- nodes do not have to make
connections to three sets of Switching R-nodes (in other words one set for each type
of routing) and the number of CIPs can be reduced further. This also allows a
20 Switching R-node to perform all three functions at the same time. Fig. 4 then shows
how a single Switching R-node can perform all three types of connections at the
same time for & given signal.- As used with regards to the present invention, a
"block™ may be considered to be a given PFU (or Input/Output cell) and the Access
R-nodes that are directly connected to it. Therefore, an Inter-Block R-node provides -
25 aconnection between two PFU’s via their associated Access R-nodes. Note that
more than one Inter-Block R-node may be involved in making the aforesaid
connection, as when a vertical Inter-Block R-node connects to a horizontal Inter-
Block R-node. ' |
Refemng further to Fig. 4, the horizontal Inter-Block R-nodes 400—403
30 and vertical Inter-Block R-nodes 404-407 are selectively connected by means of the
Switching R-nodes 408-410, and the associated CIPs. For example, as indicated: the
Inter-Block R-nodes 400 and 404 aré conhgcted via Switching R-node 409; and the
Inter-Block R-nodes 401 and 406 are connected via Switching R-node 408.
Therefore, the Switching R-nodes provifie the function noted above of selectively
35 connecting the Inter-Block R-nodes. In addition, as indicated: the input access R-
node 414 and the output access R-node 412 are connected to both the Inter-Block R-
. /’_’/
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effect transistor havi ng a first sour ce/ drai n regi on connect gdt-g—he S BEEN
ve'rf[ i cal conductor, and a.second source/drain region connect dTW(S Stﬂ’f@T ‘égD
hori zont al conductor. The gate of the transistor is controll&d by REPLA

regi ster (not shown), or other neans of stoging the desired connectivity
information. In the case of an n-channel ttafsistor, when the gate voltage
on the transistor is high, the transistor conducts, which connects the two
conduct ors. Fomoges40fsaxd 404 vih [Swdtching Runode 409, nSintlaklyl, tlmebu’tput(a'cm Rdnode

transi stor dood ARt ieRdi g fildrtlott Renol 303 Y Acsin ReGRae? e, | 1°
for the C P. AshaiSwitching R-nodesalso previde thenfupctionolsselastivelyconneatingdhe Ageess
made by fuses, RaRbdesiof 38T 4F1 fo the Inter-Block R-nodes. Note also the the Switching R-

5 node 409 connects the PFU Output Access R-node 412 to the PFU Input Access R-
node 414, providing for PFU feedback. Thus, Switching R-node 409 performs all
three functions at the same time. Still other connections are possible, as indicated by
the non-conducting CIPs shown in Fig. 4. :

In one current implementation, the Switching R-nodes are broken into
10 four sets of five R-nodes, one for each corner of the PLC. Each of these sets of R-
nodes has the ability to connect together the Inter-Block R-nodes that are in their
corner of the PLC, as well as connect the Inter-Block R-nodes in that corner to the
PFU Access R-nodes of the PFU, as well as to connect the PFU Access R-nodes of
the PFU together. For example an output PFU Access R-node can be routed to and
15 input PFU Access R-node, thus allowing feedback into the PFU. The Switching R-
nodes in each group advantageously includes 4 data conductors to provide a nibble
(4 bits) of data to the user, and also includes one (or more) control condilcto_rs to be
routed in each corner of the PLC. R-node groups that include multiples of 4 data
_ conductors (e.g., 8) are also advantageous in some cases. However, the number of
20 groups and the number of bits per group may be any number that is desired. The R-
nodes that connect to the programmable Input/Output cells (e.g., 111, 112 in Fig. 1)
may be interconnected 'by Switc_hing R-nodes in a similar manner to that described
herein for the PFU Access R-nodes and Inter-Block R-nodes. |
Referring to Fig. 8, two adjacent programmable logic cells 801 and 802
25 are illustrated. They each include horizontal Inter-Block R-nodes (805-806 and
815-816) and vertical Inter-Block R-nodes (807-808 and 817-818). In addition, each
PLC includes PFU access R-nodes (811-812 and 821-822). Also, each PLC includes
Switching R-nodes (809-810 and 819-820) that selectively connect the following:
" (1) the PFU Access R-nodes to the horizontal and vertical Inter-Block R-nodes;
30  (2) the horizontal and vertical Inter-Block R-nodes to each other; and
(3) the PFU Access R-nodes ina gi_\ﬁen PLC together to provide feedback. '

However, in addition, note that the Switching R-nodes from twd different PLCs may
be selectively connected to each other, by means of the CIPs 813 and 814. This
allows for a direct signal path between adjacent PLCs, which speeds performance by

35 avoxdmg the use of the Inter-Block R-nodes in this case. In addwiﬂl_@_._———————
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In Fig. 2(B), a typical S-block 250 is illustrated. The vertical conductor
251 is selectively connected to the horizontal conductor 253
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transi stor 257, and to the horizontal conductor 254 by neans om-rsé‘&gzgét‘gsy J
258. Simlarly, the vertical conductor 263 is selectively cornnecte

hori zontal conductors 253 and 254 by neans_g@f transistors 259 and 260,
respectively. The vertical conductors 251 and 263 are sel ectively connected

t oget her by transi stor 262, whereas the horizontal conductors 253 and 254
are sel ecti vel ynteoRieck Raodegfor ather B§es; r ansi stor 261. I n an anal ogous

gf—,‘g ner g tzgg vertical fowgﬂlétt}ié Sw&Eﬂing.{Rggé’%% ai’élhshdvhﬁinf:iﬁé.m_ t miﬂﬁahe (S
an may be sel ectivel y cogngac ) e-other transistors shown.
The probl em wi Pﬁg't one mfé’fﬁ%‘éﬁbﬁf@ 04 'tygéﬁiﬁaée Pé‘?‘f‘ﬂ ﬁﬂfc“&ﬂsoéiﬂogﬁ?' mgf
Rh nodesé | tP hat neefinéco %dashewmeﬁﬁ@ek, ]tcsogm h:imme@ﬁﬁl k:snrreeﬁﬁ@ schefiigfoe ai 6br. Of
t hese s consi st _of.cqa nts af, signiticant, size s.gfeat
i ncreases t e SPPETHHE etaﬁg% _pr%gecf. oﬁf' %n‘i\f’ ;tléaﬁlvﬁyeéég §wug|£y@& li-¥1od¢s ..
architectures bypieallyeprdeitletconaddtions betweerm IntetsBick R-nodes lpimgldnigatwo different
connecti ons bet L phe ' . t. | S, ' ' e
nunber of poss ﬁ%ﬁ@?&%ﬁ%}?k&,@%&@l Hﬁwﬁ—gg%g’ tﬁ&k‘% égﬂ 'fe‘:%%géﬁ}a‘?‘g 2 %I é&t 0
route desi gns examplgi Figa 7shaws therease wherein the swikghingRe-ndde 71 s¢lectively have
connects the conductors 72-75 lying in the same (e.g., horizontal) axis. In particular,
10 the tumed-on CIPs 76 and 79 provide a connegction between the R-nodes 72 and 75
in the illustrated case. Also, even if the R-nodes lie along different axes, they need
not be perpendicular. For example, two groups of R-nodes may lie along axes that
are diagonal to each other. Howevgr,. in most cases, one of the axes is the same as -
the major axis of the array of PFUs. |
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an FPGA routlng archltecture that would allow for fewer CIPs to be used to

route nultiple R-nodes together. Thus the overall size of th y
architecture coul y of the Invention l THIS SHEHZ‘{%%@EEN
invented a Field Pr Eﬂm"muﬂlmmwy havi ng a hi erarchi cl_setRERRACED
routing resources. - addlt onal set of R-nodes; called

Swi tchi ng R-nodes, are | nctuded % o *route si gnal s between, or anong, R-node

conductor groups. For exanple, the Switching R-nodes may be used to connect
Access R-nodesClaimsthe | nter-Bl ock R-nodes, as well as to connect the

|nter-Block R nodes. If) AniyBpRild b na ifipletherk®a Groghinihbidt Bpic function,

| nt er - Bl ock R- node i s connect

and compnsmg .
an array of programmable function units (e.g., 100, 101, 102, 103);
5 a plurality of groups of first routing conductors (e.g., 301, 302, 303,
304); and | :

a plurality of groups of second routing conductors (e.g., 308, 309, 310,
- 311, 312), : '
Characterized in that said integrated circuit further comprises a plurality
10 of groups of third routing conductors (e.g., 305, 306, 307) that each include at least -
two programmable interconnect means (e.g., 313 ... 316; 321 ... 330) for
programmably connecting selected ones of said first routing conductors to selected
ones of said second routing conductors. '

2. The integrated circuit of claim 1 wherein said groups of routing
15 conductors each comprise four data conductors.

3. The integrated circuit of claim 2 wherein said groups of routing
conductors each further comprise at least one control conductor.

4. The integrated circuit of claim 1 wherein a first group of said first
routing conductors (e.g., 412, 413, 414, 415) provides access to a first programmable

20 function unit (e.g., 411), or alternatively to a first programmable Input/Output cell,

- andasecond group of said second routing conductors (e.g., 404, 405, 406, 407) are
Inter-Block routing conductors, and a third group of said third routing conductors
(e.g.. 408, 409, 410) programmably interconnects the conductors in said first group
and said second group.

25 S. The mtegrated circuit-of claim 1 wherein a ﬁrst group of said first
' routmg conductors are Inter-Block routing conductors (e.g., 400, 401, 402, 403), and
~ a second group of said second routing conductors are also Inter-Block routing
conductors (e.g., 404, 405, 406, 407), and wherein a third group of said third routing
conductors (e.g, 408, 409, 410) prograxﬁmably interconnects the conductors in said
30 first group and said second group. ' ' '

6. The integrated circuit of claim 1 wherein a first group of said first
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- 4 - _to a secon

nter-Bl ock R-node by neans of a

lmm need be no direct connec §é1‘"ﬁ§§' BEEN .
u" ﬂﬁough a few direct connect

Swi t chi ng R-node.
any of the Inter-Bl LQ €D
advant ageous, espeéci al 1§ flor "spéed*pur poses. Connections fro ﬂne ACELS5—~

R-node to anot her Access R-node are al so PO I ble, as to provide feedback
to a given PFU, or to connect PFUs in adjdcent progranmable logic cells.
Brief Description of the Drawings Fig. 1 shows the typical prior-art FPGA
routing ar chit eottimgcondugtorLprokides acgess tocihpyts iand oatputs®fla firskpragrhnfingbleck

routing. Fig. tri
Fig. 4 shows a?gﬁ‘ﬂﬁ’r errgge g nggﬂ ﬂ?q{t h&gﬁ (}{@ tslgi\\@ﬂggn\é&@@né&%&rgrs% 469)
connects an output access routing conductor (e.g., 412) to an mput access routing
conductor (e.g., 414) of a given programmable function unit (e.g., 41 1, whereby
5 feedback is provided. -

7. The integrated circuit of claim 1 wherein said first routing conductors
are parallel to a first axis of said array, and said second routing conductors are
parallel to a second axis of said array.

" This Sheet Has Been Rep
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Figs: 5 and 6 show exenpl ary conductors..)ayouts for inplenepiing—the
Swi tching R-nodes. Fig. 7 shows an al ternative embodi ment of THHCSHFRIHAS BREN

Fi‘g. 8 shows the connection of two sw tching R-nodes in adjpcent RERLACED
programuabl e | ogic cells. Detailed Description ~ The follow ng"
detail ed description relates to an FPGA th? {.includes a distributed swtch
matrix for programmably connecting the routing conductors. The distributed
switch matrix conpri sesagmgups of additional conductors, referred to as

"Swi t chi ng R-nodes" her TWITELDISFREBGURED SWITCHMATRES v connect

sel ected ones ghstp@ routing conductors to other selected ones of the

LSEELE?O?S”ﬂSyC‘ be. avol def Sﬁs@%ﬁ%&t&%ﬁiﬁ%@ﬂﬂmnaﬁet ABFaswich o

i nterconnect daYirikefor plogrammiblyason nﬂ@@éﬁm&obt@ﬁ ubtors. ZDig distriboced

ol o o i Bl ARG (RSB ™
referred to as "Switching R-nodes”. The Switching R-nodes programmably connect
selected ones of the (e.g, horizontal) routing conductors (e.g., 301, 302, 303, 304) to
other selected ones of the (e.g., vertical) routing conductors (e.g., 308, 309, 310, 311,
312). In this manner, the direct connection between the routing conductors may be

10 avoided, allowing for a reduced number of programmable interconnect devices. In

one prefen:ed embodiment, a nibble-mode architecture is used, wherein four data
conductors are provided for each group of routing conductors, with other multiples-
of-four data conductors also being advantageous. '
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Referring to Fig. 3, an exerrpl ary enbodi nent of the present rvent o
shown. The Switching matri x R-nodes (305-307) selectively c ﬁﬁ?—ﬁ:?H gl}éé‘gBEEN

R:nodes in the horizontal set #1 (conductors 301-304) and"
#2 (conductors 308-312), by neans of the asso |at ed ClPs (3%y; §0) tha
turned on (cgy ing . For exanple, the R1 e conductors W

- connected by f° Swi tchi ng R-node condu tor 307 and tur

lated
and 326. Sim R- node conductors 303 and 311 are connec ﬁ
Swi t chi ng R- node conductor 305 and turned-on ClPs 315 and 327. Al so,

R-node conductors 3@f(and 3?9 re connected by npans of t chi ng node .
conductor 306 and—-t-m—ne-d—\d TI ﬁ| HTT \ﬁ |
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-5- "CPs 318 and 324. The other CIPs are turned off; i.e.
Note that each of the switching R-nodes has at |east two al

Ps assi%

RIS SIRERT HA

witth it: at least one CIP is provided to connect the Switch

| east one conductor in R-node set #1, and at 2I!§ast one CIP |s pr OVI ded to

connect the Switching R-node to at Ieast one

nductor in R-node set #2. As

wi Il be furth@ J€p! affhed bel ow, the R-node sets #1 and #}?—M%/Sﬂ#Qelther

Bl ock Access 'R-nodes, or alternatively Inter-Block R-
The three sets of R nodes are typically fornmed in t «j ﬁﬁgﬁug
| evel s, typically netal, which are dielectrically is fSQ)

aﬂot her dFor exanpl e, the R- ne e sI I#1 Imay behl nha fh rsthmet al Ieve‘, and
1EorGrreRdn?nee;SteLeS?R?eveﬁ-mg)nveg?gﬁﬁ dg\s/iGred\,/m. teve'ﬁl 2 | ejzgcn ugt ?3?'329\/6'
can be used. For exanple, Si-pet ;r’;des
with junpers of polysiligbn (of another conductor 328 .
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type) provided at the cross-over |ocations. The ClPs are typ o EEN

in.the underlying sem conductor substrate, which may be confacte :ﬁ;ly RS

R*node conductors through wi ndow openi ngs a}fjl nter-1level v ' -
t

techni ques known in the integrated circuit VWhile Fig. 3 shows the
| ogi ¢ of the Swi tchi ng R-node techni que, the physical |ayout may be quite

i toning R bl Gomd sco IREME ccomen: SBTGa° é??.“ﬁg% “atéficts

vertical R-nodes 51 and 52 vo~horizontal R-node 50, by nea 53, 54
and 55. Referring to Fig. ), anfj her Sﬁayout shows a Swit.chi ng RYhode 66
that selectively connect nodes 61 and 62 to0fmori zont~6@R- nobfe
60, by neans of ClPs 63, In a typ ' ;

t he present invention wh i gpan output of a P &L s pl agéd on
an. out put PFU Access R-n Dutgg to a Switching R

routed to an Inter-Block —a—FU | nput, the smgval I s {aken

an Inter-Block R-node, r h Swi tching R- node,” 'and t hen/ r out d
an input PFU Access Rbfrode. If mult{pi@ PFU Access R nodes SHIGHNG ReNAlE- BI ock
R-nodes can be connected to the sane Switching R-node through the use
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of CIPs, then fewer CIPs can be used t ét’ﬁg/needed coHnaEPILAnEMEuétMﬁ
t-he PFU Access R-nodes and the Inter-Bl c?d% than | n jpEvTOUS—FPEA
architectures. Al though there are many pd: onnect|0n< ha‘ﬁ8 Elﬁq
made, each Switching R-node typically carries onIy one si gral a aaﬁ .6
Therefore, in the current inplenentation, nmultiple SwtchirglR.nades are
used to allow nmultiple connections betweeg PFU Access R-nodes and

r—l-

I nter-Bl ock R nodes. For the above exanple vvhere two | nt er -‘Brock—R-rnedes

are routed together, t%ék%ﬂﬂoﬁlsqrﬁﬂ% DSWITCHMATRIX

Background of the Invention
Field of the Invention
The present invention concerns an integrated circuit that implements a
field programmable gate array (FPGA).
Description of the Prior Art
Integrated circuits (ICs) have traditionally implemented a single
function, or else functions that were defined by software programming. However, in
either case, the logic architecture that implemented the functionality was fixed
L during the design of the IC. More recently, integrated circuits have been developed
' whose logic architecture can be changed after manufacture. For example,
Programmable Logic Devices (PLDs) and Field Programmable Gate Arrays
(FPGAs) have been developed whose logic functions can be established by the user.
One type of FPGA implementation is shown, for example, in U. S. patent 4,870,302.
Referring to Fig. 1, a typical FPGA architecture is illustrated. The logic functions
are typically done in Programmable Function Units (PFUs) 100, 101, 102, 103,
which are alternatively referred to by workers in the art as Configurable Logic
Blocks (CLBs). Each PFU includes various logic circuit elements (AND gates, OR
gates, NAND gates, NOR gates, flip-flops, multiplexers, registers, laiches, and tri-
state buffers, for example) that may be connected in a desired arrangement in order
to implement desired logic and memory functions. For example, typical logic
functions include combinatorial logic, adders, counters, and other data path
functions. Furthermore, the connections between the PFUs may also be established
as desired. Some of the means used or proposed for establishing the desired
connectivity within and/or between PFUs include fuses, anti-fuses, and pass
transistors controlled by program registers or electronically-erasable programmable
read-only memories (EEPROMs), for example.
As illustrated in Fig. 1, the PFUs are connected together by Routing
Nodes (R-nodes), being illustratively the conductors in groups 104, 105, 106 and
107. In addition, Configurable Interconnect Points (CIPs) are used to connect two or
more R-nodes together. The CIPs may be grouped as C-blocks (e.g., 108) and S-
blocks (e.g., 109), whose functions are described below. Due to their symmetnc
layout, FPGAs may conceptually be divided into more or less.identical blocks of
circuitry called Programmable Logic Cells (PLCs). For example, a given PLC (117)
typically includes a single PFU (101), and the associated R-nodes and CIPs as
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-6- Inter-Block R-nodes would be routed onto a Swi tchi ng RE MENT SH

routed fromthe Switching R-node to the other Inter-BlocK K node.
before, if multiple Inter- Block R-nodes can be connected tlo nmﬂﬁing%
Swi tching R-node, then less CIPs can be used to make the jheleded connecti dns
bet ween them than in previous FPGA architectures. Al so as|before; although
for one Switching R-node there are nany p®ssi bl e connectipns that can.be—
made, only one connection can be nade for one signal at atine. Therefore,
in the curre a cifiQitfe BlofraifshibO
allow mul ti plragsé:rggr%ggg??%né}@rﬂp tﬁ%’hér ;ﬂ\lef'}{ Mgroug%é& I nter- 0gck odes
A third type InputQupitgslisieg, ﬂéladuad,mlsm@ferr@i todgn PHF'skereia. &@ﬁéﬁ e
Switching R Yy t & xﬁ%ﬁ@ﬁﬁa dRterpsl®y foah@
ﬁg@ﬁfomﬁgmﬁ @neL18Y 1 [L4154d A 6P iHaPtm o

Swi tching R I ng ae to an input cess
R-node. Thus lmﬁaﬁtﬂdrﬁl@ﬂlwwb%ﬂﬁaﬂﬁ@gslgb\lﬁ 1, r3 Ye between different

PFUs. |f the Swi tching, ffe RIBESEFEGAGSHRINEN0 MR Riodesird 3y pivallysrokemiate et
of Switching R- nodes, then these )

two classes: ..
Access R-nodes: The input and output R-nodes used to route signals into or out of a
- PFU or Programmable Input/Output cell (PIC). For example, conductor groups 104
and 105 that connect to PFU 100 are referred to as the PFU Access R-nodes herein.
Similarly, the input and output R-nodes used to route signals into or out of a
Programmable Input/Output cell (PIC) are referred to as a PIC Access R-nodes.
Inter-Block R-nodes: The R-nodes used to route from one block to another block.
For example, conductor group 106 that connects C-block 108 and S-block 109, and
conductor group 107 that connects S-block 109 and C-block 110.
Connections are typically made from the Access R-nodes to/from the
Inter-Block R-nodes by directly connecting the two R-nodes together with a CIP (a
buffer may or may not be included), These types of connections are typically
grouped into a block for each PLC called a connection block (C-Block). For
example, if a signal is an output of a PFU (100) it is placed on an output PFU Access
R-node (e.g., in group 105) and may then be placed on a horizontal Inter-Block R-
node (e.g., in group 107) by turning.on a CIP (e.g., in block 110) that directly
connects the two R-nodes. Similarly, if a signal is an input to a PFU it would be
taken from an Inter-Block R-node and then placed on an input PFU Access R-node
(O _ by again turning on a CIP that directly connects the two R-nodes. Connections
between.the Inter-Block R-nodes are also made by directly connecting the two R-
nodes together with a CIP (again a buffer may or may not be included). For
example, if the horizontal Inter-Block R-node above is to "turn a corner” and be
placed on a vertical Inter-Block R-node, this is accomplished by turning on a CIP
that directly connects the two R-nodes. These types of connections are typically
grouped into a block for each PLC called a switch matrix block (S-Block).
. Figure 2 then shows an example of how the connections inside the C-
Block and S-Block can be implemented. In Fig. 2(A), a C-block is illustrated,
wherein the vertical routing conductors 201 and 202 may be selectively connected to
the horizontal routing conductor 203 by means of the CIPs 205 and 206. Similarly,
the vertical routing conductors may be connected to the other horizontal conductors
204, 207, 208, 209 and 210 by the-other CIPs illustrated. As shown in Fig. 2(A),




: EPLACEMENT SHEET |
Sw tching R-nodes may have all three functions of: (1) PF
Inter- Block R-node routing; (2) Inter-Block R node to Infieq- Bho&@ﬁgggdé
routing, and (3) PFU feedback routing. Thus the Inter-Bl odk R-180 ngt
have to make connections to three sets of Switching R-nodds {(in_other words
one set for each type of routing) and t_Ige_ nunber of ClPs dan be reduced
further. This also allows a Switching R node to perform al '
at the same tine. Fig.-4 then shows how a single Switc
per f orm al | €ach(d® 1§9g§§a‘6

S . ) hi ng .R- node, can
¢ ag adinseandoARd B¥pieally compsises rieldsilegt GBS gnal .

As used W t Ravigda ekt séicd/BRIDFRfM YonhBUEA té 81 veRicaPtatdictorndissecamds i der ed
to be a given. or | nput/OJe"tgout cell) and the Acgess R- ngt?‘es that are

directly cofffEce/drainsgion conpgaicd: igthe hopizqnialgongycied ReFIFOl NG IRA¥E0L
connecti on Rejoweeled hya Ripidter (MbBshoha),r oratB&hedns @f Soeing sheRiasrdés. Not e t hat
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| nter- Bl ockolBgeodehe transistor is high, tieattaisistergrohdudthevhitlocsingctsdhe twe
2! Skl 958 pSoRRRes: SR B R S babBhT bRt o nodes
case of a conducting CIP. When the gate voltage is low, the transistor does not
conduct. This is illustrated herein as an open diamond for the CIP. As described
above, these connections may alternatively be made by fuses, anti-fuses, etc.
f In Fig. 2(B), a typical S-block 250 is illustrated. The vertical conductor
N 251 is selectively connected to the horizontal conductor 253 by means of transistor
257, and to the horizontal conductor 254 by means of transistor 258. Similarly, the
vertical conductor 263 is selectively connected to horizontal conductors 253 and 254
by means of transistors 259 and 260, respectively. The vertical conductors 251 and
263 are selectively connected together by transistor 262, whereas the horizontal
conductors 253 and 254 are selectively connected together by transistor 261. In an
analogoué manner, the vertical conductors 252 and 264 and the horizontal
conductors 255 and 256 may be selectively connected by the other transistors shown.
The problem with the above-type of architecture is that for every pair of
R-nodes that need to be connected together a-CIP is neéded. Since each of these
CIPs consist of components of significant size, this greatly increases the size of the
FPGA. Due to this size increase, FPGA architectures have tended to él.low only a
% subset of the possible connections between multiple pairs of R-nodes. But this
" reduction in the number of possible connections between R-nodes makes-it more
difficult to route designs on a given FPGA. Therefore, it would be desirable to have
an FPGA routing architecture that would allow for fewer CIPs to be used to route
multiple R-nodes together. Thus the overall size of the routing architecture could be
smaller.
Summary of the Invention
We have invented a Field Programmable Gate Array havinga -
hierarchical set of routing resources. In this design, an additional set of R-nodes,
called Switching R-nodes, are included to route signals between, or among, R-node
. . conductor groups. For example, the Switching R-nodes may be used to connect
Access R-nodes and the Inter-Block R-nodes, as well as to connect the Inter-Block
R-nodes. In a typical case, a first (e.g, horizontal) Inter-Block R-node is connected




Swi t chi ng R-nodes 408-410, and the associated Cl Ps. For exanpﬂE@,LAQ%MENT SHEET

i-ndi cat ed:

addi ti on,

the Inter-Block R-nodes 400 and 404 are connectld via Swi tching
R-node 409; and the Inter-Block.R-nodes 401 and 406 are cohn ct1egiog1a1996

Swi tching R-node 408. Therefore, the Swi tching R-nodes propi
function noted above of selectively connecting the Inter-B o .
as indicated: the input access-B- node 414 and the output access

R- node 412 are connect ed to both the Inter-Bl ock R

-7-

to a second (e.g., vertical) Inter-Block R-node by means of a Swimhing R-node. As
a result, there need be no direct connections between any of the Inter-Block R-nodes,
although a few direct connections may be advantageous, especially for speed
purposes. Connections from one Access R-node to another Access R-node are also
possible, as to provide feedback to a given PFU, or to connect PFUs in adjacent
programmable logic cells.

Brief Description of the Drawingg; .

Fig. 1 shows the typical prior-art FPGA routing architecture.

Fig. 2 shows typical prior-art C-block and S-block routing.

Fig. 3 shows one embodiment of the inventive Switching matrix.

Fig. 4 shows another embodiment of the inventive Switching matrix.

Figs. § and 6 show exemplary conductors layouts for 1mplement1ng the Swnchmg
R-nodes.

Fig. 7 shows an alternative embodiment of the invention.

Fig. 8 shows the connection of two switching R-nodes in adjacent programmable
logic cells.

Detailed Description

The following detailed description relates to an FPGA that includes a
distributed switch matrix for programmably connecting the routing conductors. The
distributed switch matrix comprises groups of additional conductors, referred to as
"Switching R-nodes"” herein. The Switching R-nodes programmably connect
selected ones of the routing conductors to other selected ones of the routing
conductors. In this manner, the direct connection between the conductors may be
avoided, allowing for a reduced. number of programmable interconnect devices. In
many cases, connections between horizontal and vertical routing conductors are
provided, but connections between routing conductors in other orientations are
poss1ble as discussed below. '

Referring to Fig. 3, an exemplary embodiment of the present invention
is shown. The Switching matrix R-nodes (305-307) selectively connect the R-nodes
in the horizontal set #1 (conductors 301-304) and the vertical set #2 (conductors
308-312), by means of the associated CIPs (313-330) that are turned on
(conducting). For example, the. R-node conductors 301 and 310 are connected by
means of Switching R-node conductor 307 and turned-on CIPs 319 and 326.
Similarly, R-node conductors 303 and 311 are connected by means of Switching R-
node conductor 305 and turned-on CIPs 315 and 327. Also, R-node conductors 304
and 309 are connected by means of Switching R-node conductor 306 and turned-on
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nodes 400 and 404 via Switching R-node 409. Simlarly, th
R-node 412 is connected to the Inter-Block R node 403 via
410. Hence, the Switching R-nodes al so provide the functi
connecting the Access R-nodes of PFU 411 to the Inter-Bloc
also the the Switching R node 409 connectgsgthe PFU Qut put] Access R-node
412 to the PFU I nput Access R- node 414, providing for PF
Swi t chi ng R—no e 4&9 ge ne. all three functions at the sane tlﬁE. FS\till
ot her ‘connect i &#EBS ak& ‘M blee other CHRS wra twaed ot ke, pomeonivgtieg. Ngtedhas
shown in Fig. dachof the switching [Rin6d Hay'at RAst wmmo@tamlmheamt@heng
R-nodes are brgﬁﬁn i nto

f ur sets of_ fijive nodes, or ea cor
The pre. “Each AP iy aduiiend Copteet i stcting Remsedpar feay! 476 BamvErniGef e
t he Inter- Bl ocketRnandst ltaiimtonaICHPImptdvmerd to @ofikdct te S\hﬂclﬁhg:R msleve lat least
connect the In 0 t ne 0 th ce d of
Che PeU ns wophe andiEton T RRGE: Sl #er s xRS upbd oxbRaingd beEERE RpORIRY:
For exanpl e an#bangeéR rmbeﬁmdmﬁl&mmssandmsrmlﬂlmmmﬂyr{dtar-rmmk RFU
Access R-node, n&&'éés all ow ng feedback into the PFU. The Switching R-

The three sets of R-nodes are typically formed in two or more conductor
levels, typically metal, which are dielectrically isolated from one another. For
example, the R-node set #1 may be in a first metal level, and the R-node set #2 in a
second metal level, with the Switching R-nodes formed in either level. However, if

. desired, even a single conductor level can be used. For example, a single metal level
may be used for the R-nodes, with jumpers of polysilicon (or another conductor
type) provided at the cross-over locations. The CIPs are typically formed in the
underl)"ing semiconductor substrate, which may be contacted by the R-node
conductors through window openings and inter-level vias according to techniques
known in the integrated circuit art. While Fig: 3 shows the logic of the Switching
R-node technique, the physical layout may be quite different. For example, referring
to Fig. 5, one layout shows that the switching R-node comprises conductor segment
56 that selectively connects vertical R-nodes 51 and 52 to horizontal R-node 50, by
means of CIPs 53, 54 and 55. Referring to Fig. 6, another layout shows a Switching

" R-node 66 that selectively connects vertical R-nodes 61 and 62 to.horizontal R-node
60, by means of CIPs 63, 64 and 65. ' .

\_ In a typical application of the present invention where a signal is an -
output of a PFU, it is placed on an output PFU Access R-node, then routed to a
Switching R-node, and then routed to an Inter-Block R-node. For a PFU input, the

. signal is taken from an Inter-Block R-node, routed onto a Switching R- node, and
then routed to an input PFU Access R-node. If multiple PFU Access R-nodes and
Inter-Block R-nodes can be connected to the same Switching R-node through the use
of CIPs, then fewer CIPs can be used to make the needed connections between the
PFU Ac_cess_R-xiodes and the Inter-Block R-nodes than in previous FPGA '
architectures. Although there are many possible connections thai can be made, each
Switching R-node typically carries only one signal at a time. Therefore, in the
current implementation, multiple Switching R-nodes are used to allow multiple
connections between PFU Access R-nodes and Inter-Block R-nodes. For the above
example where two Inter-Block R-nodes are routed together, the signal on one of the -



nodes in each group advantageously includes 4 data conduc
.nibble (4 bits) of data to the user, and al so includes on
control conductors to be routed in each corner of the PLC]
that include multiples of 4 data conductors (e.g., 8) are also advant ageotis
in sone cases. However, the nunber of groups and the nunbdr "of~Dbitls per
group may be any nunber that is desired.-6the R nodes that{ connect tao the—1I
programabl e | nput/ Qut put cells (e.g., 111, 112 in Fig. 1) may be

| nter CO””eCt]ﬁx%r@lo&‘k@&ﬁéﬂ%@ﬂ%’?&n&d‘o@te% staﬁngmrnwe then tdwaed ftesithe bed
herein for the PFU Access R-nodes_an
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each PLC i ncwm@ctﬁmt Alldos Beforefsithough FoBdre swbhm@Rm; theraaresamtt i vel y
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together to gé&ﬁlageeuge%etg%ﬁ@ multiple connections between the two groups of Inter-Block

R-nodes.
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A third type of routing, PFU feedback routing, can also be done with
Switching R-nodes. This is done by routing an output Access R-node to a Switching
R-node, and then from the Switching R-node to an input Access R-node. Thus, the
inter-PFU routing is saved to route between different PFUs. If the Switching R-
nodes discussed above are actually the same set of Switching R- nodes, then these
Switching R-nodes may have all three functions of: (1) PFU Access-node to Inter-
Block R-node routing; (2) Inter-Block R-node to Inter- Block R-node routing, and
(3) PFU feedback routing. Thus the Inter-Block R- nodes do not have to make
connections to three sets of Switching R-nodes (in other words one set for each type
of routing) and the number of CIPs can be reduced further. This also allows a
Switching R-node to perform all three functions at the same time. Fig. 4 thgn shows
how a single Switching R-node can perform all three types of connections at the
same time for a given signal.- As used with regards to the present invention, a
"block" may be considered to be a given PFU (or Input/Output cell) and the Access
N R-nodes that are directly connected to it. Therefore, an Inter-Block R-node provides
| a connection between two PFU’s via their associated Access R-nodes. Note that
more than one Inter-Block R-node may be involved in making the aforesaid
connection, as when a vertical Inter-Block R-node connects to a horizontal Inter-
Block R-node. ' _
Referring further to Fig. 4, the horizontal Inter-Block R-nodes 400-403
and vertical Inter-Block R-nodes 404-407 are selectively connected by means of the
Switching R-nodes 408-410, and the associated CIPs. For example, as indicated: the
Inter-Block R-nodes 400 and 404 aré connected via Switching R-node 409; and the
Inter-Block.R-nodes 401 and 406 are connected via Switching R-node 408.
Therefore, the Switching R-nodes provide the function noted above of selectively
connecting the Inter-Block R-nodes. In addition, as indicated: the input access R-
node 414 and the output access R-node 412 are connected to both the Inter-Block R-
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nodes 400 and 404 via Switching R-node 409. Similarly, the output access R-node
412 is connected to the Inter-Block R-node 403 via Switching R-node 410. Hence,
the Switching R-nodes also provide the function of selectively connecting the Access
R-nodes of PFU 411 to the Inter-Block R-nodes. Note also the the Switching R-
node 409 connects the PFU Output Access R-node 412 to the PFU Input Access R-
node 414, providing for PFU feedback. Thus, Switching R-node 409 performs all
three functions at the same time. Still other connections are possible, as indicated by
the non-conducting CIPs shown in Fig. 4.
In one current implementation, the Switching R-nodes are broken into

four sets of five R-nodes, one for each corner of the PLC. Each of these sets of R-
nodes has the ability to connect together the Inter-Block R-nodes that are in their
corner of the PLC, as well as connect the Inter-Block R-nodes in that corner to the
PFU Access R-nodes of the PFU, as well as to connect the PFU Access R-nodes of
the PFU together. For example an output PFU Access R-node can be routed to and
input PFU Access R-node, thus allowing feedback into the PFU. The Switching R-
nodes in each group advantageously includes 4 data conductors to provide a nibble
(4 bits) of data to the user, and also includes one (or more) control condﬁctors to be
routed in each corner of the PLC. R-node groups that include multiples of 4 data '
conductors (e.g., 8) are also advantageous in some cases. However, the number of
groups and the number of bits per group may be any number that is desired. The R-
nodes that connect to the programmable Input/Output cells (e.g., 111, 112 in Fig. 1)
may be interconnected by Switching R-nodes in a similar manner to that described
herein for the PFU Access R-nodes and Inter-Block R-nodes.
N\ Referring to Fig. 8, two adjacent programmabile logic cells 801 and 802

are illustrated. They each include horizontal Inter-Block R-nodes (805-806 and

815-816) and vertical Inter-Block R-nodes (807-808 and 817-818). In addition, each

PLC includes PFU access R-nodes (811-812 and 821-822). Also, each PLC includes

Switching R-nodes (809-810 and 819-820) that selectively connect the following:

" (1) the PFU Access R-nodes to the horizontal and vertical Inter-Block R-nodes;

(2) the horizontal and vertical Inter-Block R-nodes to each other; and
(3) the PFU Access R-nodes in a given PLC together to provide feedback.

However, in addition, note that the Switching R-nodes from two different PLCs may
be selectively connected to each other, by means of the CIPs 813 and 814. This
allows for a direct sxgnal path between adjacent PLCs, which speeds performance by
avoiding the use of the Inter-Block R-nodes in this case. In addmon it frees the
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are shown in Figs. 4 and 8 as connected to only one corner {1 a given PLC
in a typical case additional Switching R-nodes al so connect} tp ¢ 0&ThB96
corners, so that a symetrical connection schene for all fopr{corners of
each PLC is provided. Finally note that while the Sw t chi ng] R=TTOTES
typically provide connections between Ir%e_r-BI ock R-nodes |ying along two
different axis of the array (e.g., horizontal and vertical), that is not
necessarily the case. For exanple, Fig. 7 shows the case wherein the

swi t chi ng R-IntereBlpek Renedes forotherosaniect s the conductors 72-75 lying in the

brovi do & connect i on phlageSvitdhifiPRidge: By sbnfl h MR 200 81 pdealfe 10
Al so, even i ¢nlypae romgeeka given BLEndn atypied cate aditipnal Hwjichiag R-Aedesdso
per pendi cul agonnker 10 HEHIRELeorhdR, O BAPSsymEERLADRnER 0N dchedb IDKalPiRe t hat
are di agonal to each qther. However 11 nost cases, one of the axes is the
same as the FRIPERS oiﬁpgz lglf.étxsngmwfqegy Figallpmgte that whilé the §wztchmg R-nodes
typically provide connections between Inter-Block R-nodes lying along two different
axis of the array (e.g., horizontal and vertical), that is not necessarily the case. For
example, Fig. 7 shows the case wherein the switching R-node 71 selectively
connects the conductors 72-75 lying in the same (e.g., horizontal) axis. In particular,
the turned-on CIPs 76 and 79 provide a connection between the R-nodes 72 and 75
\/ in the illustrated case. Also, even if the R-nodes lie along different axes, they need
not be perpendicular. For example, two éroups of R-nodes may lie along axes that
are diagonal to each other. However, in most cases, one of the axes is the same as
the major axis of the array of PFUs.
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Claims:
1. An Lntegrated circuit that implements a programmable logic function,
and comprising:

an array of programmable function units (e.g., 100, 101, 102, 103);

a plurality of groups of first routing conductors (e.g., 301, 302, 303,
304); and . :

a plurality of groups of second routing conductors (e.g., 308, 309, 310,
311, 312),

Characterized in that said integrated circuit further comprises a plurality
of groups of third routing conductors (e.g., 305, 306, 307) that each include at least
two programmable interconnect means (e.g., 313 ... 316; 321 ... 330) for
programmably connecting selected ones of said first routing conductors to selected
ones of said second routing conductors.

2. The integrated circuit of claim 1 wherein said groups of routing

. conductors each comprise four data conductors.

3. The integrated circuit of claim 2 wherein said groups of routing
conductors each further comprise at least one control conductor.

4. The integrated circuit of claim 1 wherein a first group of said first
routing conductors (e.g., 412, 413, 414, 415) provides access to a first programmable
function unit (e.g., 411), or alternatively to a first programmable Input/Output cell, .
and a second group of said second routing conductors (e.g., 404, 405, 406, 407) are
Inter-Block routing conductors, and a third group of said third routing conductors
(e.g., 408, 409, 410) programmably interconnects the conductors in said first group
and said second group.

5. The integrated circuit of claim 1 wherein a first group of said first
routing conductors are Inter-Block routing conductors (e.g., 400, 401, 402, 403), and
a second group of said second routing conductors are also Inter-Block routing
conductors (e.g., 404, 405, 406, 407), and wherein a third group of said third routing
conductors (e.g, 408, 409, 410) programmably interconnects the conductors in said
first group and said second group. '

6. The integrated circuit of claim 1 wherein a first group of said first

This Sheet Has Been Repl
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Characterized in that sai d integrated circuit further c n%ﬁP.Lg\&EMENT SHEET

plurality of grou ) i ng ' I B ¢ach of said
third routing mmﬂ | udes a pl WHE B bile 48 OCT 1996
I nt er connect rreéiﬂu a |y connbetihg tad fone of said
first routing ¢ ons to & - sel ected one of said secorjd Toutt ng
conduct ors. 2. The integrated circuit of claim1 wherein sdid groups _of
routi ng conductors each conprise four dataigonductors. 3. The integrated

circuit of claim2 wherein said groups of routing conductors each further

o arm 1 wner et frodnd BB Boi iR atiesRlq inpptS apdneptt S0k BHE Bredribliohic.

access to a fifusctiqmenjt,derguidile) dndnattleasnonsof saidrhiml roetingicondakctors (e.g, 409)
connects an output access routing conductor (e.g., 412) to an input access routing
conductor (e g2.,414)of a oxven programmable function unit (e.g., 411), whereby
feedback is provided.

7. The integrated circuit of claim 1 wherein said first routing conductors
are parallel to a first axis of said array, and said second routing conductors are
parallel to a second axis of said array.
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first programmabl e Input/CQutput cell, and a second group of am{PBk@ﬁMﬁNT SHEET
routing conductors are Inter- Block rout| ng [CRY Y Ase group
of said third routing conductors programmabl y | nt}é‘f EEI{:\%’%FSEW e cq ?996
[ [ [ [ rcuit o

in said first group and said second group. gnratp
claiml1 wherein a first group of said first rout| ng conduct or §
I nter-Block routing conductors, and a seg¢gpnd group of said segond routing

conductors are al so Inter-Bl ock routi ng con- ductors, and whetetn—athtTd

group of said third routing conductors Br()ééammbl I nterconnects the
conduc- tors in sajd fﬁ'?@t\g\jﬂaﬁbl)iﬁﬂ%ﬁ T E2 SYWET TRIX  The integrated

circuit of chgiadt Wherein a first group of 'said f irst routi ng conductors

provi des accesS TO 1 WPHR frogrammable gace amay (FPGA) Eictilel TR iBulld 36hic”
matrix for programmably connecting.the various routing conductors. The distributed
switch matrix comprises groups of additic_)nal conductors (e.g., 305, 306, 307),
referred to as "Switching R-nodes”. The Switchiﬁg R-nodes programmably connect
selected ones of the (e.g, horizontal) routing conductors (e.g., 301, 302, 303, 304) to
other selected ones of the (e.g., vertical) roufixig conductors (e.g., 308, 309, 310, 311,
312). In this manner, the direct connection between the routing conductors may be
avoided, allowing for a reduced number of programmable interconnect devices. In

U one preferfed embodiment, a nibble-mode architecture is used, wherein four data

conductors are provided for each group of routing conductors, with other multiples-
of-four data conductors also being advantageous.

FIGURE 3.
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unit, and at | east one of said third routing conductors conn CJE?Q$P§N¥MBHSHEET_
access routing conductor to an input access routing conductorf 4f a given
programmabl e function unit, whereby feedback is provided. Tht8 OCT 1995
integrated circuit of claim1 wherein said first routing con u tors are

parallel to a first axis of said
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arréy, and said second routing conductors are parallel to a BPM%M;MSS@ET
said array. 8. The integrated circuit of claim1 whereinjaff | east one
group of said first routing conductors and at |east one greup 01‘85007'&11996
second routing conductors are paral- lel to the same axis pf}said array.
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rou .
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conprises a group of third routing conductors, and wher ef n reaeh—ot 4
said third routing conductors in- cludes at |east two pr¢g arqw&bdé;[)

I nt er connect means for programmably connecting sel ected ¢ng¢s f1996
said first routing conductors to sel ected ones of sai d sgcnd _routing
conductors. 10. The integrated circuit of claim9 wherein & first group
of said first routing conductors providesjaccess to a first pk

function unit, or alternatively to a first programabl e |nput/CQutput cell,

out i ng condugtas, b o ONGHRMELp of sai 4 Ghr 6 outi nobEondght or

programmably i nterconnects the conductors in said first gro nd{ sai d
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group of said first routing conduct @Oatqéﬂ'r?fer-Bl ock routi nammr@@ﬁ

and a second group of sai d second r j;y 9 Q@MCtors are al §o
4 o o4 R 57,

routi:ng con- vvherelnat of said thiddir

coffductor terconnects t he conduc- tors in sai

and sai d(}%ﬁ‘oﬂm\ 2 The integrated circuit of clai ]
first gr i d f| rst routing conduagf ers provides accesg .to i nputs and
outputs of a first progranmable function unit, and at | east te+ '
third routing conductors connects an output access routing conductor to an

I nput access routing conductor of a given progranmable function unit,

wher eby feedback isyweQihged.

1. An integrated circuit that implements a program-
mable logic function, and comprising:

an array of programmable function units;

a plurality of groups of first routing conductors; and

a plurality of groups of second routing conductors,

Characterized in that said integrated circuit further

comprises a plurality of groups of third routing
conductors, wherein each of said third routing
conductors includes at least two programmable
interconnect means for programmably connecting
a selected one of said first routing conductors to a
selected one of said second routing conductors.

2. The integrated circuit of claim 1 wherein said
groups of routing conductors each comprise four data
conductors.

3. The integrated circuit of claim 2 wherein said
groups of routing conductors each further comprise at
least one control conductor.

4. The integrated circuit of claim 1 wherein a first

group of said first routing conductors provides access to
a first programmable function unit, or alternatively to a
first programmable Input/Output cell, and a second i
group of said second routing conductors are Imter- '
Block routing conductors, and a third group of said
third routing conductors programmably interconnects
the conductors in said first group and said second
group.

5. The integrated circuit of claim 1 wherein a first o
group of said first routing conductors are Inter-Block g
routing conductors, and a second group of said second -
routing conductors are also Inter-Block routing con-
ductors, and wherein a third group of said third routing
conductors programmably interconnects the conduc-
tors in said first group and said second group.

6. The integrated circuit of claim 1 wherein a first
group of said first routing conductors provides access to s
inputs and outputs of a first programmable function ’
unit, and at least one of said third routing conductors
connects an output access routing conductor to an input
access routing conductor of a given programmable
function unit, whereby feedback is provided. | |

7. The integrated circuit of claim 1 wherein said first
routing conductors are parallel to a first axis of said
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array, and said second routing conductors are parallel
to a second axis of said array.

8. The integrated circuit of claim 1 wherein at least
one group of said first routing conductors and at least
one group of said second routing conductors are paral-
lel to the same axis of said array.

9. An integrated circuit that implements a program-
mable logic function, and comprising:

an array of programmable function uaits;

a group of first routing conductors aligned parallel to

a first axis of said array; and

a group of second routing conductors aligned parallel

to a second axis that is different from said first axis;

Characterized in that said integrated circuit further

comprises a group of third routing conductors, and
wherein each of said third routing conductors in-
cludes at least two programmable interconnect
means for programmably connecting selected ones
of said first routing conductors to selected ones of
said second routing conductors.

10. The integrated circuit of claim 9 wherein a first
group of said first routing conductors provides access to
a first programmable function unit, or alternatively to a

" first programmable Input/Output cell, and a second
group of said second routing conductors are Inter-
Block routing conductors, and a third group of said
third routing conductors programmably interconnects
the conductors in said first group and said second
group.

11. The integrated circuit of claim 9 wherein a first
group of said first routing conductors are Inter-Block

. routing conductors, and a second group of said second
routing conductors are also Inter-Block routing con-
ductors, and wherein a third group of said third routing
conductors programmably interconnects the conduc-
tors in said first group and said second group.

12. The integrated circuit of claim 9 wherein a first
group of said first routing conductors provides access to
inputs and outputs of a first programmable function
unit, and at least one of said third routing conductors
connects an cutput access routing conductor to an input
access routing conductor of a given programmable
function unit, whereby feedback is provided.




a group of inter-block routing conductors; Characterized in tﬁﬁ?%&!"@m SHEET _,.

adj acent programabl e | ogic cells each further conprise ajggoup of

. SWI}Ch" i ng rout| ng conductors wherei n each of said wift 76 1997
routing at Ieast t wo programmabl e i nt ¢r ¢onnect
means, that ‘mm”ml y connect said group of access r¢uttmgTomn:
ductors and ‘mm er-bl ock routs ng con- ductorg; and
further charattériZed”in that ~group of swi tching routi ng conductors in
one of said adjacent pro- “grammabl e logic cells also progranmably
connect to at |least one group of switching routing conduc- tors in
anot her of said adj acent £rogrambl e | ogic cells

n integrated circuit comprising at least two

ad_]acent programmable logic cells each comprising:

a programmable function unit,

a group of access routing conductors connected to
inputs and outputs of the programmable function
unit; and

a group of inter-block routing conductors;

Characterized in that said adjacent programmable
logic cells each further comprise a group of switch-
ing routing conductors, wherein each of said
switching routing conductors includes at least two
programmmable interconnect means, that program-
mably connect said group of access routing con-
ductors and said group of inter-block routing con-
ductors;

and further characterized in that group of switching
routing conductors in one of said adjacent pro-
grammable logic cells also programmably connect
to at least one group of switching routing conduc-
tors in another of saxd adjacent programmable
logic cells.
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) FPGA WITH DISTRIBUTED SWITCH MATRIX

Abstract _ '

A field programmable gate array (FPGA) inciudes a distributed switch
matrix for programmably connecting the various routing conductors. The distributed
switch matrix comprises groups of addmonal conductors (e.g., 305, 306, 307),
referred to as "Switching R-nodes”. The Swuchmg R-nodes programmably connect
selected ones of the (e.g, honzontal) routing conductors (e.g., 301, 302, 303, 304) to
other seleéted ones of the (e.g., verticil)' rouﬁﬁg conductors (e.g., 308, 309, 310, 311,
312). In this manner, the direct connection between the routing conductors may be
avoided, allowmg for a reduced number of programmable interconnect devices. In
one prefexred embodiment, a nibble-mode architecture is used, wherein four data
conductors are provided for each group of routing conductors, with other multiples-
of-four data conductors also being advantageous.

FIGURE 3.




