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: 1. CROSS REFERENCE TO RELATED
B PATENTS AND APPLICATIONS
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1. CROSS REFERENCE TO
PCT/US92/07376

' The present applicatiéh is a continuation-in-part

of U.S. Patent Application No,
November 2,

07/608,415 filed
1990 which is incorporated herein by
reference.
Logic Cell and Array" is related and incorporated
herein by reference.
related to an application by inventors Atluri,
Camarota, Chen, Furtek, Garverick, Hawley, Moni,
Pickett, ?opli, Smith, Sutherland, and Ting, for
"configurable Logic Array” which is filed

15 simultaneously herawith.

10

2. FEIELD OF THE INVENTION
This invention relates to the field of digital

U.S. Patent No. 5,013,736 for "Programmable

The present application is also

logic circuits and, more particulariy; to programmable

and reprogrammable logic devices.
20

3. BACKGROUND OF THE INVENTION
The '415 application describes an array of

programmable logic cells, wherein each logic cell is

2 structurally identical.

The logic cells of the array

are arranged in a two-dimensional matrix such that each

cell has four nearest-neighbor cells,

one above it (or to the North) and one below it {or

the South).
30

For each of the four directions (North,

one to its left
{(or to the West), one to its right (or to the East),

to

South, East and West), the cell has two inputs and two
outputs which are connected to the two outputs and two
inputs of the nearcét-neighbor cell in that direction.
Thus, signal flow is possible in both directions in -

both dimensions.
35
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2
PATENTS AND APPLI CATI ONS The present application is a

conti nuaw?);g,{,ggfpart of U S. Patent Application No. 07/ 608, p&Prudobadsse
Novenber 2, 1990 which is incorporated herein by reference. U S. Patent No.

5,019,736 for "Programmable Logic Cell and Array” is related and
i ncor por ated herein fiy.raf erente. 'The pppiceatappl deptices as al so rel ated

How oy Noni . SRAGRRRRR Louss alray, TRCEPRRRssTRE ren g  FE anE T S
"Configurabl e Lot qetank’ 1Rhi cKeildsiRRedrei aurangedusnyahbweni t h.
dimensional matrix of rows and columns and are

5 interconnected by bus network 12 by connections not
shown in Fig. 1. The cells are also interconnected by
a two-dimensional array of direct connections between a
cell and its four nearest-neighbors, (i.e., the four
cells immediately adjacent to the North, East, South

jg and West). The bus network 12, which comprises
repeaters 24 and vertical and horizontal buses 25, 26,
27, provides for the transfer of data within the array
10 without regquiring individual cells 22 to act as
logical wires. Although implicitly present, discussion

15 of bus structure is hereinafter omitted since it is not
relevant to the present invention.

One object of the present invention is to
provide an improved logic cell with greatly enhanced
flexibility yet relatively modest increase in size.

20 Another object is to provide an improved array
similar to that of the '415 application but including
an improved logic cell.

In the array of the '415 application, depending on
the logical function implemented by a given cell, the

25 ability of that cell to also implement "logical wires"
between its unused inputs/ocutputs is sométimes
restricted. This can result in inefficient utilizationr
of the cells in the array of the '415 application
because certain cells may be required merely to °

30 implement the logical wire functions.

Yet another object of the present invention is to -
provide an improved array, including an improved cell,
in which the logical connections between a cell's
unused inputs and outputs are not blocked.

35
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2. FIELD OF THE | NVENTI ON This invention relates to the field of
digital logic circuits and, nore particularly, to programmble and

reprograﬂiﬁaﬁ/&ﬁ ogi ¢ devi ces. 3. BACKGROUND CRCTYHSIRAVENTI ON
The ' 415 application describes an array of programuable |ogic cells,
wherein each logic cell is structurally identical. The logic cells of the

array are arranged in a two-4di meUMMARY| ORRTHEX INMENTI@Nt each cell has four
near est - nei ghbor cephs. %fwe&@ iifvenitaldn ﬁ:@'bvﬁ.@e%hﬁnv‘&ﬁb}:ovgﬂeléexbt5 ri ght
(or to the EaSt)i Ongrahggeaﬁta fgéféocg q g%%% s%g onetggtog%lghgor to
'415 application. A preferred embocdiment of the
5 improved logic cell of the present invention comprises
two levels of combinational logic and a register
disposed downstream from the two levels of
combinational logic. While the improved cell of the
present invention is not significantly larger, in terms
j0 ©f VLSI area, than that employed in the array of the
1415 application, its improved design facilitates
implementation of significantly denser logic in the
array. For example, implementing a multiplexer, which
would reguire six cells using the logic cells of the
15 '415 application, requires only one cell in the present
invention. Similar savings are achieved for other
functional blocks, including loadable shift registers,
counters, and others. Moreover, since the speed of the
logic implemented on the array is largely determined by
20 the delay associated with the connections between cells
in the array, the arrays of the present invention,
which implement a much larger fraction of the necessary
logical connections within a single cell, can achieve
higher performance than those described in the '415
25 application.

The present invention also provides an improved
array, including an improved logic cell, in which the
unused inputs and outputs of a cell can be logicglly
connected through a multiplexing means disposed within

30 the cell. For example, with such an array in which
each cell has four inputs and four outputs, a single
cell could be employed both as a half adder (using two
inputs and two outputs), and as a routing element to
provide connections between the two unused inputs and

35 outputs.
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the South). For each of the four diregtions (North, South, East and Vest),
the cell has two inputs and two outputs which are connected to the two
out puts MO MBMESThput s of the nearest-nei ghbor cell in that PEIYE8%2/41376
Thus, signal flowis possible in both directions in both dinensions.

5. N O WINGS

These and other objects, features and advantages
of the invention may be better understood by referring
to the following detailed description, which should be

g read in conjunction with the accompanying drawings in
which:

' Fig. 1 is a diagrammatic illustration of an
exemplary portion of an array of cells, with bussing
omitted, in accordance with the '415 application;

10 Fig. 2 is a logic diagram illustrating a preferred
cell core containing the essential features of the
improved logic cell in accordance with the present
invention;

Fig. 3 is a logic diagram depicting an alternative

15 logic implementation of the preferred cell core in
accordance with the present invention;

Figs. 4A-4E show an exemplary implementation and a
number of possible configuration states of the
configurable-interconnect element 25 of Figs. 2 and 3;

20 Fig. 5 is a logic diagram illustrating how the
cell core of Fig. 2 is configured to implement a
multiplexer function;

Fig. 6 is a logic diagram illustrating how the
cell core of Fig. 2 is configured to implement a 1~bi<«

25 slice of a parallel-loadable shift register;

Fig. 7 is a logic diagram illustrating how the
cell core of Fig. 2 is configured to implement the
logic for a 1l-bit slice of a binary counter; .

Fig. 8 is a logic diagram illustrating how the

30 cell core of Fig. 2 is configured to implement the
logic for a register with clock enable;

Figs. 9A-9D are diagrams showing the circuit
implementations and logic symbols for the gefault "1i"
and default “0" programmable pass gate elements

35
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Fig. 1 of the '415 application depicts §prograrrmable |l ogic array 10

conpri si RYpd3lgss;-22 and a bus network 12. Cells 22 are arrapgqmsgy@:;t;y\o-
di nensional matrix of rows and columms and are interconnecte

network 12 by connections not shown in Fig. 1. The cells are also

i nt er connect ed e%laybuoxeh B'SOEtQ!Dabfaﬂi@.}’l@éxéiléélSI EMPEEhd XS dret ween a

cell and its fo nearesg ng 8 .e., the four cells imediately
adj acent to th& ﬁonﬁ?‘E £NVERHERD

Figs. 10A-10D are.diagrams showing the circuit

implementations and logic symbols for the default "1i"

g and default "O0" programmable multiplexer elements
employed in several of the 'logic cell embodiments of
the present invention;

Fig. 11 is a logic diagram showing one embodiment
of the improved logic cell in accordance with the

;o Present invention for use in an array as depicted in
Fig. 1;

Fig. 12 is a logic diagram showing another
embodiment of the improved logic cell in accordance
with the present invention for use in an array as

15 depicted in Fig. 1;

Fig. 13 is a logic diagram showing still another
embodiment of the improved logic cell in accordance
with the present invention for use in an array as
depicted in Pig. 1;

20 Fig. 14 is a logic diagram showing a preferred
embodiment of the improved logic cell in accordance
with the present invention for use in an array as
depicted in Fig. 1;

Figs. 15A-15YY is a series of logic diagrams of

25 illustrative configuration states of the preferred
logic cell embodiment shown in Fig. 14;

Fig. 16 is a diagrammatic illustration of an
exemplary portion of an array in which each cell has’
four inputs and four outputs, one input and one output

30 for each of its four nearest-neighbor cells;

Fig. 17 is a logic diagram showing one embodiment
of the improved logic cell in accordance with the
present invention for use in an array as depicted in
Fig. 16;

35
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and West). The bus network 12, which conprises repeaters 24 and verti cal
and hori »0®©al088Uses 25, 26, 27, provides for the transfer BCTHESR/0ICHI n
the array 10 without requiring individual cells 22 to act as |logical wres.
Al 't hough inplicitly present, discussion of bus structure is hereinafter
onmtted since it is mp. red esant lbgithdipgeaanshiowiagt andther One

obj ect. of the DeSceliadil' Sl G0 Hpkd BEOYLYSca0  IPAAVEL LRgRE el | i U1

greatly enhanced™ 17T Brative i iIcCrease™In
Anot her obj ect wsﬁncﬁQﬂ(PAQ§9ﬂ%ﬂlmﬂﬁﬂéﬁéé éprayss|ﬁnlan FQrPMaQSOf the 415

application butdéigggghryheyld mreqved | ogic cell. In the array of the
"415 application, dependi ng on
5

6. DETAILED DESCRIPTION OF THE DRAWINGS

Fig. 1 depicts the direct interconnections within
an exemplary portion of an array of cells 1 such as
that described in the '415 application. As is

1o apparent, the cells are arranged in a two-dimensional
matrix with each cell having four nearest-neighbors,
one to its left (or to the West), one to its right (or
to the East), one above it (or to the North) and one
below it (or to the South}. Each cell 1 is identical

15 with respect to its direct connections to its four
nearest-neighbors. To each such neighbor, the cell
provides two outputs and from each such neighbor the
cell receives two inputs. Thus, each cell 1 has eight
inputs 2a, 2b, la, 3b, 4a, 4b, S5a, Sb and eight outputs

20 62, 6b, 7a, 7b, 8a, 8b, %a, Sb. Cell inputs and
outputs are divided into two categories "A" and "B",
whereby each cell has an A input, an A output, a B
input and a B output connected to each of its four
nearest-neighbors. Between adjacent cells, an A inpu:

25 is always connected to an A output and a B input is
always connected to a B output.

Several embodiments of an eight-input, eight-
output cell of the present invention which is suitable
for use in array such as that of Fig. 1 are shown in

30 Figs. 11-14. The invention may also be practiced using
cells with different numbers of inputs and outputs.

Two possible embodiments of a four-input, four=-output

cell suitable for use in an array such as that of

Fig. 16 are depicted in Figs. 17-18. Each of these six
35 embodiments shown in Figs. 1i-14 and 17-18 has the same
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the logical function inplenented by a giZen cell, the ability of that cel

to also i fg&ﬂ&-"logical wires” between its unused inputs/pedlpabsrolrie
sonetinesa?Ls ficted. This can result in inefficient utilization of the

cells in the array of the '415 application because certain cells may be
required nerely to inplement the |ogical wre functions. Yet anot her
object of the pasienstruesureonriceld ¢ooei de mnefenred chtayimenti wdl udi ng
an inproved cel kiR Wai @BpliBeed 0Tk CEthe COMPES A PhSr IR IR A Gel | 28 unused
| nputs and Outp%%%w%tetggg QLQEkggte has two levels of logic, the
first of which comprises two combinational gates;
5 illustratively AND gates 21 and 23, and the second of
which comprises two combinational gates, illustratively
EXCLUSIVE OR (XOR) gate 28 and AND gate 41, a
configurable-interconnect element 25 which provides
input to the first level of logic, a register 33
1g downstream of XOR gate 28, and a configuration control
48.

The cell core has first, second and third logical
inputs 20, 22, 24. 1Inputs 20, 22, and 24 may originate
from the nearest-neighbor cells, from a bus network

15 (like that shown in the '415 application or in the
previously referenced related application "Configurable
Logic Array”), from some other source or from some
combination of these.

In the cell core, the first logical input 20

20 enters upstream AND gate 21, and the second logical
input 22 enters upstream AND gate 23. Input 24 is
applied to configurable-interconnect element 25 which
generates a first output 26 and a second output 27.
Configurable-interconnect element 25 has at least two

25 configuration states which are controlled by value(s)
supplied by configuration control 48.

Configuration control 48 may be supplied via a
variety of means, including but not limited to a
control-store memory associated either with the cells

30 or the array, a combinational function of other cells’
configuration controls, or electronically fusible,
electrically, optically or magnetically programmable
circuit elements. For generality, only the
configuration-control lines 48 are shown in the

35 drawings of the logic cell.
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&
- 3- 4. SUMVARY OF THE | NVENTI ON The present invention

provi des ved |l ogic cell for use in a logic cell arrqw:ﬁﬁﬁﬁ hat
oF t he Wo 93705 g 27334

Fig. 4A shows an exemplary implementation 25a of
the configurable-interconnect element 25.
configurable-interconnect element 25a comprises pass
gates 206 and 207, and NAND gates 202 and 203.

5 configurable-interconnect element 25a is configured by
the values of three inputs: configuration-control
inputs 208 and 209, and an environment input 210.
configuration-control inputs 208 and 209 are derived
from the previously discussed configuration control 48.

10 Environment input 210 is derived as a combinational
function of various configuration-control signals from
the cell and from neighboring cells.

Environment signal 210 and configuration-control
signal 209 are combined by NAND gate 202 to produce

15 signal 204. Signal 204 controls pass gates 206 and
207. Since the enable polarity of pass gates 206 and
207 is opposite, only one of these pass gates is active
at any time. When pass gate 207 is active,
configurable-interconnect element input 24 drives

20 configurable-interconnect element output 26 and the
input of NAND gate 203. Configurable-interconnect
element output 27 is generated by NAND gate 203, which
is gated by configuration-control signal 208. When
pass gate 206 is active, a logical "1" is directed to

25 output 26 and is gated through NAND gate 203 to output
27. |

Four states of the exemplary configurable-
interconnect element 25a are shown as 50a-d. 1In
‘state 50a illustrated in Fig. 4B, the configurable-

30 interconnect element input 24 is logically connected to
the first configurable-interconnect element output 26
and is connected in logically inverted form to the
second configurable~interconnect element cutput 27.
These outputs are provided when pass gate 207 is active

35 and a high signal is provided on the control input to
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o
'415 application. A preferred enbodi nent of the inproved |logic cell of the
present i\YRjdses conprises two | evels of conbinational | ogkﬁgaggw? e
¢ HYgit.

regi ster disposed downstreamfromthe two | evels of conbina
Wil e the inproved cell of the present invention is not significantly

| arger, in ter f VLS| _area, _than a mpl pyed_in_the array of the '415
application, i Mrﬁr%\fe&%&esi éﬁ‘ F&éi‘:Pi g és"?irbf%ﬁ%ﬁ?%ﬁ’brfb‘g/' ac.
significantly devesaornfdgurablet-iatarcapnesdretamente25i sfmeenting a

mul tiplexer, which (6l ddr@dinke 19xcad! ba1ugsngnine toolgecel I's of the
'415 application, requires only oné ce resent 1nvention. Simlar

|l n the
savi ngs are acEWWI&W#EF?BPFSFI%kﬁPBERs,g“FHBFﬁd?ﬁga’l‘%a%fa'bl e shift

regi sters, ;5 regardless of the value of configurable-interconnect
element input 24. These outputs are provided when pass
gate 206 is active and a low signal is provided on
control input 208 to NAND gate 203. 1In state 50c, as
shown in Fig. 4D, input 24 is connected to output 26 by
jo Mmaking pass gate 207 active and a "1" signal is
provided at output 27 by applying a low signal to
control input 208 of NAND gate 203. 1In state 504 as
shown in Fig. 4E, a "1" signal is provided at output 2%
when pass gate 206 is active and a "0" signal is
15 provided at output 27 when a high signal is also
provided on control input 208 of NAND gate 203. There
are many ways to construct a configurable-interconnect
element 25, some of which may have other useful states.
Referring again to Fig. 2, it is evident that when
20 the configurable-interconnect element 25 is configured
in state 50b, the effect is to cause the upstream AND
gates 21 and 23 to act as pass throughs between the
first logical input 20 and output 29, and the second
logical input 22 and output 30, respectively. Alsc in
25 Fig. 2, inputs 31 and 32 of downstream EXCLUSIVE-OR
(XOR) gate 28 are connected to the outputs 29 and 30 cf
upstream AND gates 21 and 23, respectively.
Register 33 is disposed downstream with its input 34
connected to output 35 of downstream XOR gate 28"
30 Advantageously, the cell core may also include a
multiplexer 36 to select between two possible inputs,
37 and 38, the first of which is connected to a
Q output 39 of register 33 and the second <f which is
connected to output 15 of the downstream XOR gate 28.
35 A first logical output 40 of the cell core is provided
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counters and ot hers. Mdreover, since the’g%eed of the logic inplenented on
the arra /PHY gel y det er ni ned by the del ay associ ated w t ACTAS892/073%0
connectlons betmeen cells in the array, the arrays of the present

i nvention, which inplenment a nuch larger fraction of the necessary | ogical
connect i ons Wwi bhi mubtipheger c4 |to dwighdioirdvng Iviedlisr, peblusr menwerkhan t hose

descri bed in tQ&aﬁlii/@@P'é@asﬁx% dest inBRS diisSS & slo%\ée%knsgnakﬁenpmv' des
an i nproved array,. including an i nproved logic cell, in t he unused

i nputs and outplit&h®$ea cell can be l'ogically connected through a
mul ti pl exi ng neans Theposkll avrteialsca mdludesFaowesarelat, AWDt h such an

array in whichogagh, el |\ duiladuiltiread hde® YarQULRUL Sowdstlghe
AND gate 41 derives its two inputs 42 and 43 from the
cutputs 29 and 30 of the upstream AND gates 21 and 23.
An output 44 of the downstream AND gate 41 is provided
to a second logical output 45 of the cell core which,

10 like the first logical output 40, may connect to
neighboring cells, a bus network, array I/0s, other
destinations, or some combination of these.

The design of this cell core has been carefully
streamlined to be as compact and simple as possible,

15 vet still include the logical flexibility to allow
efficient implementation of a wide variety of important
functions. While functionally similar cells exist in
the art, such cells have generally employed large
programmable AND-OR array elements or similar PLD

op devices to implement the functions performed by the
four combinational gates 21, 23, 28, and 41 in the
present cell core. The inclusion of such programmable
AND-OR array elements in a cell has two major
drawbacks. First, it requires a significant increase

25 in the chip area needed to realize the cell, thus
allowing fewer cells to be placed on a single chip.
Second, the programmable AND-OR array element
significantly diminishes the performance of a ceill
.because of the large capacitances at its internal-

30 nodes. The cell core of the present invention realizes
the necessary flexibility, as will be later
illustrated, without such sacrifices in compactness cr
speed.

Fig. 3 depicts an alternative cell core design
35 logically equivalent to that of Fig. 2. The difference

' ""’ﬁiﬁiﬁ‘ii‘iitﬁﬁi“ﬂﬁiu



cell could be enployed both as a half addel (using two inputs and two

outputs), vagamsse routing el ement to provide connections bepggansdaie b0
unused i nputs and out puts.

petween this cell core and that of Fig. 2 is the
replacement of the upstream AND gates 21 and 23 with
NAND gates 50 and 51, and the replacement of the
downstream AND gate 41 with NOR gate 52. These changes
g have no effect on the logical functioning of the cell
core. The fact that the signals on inputs 31 and 32 to
the downstream XOR gate 28 are inverted in Fig. 3 (with
respect to the signals on inputs 31 and 32 of Fig. 2)
has no effect on the output 35 of XOR gate 28. Also,

10 bBY propagating the inverting “bubbles" from the
outputs 53 and 54 of the upstream NAND gates 50 and 51
to the inputs 55 and 56 of the downstream NOR gate 52,
the logic equivalence of NOR gate 52 and AND gate 41
becomes evident. In reality, the structure shown in

15 Fig. 3 more closely resembles an actual integrated
circuit implementation. However, since the logical
function of the cell core in Fig. 2 is more intuitive,
the logic cell embodiments illustrated in Figs. 11-14
and 17-18 are derived from the cell core of Fig. 2.

20 Fig. 5 illustrates the configuration of the cell
core of Fig. 2 as a multiplexer 60. This function .
represents an important advantage of the cell coreiﬁf
the present invention over the cell provided in the
1415 application in which such a multiplexer requires

25 six cells. In the multiplexer configuration 60
depicted in Fig. 5, the configurable-interconnect
element is configured in state 50a and multiplexer 36
is configured to select the ocutput 35 of XOR gate 28.
When input 24 to the configurable-interconnect élement

30 is logical "1", the first logical input 20 which feeds
the first upstream AND gate 21 is provided to the
output 35 of the XOR gate. When the configurabie-
interconnect element input 24 is logical "O", the
second logical input 22 of the second upstream AND

35 gate 23 is provided to the output 35 of the XOR gate.
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- 4- 5. BRI EF DESCRI PTI ON Of 9HE DRAW NGS These and ot her
obj ect s, -and advant ages of the invention nmay be bet St ood
MY, Eragd

by referring he follow ng detail ed description, which sh B8 in
conjunction with the acconpanying draw ngs in which: Fig. 1is a
diagrammatic illustration of an exenplary portion of an array of cells,

wi th bussing onittedon¥eaetanrdzhee %teaqﬂénﬁEE9ﬂ§&pﬁ¥5§FPGnPsed

downstream in such a mu;tiplexer to combine the
outputs of the upstream AND gates would be an OR gate.
Instead, the cell core of the present invention employs
g an XOR gate 28. It is possible to use an XOR gate in
the circuit of Fig. 5 since the OR and XOR gates
function identically except when both inputs are
logical "1"s and configurable-interconnect element 25
makes it impossible for both inputs to be logical "1's

10 when element 25 is in state 50a. The advantage of
using an XOR gate 28 in this position is that it is
aiso useful in implementing many important arithmetic
circuits, such as adders and counters.

Fig. 6 depicts the cell core of Fig. 2 configured

15 to function as a 1l-bit slice of a parallel-loadable
shift register 65. As with the previous multiplexer
configuration 60, the configurable-interconnect
element 25 in Fig. 6 is configured in state 50a but the
multiplexer 36 is now configured to select input 37,

20 the Q output 39 of register 33. Thus, Fig. 6 is the
same as Fig. 5 except for the inclusion of register 33;
and multiplexer 60 of Fig. 5 is identified in Fig. 6 by
the dashed line.

The operation of the parallel-loadable shift

25 register configuration is based upon that of the
previously described multiplexer configuration 60 using
the signal on input 24 as a load signal. When the
signal on input 24 entering the configurable-
interconnect element 25 is logical "1", the

30 multiplexer configuration 60 supplies Parallel Data 20
to the D input 34 of the register 33. When the
signal on input 24 is logical "0", the
multiplexer configuration 60 supplies Serial Data fror-
the previous slice to the D input 34 of the

35 register 33.

i



Fig. 2is a Iogic diagramillustrating a.b;%ferred cell core containing t he
essenti al ¢§§§ gs of the inproved logic cell in accordance ;H%

pr esent i N I"OT; Fig. 3 is a logic diagramdepicting an a ernatlve
| ogi c inplenentatlon of the preferred cell core in accordance with the

present invention; Zst ndA @ﬁeslgg\ylalgoﬁée%| ?ri ' WFSH??%@I—&@%@“C’ a

nunber of pOSSIb|e ccnﬁq ur I on states of the con ur able-1nf er connect
el ement 25 of FlgsplgpﬁﬂﬁiQPe logicrif@r 8 i15bit) §dit€edPigraRin®FYistrati ng
how the cell corg,¢hté¥ 702 iT™ Qmpfuegtumdth@ icepheeens laceyl thel exer

function; cghfxguragﬁei¥ﬂé%fyé%% 1%%%%%355”9sh8@hEQSured in
gz state 50b, so as to cause the upstream AND gates 21
and 23 to act as logical wires, and the multiplexer 36
is configured to select the Q output 39 of register 33.
In order to fully realize the binary counter function,
the Q output 39 of the register 33 must be fed back to
10 the first logical input 20. This feedback connection
may be implemented using an adjacent cell or other
feedback means, such as feedback means 110 shown in the
cell embodiments shown in Figs. 17 and 18.
Fig. 8 depicts the cell core of Fig. 2 configurec
{5 to implement a register 80 with clock enable. This
register configuration employs the multiplexer
configuration 60 to select an appropriate input 34 for
the register 33. The configurable-interconnect
element 25 is configured in state 50a and the
20 multiplexer 36 is configured to select the Q ocutput 3¢
of register 33. In this example, the signal on input
24 functions as a clock enable. When the
clock-enable signal on input 24 entering the
configurable-interconnect element 25 is logical "i",
25 register 33 receives new Data 20 at its input 34
through the multiplexer configuration 60. When the
clock enable signal on input 24 is logical “O",
register 33 is re-loaded with its current state 39,
which is returned upstream via an adjacent cell or
30 internal feedback means 110 as provided in Figs. 17 anZ
18, and back to the input 34 of register 33 by the
nultiplexer configuration 60.
Figs. 9A-9D0 illustrate programmable pass gates
with default outputs that are useful in the present
75 invention. A programmable pass gate with default "1"

This Sheet Has BeenrRe

T




14

cell core of Fig. 2 is configured to inplement a 1-bit slice of a

par al | el -hepshapdse-shift register; Fig. 7 is alogic di ﬁﬁ@swo-
illustrating how the cell core of Fig. 2 is configured to inplenent the
logic for a 1-bit slice of a binary counter; Fig. 8 is a |logic diagram

il lustrating hoyatgwer cid |shomre asf clirgui2 i 79acdnfFggreaAtananptenent t he

s (RS et isop, o g B B CGUARLET

showing the circC I mpl ement ati Ons and for t
and def aul t "O"rﬁﬁQkﬂ%ﬁn&ﬂﬂ%?ﬁﬁésétgéﬁgmépe ﬁﬂsand generates an

output at terminal 72. It also receives two logically
5 inverted signals 28a and 28b from the configuration
control. 1In a "pass" state when signal 28a is high
(and 28b is consequently low), the value at the input
at terminal 71 is passed to the output at terminal 72
by pass gate 70a. In a "default" state when signal 28a
yg 1s low, pass gate 70a supplies the default "iv
connected to node 71a to the output terminal 72. 1In
logical symbol 70b shown in Fig.. 9B, the inverted
configuration contreol signals 28a and 28b are
represented by the single configuration control signal
15 28a.

A similar programmable pass gate is shown as
circuit 73a of Fig. 9C. Pass gate 73a, however, has a
default “o" output. 1In a "pass" state when
configuration signal 28d is high (and 28c is low), pass

20 date 73a passes the input value at terminal 74 to the
output at terminal 75. In a “default" state when
signal 284 is low, pass gate 73a supplies the default
"o" connected to node 74a to the output terminal 75.

The logical symbol for the programmable pass gate

25 with default "o0" output 73b is shown in Fig. 8D. The
programmable pass gate logic symbols 70b and 73b are
used in the drawings of logic cells in Figs. 11-14 and
17-18.

The same basic idea used to implement the

30 programmable pass gates 70a and 73a with default "1"
and default "0" outputs can be extended to implement
general (N+1)-input multiplexer circuits 6la and 62a
with default "1" and default "0" outputs, as
illustrated in Fiés. 10A and 10C. Circuit 6la is an

35 (N+1)-input programmable multiplexer with default "1"

Sheet Has Been Tlaced

lIIIlIIHIIIlHIIHIl | |



-5- enpl oyed in several of the |ogiqSell enbodinents of the pr esent

i nventi on; s. 10A-10D are di agrans showi ng the circui
WO 93/05"'9 g g PCT/US92/0'3'

output. Its equivalent logic symbeol is shown in Fig.
10B as 61b. Multiplexer 6la comprises (N+1) CMOS
transmission gates 68a0-N and a chain of (N+1) PMOS
transistors 6%a0-N. Multiplexer 612 selects oneé of

5 (N+1) inputs 64a0-N to connect to output 63a by opening
the approériate transmission gate 68a0-N in response to
the values of the configuration contrel lines 65a0-N
and their logical inverses 66a0-N. If all the
configuration control lines 65a0-N are programmed to

j0 "O" such that no input is selected, multiplexer 61a
directs a "default" value, the logical "1" supplied at
input 67a, to output 63a via the chain of PMOS
transistors 69a0-N.

A programmable multiplexer with default "0" cutpu:

15 62a and its eguivalent logic symbol 62b are shown in
Figs. 10C and 10D. Multiplexer 62a comprises (N+1)
CMOS transmission gates 68a0-N and a chain of (N+1)
NMOS transistors 68b0-N. Multiplexer 62a selects one
of (N+1) inputs 64a0-N to connect to output 63b by

20 opening the appropriate transmission gate 68a0~N in
response to the values of the configuration control
lines 65a0-N and their logical inverses 66a0-=N. If ai:
the configuration control lines 65a0-N are programmed
to "0" such that no input is selected, multiplexer 622

75 directs a "default” value, the logical "0" supplied a-
input 67b, to output 63b via the chain of NMOS
transistors 68b0-N. The eguivalent logic symbols 61t
and 62b of Figs. 10B and 10D for the default output
multiplexers are used in the logic diagrams of the ce:i.

30 embodiments shown in Figs. 11-14 and 17-18.

This "default" state is particularly valuable irn
the context of a configurable logic cell, since most
cells in an array will typically be configured with
such multiplexers in their default state. The defaul:

35 output multiplexer circuits shown in Figs. 6la and 622
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I npl ementations and | ogi ¢ synbol s for thd Gefault "1" and default "0

pr ogr ammabl e nultlplexer el ements enpl oyed in several of the Ioglc cel
embodi men¥® BY0¥h

show ng one enbodi ment of the inproved | ogi c cel

present invention for use in an array as deplcted . 1 Fig.
is a logic di aghEth AWy SRS Rfo fHENRTER 1t ﬁga rrgl’-ﬂ\’rl-

he present invention; Fig. 11 is a | ogi ®&@V

I§9%ET376

in accordance with the
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8% ogic cell

accor dance mﬁthcéhenmmrnniﬁ ¢inmrittisors ifrare thesien dafaaltagugpudepi cted in

Fig. 1,

t he i nproved Ioglc ce

5

10

15

20

I n accor
control both the transmlssxon gates and the transistor

chain. Another advantage is that, depending on the
desired default value, the transistor chain only
includes one type of transistor (P or N}, saving
valuable chip area without introducing any undesirable
threshold voltage drops.

Figs. 11 through 14 show various embodiments of
the logic cell in accordance with the present invention
for use in an array such as that shown in Fig. 1.
Collectively, these embodiments represent only a few of
the possible cells incorporating the ideas present in
the cell core illustrated in Fig. 2.

All of the cell designs depicted in Figs. 11
through 14 are perfectly symmetric with respect to the
North, South, East and West directions in the array.
Unless otherwise indicated, all configurable devices
(pass gates and multiplexers) included in Figs. 10
through 14 are independently programmable. Finally,
bus outputs are omitted from Figs. 10 through 14 since

" they are not relevant to the present invention.

25

30

35

The logic cell depicted in Fig. 11 augments the
cell core of Fig. 2 in several ways to realize a cell
for use in an array. Additional inputs 80a-d and 81ia-d
to the two upstream AND gates 21 and 23 accommodate the
four "A" and four "B" inputs from neighboring cells.
Four "A" outputs and four "B" outputs are providéd fror
multiplexer 36 and AND gate 41, respectively.

Two programmable pass gates 85a and 85b and
inverting bubble 85c¢c, which form the configurable-
interconnect element 25, allow the left anid
right outputs 26, 27 from the configurable-interconnec:
element to be independently controlied. Two

i
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with the present invention for use in anl eray as depicted in Fig. 1;

Fig. 14 wpgs/eee-c di agram showing a preferred enbodi ment odctAeb/grsfRyed
logic cell in accordance with the present invention for use In an array as

depicted in Fig. 1; Figs. 15A-15YY is a series of |ogic diagrans of
illustrative copbdsammini paisy qates Bba anhaf gbedekaghg erk! enbodi ment

cxempl ary portTRRUEH A A7 9F WecRouaane Far *REsSRbar2h Bt st Ha four
out puts, one ippegrammaife RAsS)FAtesr 84achAndf bi feeflong ther ésputei §hbor
cell's; Fi gna 143 | 6 e HowndicadadManboyhie Q0epephodi 8884 of
5 these gates 28 and 41 to act as logical wires when one
of its input pass gates is configured in the "pass*
state and the other in the "default" state.
Programmable pass gates 82a-d, 83a~-d and 85a-b on each
of the inputs 80a-d and 81ia-d plus the outputs from the
10 configurable-interconnect element 25 allow each of the
two upstream AND gates 21 and 22 to implement either a
two-, three-, four-, or five-input AND function. 1In
addition, by configuring pass gates 84a and 84b in the
“pass" configuration to utilize the downstream AND
15 gate 41, an AND function of up to nine inputs 80a-d, 24
and 8la-d is possible. The advantages of the cell of
Fig. 11 include very wide ANDing and minimal use of
multiplexers (thus reducing area).
The cell shown in Fig. 12 combines the elements of
20 the previously described cell of Fig. 11 with those of
cells described in the above referenced '736 patent and
1415 application. The cell shown in Fig. 12 has the
two five-input AND gates 21 and 23, the downstream XOR
gate 28, the register 33, and the downstream AND
25 gate 41 which come from the cell of Fig. 11. 1In
addition, the cell of Fig. 12 includes an arrangement
of configurable pass gates 90a and %0b and inverting
bubble 90c which form the configurable~-interconnect
element 25 and an inverter 91 which can be programmably
30 inserted following the output 44 of the downstream AND
gate 41. The two programmable pass gates S0a and %0b
associated with the configurable-interconnect element
25 provide additional capabilities beyond those
previously discussed. When configuration-interconnect
35 element 25 is configured in state 50d, pass gate 90a is
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of the inproved logic cell in accordance with the present invention for
in an arwgﬁ’s&apl cted in Fig. 16; PCT/US92/07376

10
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20
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35

configured in the "default" state and pass gate 90b is
configured in the "pass" state, the output 30 of
upstream AND gate 23 is forced to logical "0." 1In
addition to making a logical "0" available at both the
"A" and YB" outputs of the cell, this "0" constant at
the input 31 of the downstream XOR gate 28 turns XOR
gate 28 into a logical wire from input 32 to output 35,
which is essential in implementing a l-bit-slice-~
per-cell shift register.

In addition, the output 30 of upstream AND gate 23
can be forced to logical "1" by programming pass
gates B83a-d and 90b in the "default" state. In this
case, the logical "1" at input 32 of the downstream XOR
gate 28 turns XOR gate 28 into an inverter from
input 31 to output 35, which means that an inverter may
precede the input 34 to the register 33 within a single
cell or may be connected to the "A" output of the cell.

In the cell of Fig. 12, configurable output-
selecting multiplexers 92a and 92b are added.
Preferably, multiplexers 92a and 92b are controlled in
tandem to reduce area and configuration-control
requirements. The ability to configure the downstream
AND gate 41 to be followed by an inverter 91 or not
followed by an inverter is provided by multiplexer $2b.
This adds flexibility. With the multiplexers 92a and
92b set in state "2" so as to select the "2" inputs as
their outputs, the inverter 91 is in the signal path,
the XOR function is provided on the "A" side 40 and the
NAND function on the "B" side 45 of the cell. The NAND
by itself is a universal logical function and, when
combined with the XOR, permits a full adder to be
implemented using only four cells. With the
multiplexers 92a and 92b configured in state "3" so as
to select the "3" inputs as their outputs, the cell may
be advantageously used to implement one stage of a
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Fig. 18 is a logic diagram show ng another enbodi ment of the inproved |ogic
dopi ct e O g e e T LED DESCR P ON O P B K
Fig. 1 depicts the direct interconnections wthin an exenplary portion of
apparent . the sy FRRERE athaGATY) BEO LRLLET e ARRAGHL b B 10
the cell illustrated in Fig. 12 also include very wide
ANDing and the availability of the NAND function.
In the cell shown in Fig. 13, the eight
s configurable pass gates previously associated with AND
gates 21 and 23 are replaced by multiplexers 9%4a-b and
95a-b, each of which may be configured to produce a
default logical "1" at its output. This change reduces
the fan-in to the upstream AND gates 21 and 23, thereby
10 increasing the speed of those gates. This is the only
difference between the cell shown in Fig. 13 and that
shown in Fig. 12. The advantages of the cell shown in’
Fig. 13 include moderately wide ANDing capability and
better performance than that of the cell in Fig. 12
15 because of reduced fan-in to the upstream AND gates.
A preferred embodiment of the logic cell in
accordance with the present invention is shown in
Fig. 14. 1In the cell of Fig. 14, the
nultiplexers 96a-b are each programmable to select one
20 ©f the nearest-neighbor inputs to be provided to the
input of the upstream AND gates 21 and 23. As with
multiplexers 94a-b and 95a-b in the previous cell,
multiplexers 96a-b may also be programmed to provide a
logical "1" output. This reduction in the number of
25 multiplexed inputs entering the upstream AND gates 21
and 23 is the only difference between the preferred
embodiment cell and that of Fig. 13. The advantage of
the preferred embodiment shown in Fig. 14 is the high
performance obtainable by reducing the fan-in AND
30 gates 21 and 23 from the design.
Fifty~-one configuration states of the preferred
embodiment cell are depicted in Figs. 15A~15YY. The
set of states shown in Figs. 15A-15YY does not include
separate states for each possible configuration of the
35 input multiplexers 96a and 96b, nor does it include bus
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matrix with each cell having four nearest-neighbors, one to its left (or

the Vst }yo98@sée its right (or to the East), one above it ‘(’e*ﬂ’ﬁ&f&]’%"{
h

North) and one below it (or to the South). Each cell 1 is identi<C
respect to its direct connections to its four nearest-nei ghbors. To each

such nei ghbor, el |, proyi S d .f ch nei.ghbor
the cell recei&%g€f§b iﬁ%uggig%ﬁﬁ%¥ogggﬁﬁﬁ%lH%%'ﬁégggzgﬁf F%%&?g 25, 2b
3a, 3b, 4a, 4bFiga, 13b bAsed| ontthpitfril Trre 61, Fig. 2b, iswlesientsaz ob.
Cel | inputs andapybPvapidtp &f Vasesul Nieyicd FRIRIATNRS 'aﬂiga'adeB",
wher eby each cell an_ A .ou nput and a B out put

connected to eaéhwgigpiga?%hggﬁéé‘?%%?gﬁ?%%,r%e%ageft’ween adj acent cells,

A i nput 5 All of the cell embodiments depicted thus far in
Figs. 11-14 have the property that two nets, at most,
can be routed through the cell in spite of the fact
that the cell has eight inputs from neighboring cells
and eight outputs to neighboring cells. Thus, when two

1o nets are routed through a cell, all other possible
connections between unused cell inputs and outputs are
blocked. These inputs and outputs, furthermore, are
divided into "A" and "B" classes, and, on some
occasions, it is necessary to use a cell solely to

15 change a signal from "A"™ to "B" or "B" to "A". This is
called "coleor clash", since different colors are
usually associated with the "A" and "B" signals.

An alternative logic array is depicted in Fig. 16.
Fig. 16 shows the direct interconnections within an

20 exemplary portion of an array of cells 100 formed in
accordance with the present invention. Like the array
of Fig. 1, the cells are arranged in a two-dimensional
matrix with each cell 100 having four nearest-
neighbors, one to its left (or to the West), one to its

25 right (or to the East), one above it (or to the North)
and one below it (or to the South). Unlike Fig. 1,
each cell 100 has four inputs 101a, 101b, 101c, and
1014 and four outputs 102a, 102b, 102¢, and 102d. Like
the array of the Fig. 1, each cell 100 is identical

30 with respect to its direct connections to its four
nearest-neighbors. However, to each such neighbor, the
cell 100 provides only one output, and from each
neighbor, the cell 100 receives only one input.
Because there is only one type of input and output (no

35 "A"s and "B"s), color clash is completely eliminated.
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21
is always connected to an A output and a B input is always connected to a B
out put . yeral embodi ments of an eight-input, eight- output cell of
the pres¥m?¥¥RPéntion which is suitable for use in array SL?@H'/E§ 9%/A%Y 60f
Fig. 1 are shown in Figs. 11-14. The invention nay also be practiced using

cells with different nunbers_ of uts out ossi bl e
enbodi nent s of‘%“'ﬂ&hr-ﬂﬁpﬁf?‘*’ ?J#n%lﬁ {3{%&99 ﬂ%’lﬁ’b fLSuEETRY an array
such as that ehyFigcl@8eaan d@@nttqnhlrbdﬁgﬁxrddtﬁﬁh wideh dfs hlese six
embodi ments shpwRni B31REESit 1is Ido@Nth ldvakt Na5 ¢ pYallant

invention.

5 Fig. 17 is a logic diagram showing an embodiment
of a logic cell in accordance with the present
invention for use in an array as depicted in Fig. 1s.
The basic design of this cell is derived from that of
Fig. 14. There are four important differences. First,

10 both input multiplexers 103a and 103b now receive the
same inputs. In this case, these are simply the
inputs 10la-d received from outputs of the nearest-
neighbor cells. As with the cells in Figs. 11-14,
input 24 to the configurable-interconnect element may

15 originate from a bus network, nearest-neighbor cell,
some other source or some combination of these.

Second, the four-input output-selecting
nultiplexers 92a and 92b, controlled in tandem in the
cell of Fig. 14, are replaced by two two-input output-
20 Selecting multiplexers 104a and 104b, also controlled
in tandem to produce two output functions F, and F,.
Multiplexer states "0" and "1* from the cell of Fig. 14
are eliminated from the present cell. Third, the Q
output 39 of register 33 is fed back into an input of
25 input selecting multiplexer 103a via an internal
feedback means 110. This feature allows the 1l-bit
slice of the binary counter shown in Fig. 7 or the
register with clock-enable function shown in Fig. 8 to
be completely implemented within a single cell. Fourth

30 and finally, the four cell outputs 102a-d are each
determined by a separate five-input output-selecting
multiplexer 106a, 106b, 106c, and 106d4. Each output-
selecting multiplexer may select either of the logical
output functions F, or F,, or may alternatively selec:

35 one of the inputs from the three sides other than that
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-7- basic structure or cell core, a peferred enbodi ment of which is
depi ct ed WO 9385570gi ¢ di agram of Fig. 2. shown, this cel |IPC/RSIAIITOWO
| evel s of logic, the )

to which the output is being transmitted. Except for
U-turns, this solves the blocking problem. However,
such U-turn routing is only useful for implementing the
feedback path for an adjacent cell which, in this case,

5 is provided intra-cell by feedback means 110. The
advantages of the cell in Fig. 17 include no color
clash and no blocking, except for U-turns.

Fig. 18 is a logic diagram of an alternative cell

in accordance with the present invention for use in an

;o array as shown in Fig. 16. The only difference between
this and the previous cell of Fig. 17 is the additional
flexibility in output select multiplexers 107a, 107b,
107¢c, and 107d. In the cell of Fig. 18, these output-
selecting multiplexers 107a-d can each be independently

15 configured to select any of four possible output
functions F,, F,, F,, and F,, only two of which could be
selected in the cell of Fig. 17. 1In addition, the
output-selacting multiplexers 107a-d of the cell in
Fig. 18 are independently controlled, offering

20 additional flexibility. The advantages of the cell
shown in Fig. 18 include no color clash, no blocking
(except U-turns), and maximum flexibility.

From the foregoing description of the invention,

numerous alterations, modifications and improvements

25 may be readily apparent. Figs. 11-14 and 17-18 have
illustrated several embodiments of the improved logic
cell in accordance with the present invention. Many
functionally similar embodiments are possible. These
include, but are not limited to, implementations of

30 logic cells based on negative-logic equivalents of the
cell core and implementations of arrays in which cells
such as those disclosed herein are arranged in other
geometrical patterns such as hexagonal or are
interconnected by other wiring patterns such as a

35 three-dimensional array.
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first of which conprises two conbi nat i onal gates, illustratively AND gates

21 and 2 d-he second of which conprises two conbinati $376
i1l ust raﬁi%gf}gs‘EXCLUSI VE OR (XOR) gate 28 and AND gate 41, cpy/"%%ﬁ 37

configurabl e-i nterconnect el ement 25 which provides input to the first

| evel of logic, a register 33 downstr of XOR gate,28, and a
configuration contrdf ﬁ‘é?m‘“tl“ﬁ'ug}’ceelﬁ% é‘gréfh f F?ge, °Séeoﬁa GhE2tHi r d
| ogi cal input sa2éompRet@celnmigsiqro, L Yardely20Indpsdghghaicesranet he
near est - nei ghbgesseblé, ddvupal Wi witicerel itkeukiahta OBy tRet Be11415

licati .th i ously. ref d rel at [icati
"on | qur abi o £801 £ TN RARE G e s 8- o BppfeEonaL:

g such cell designs based on the cell core disclosed
herein remain within the scope and spirit of the
present invention, regardless of the nature of various
design choices. In particular, design choices worth
considering might include using XOR gates with one

10 Programmable input signal to implement connections
between elements of the cell core whereby the XOR gate
may be programmed either to implement a logical wire or
an inverter, depending on the selection of its
programmable input. Also, the use of independent vs.

15 dependent control of various multiplexers represents a
design tradecff between flexibility and size/power
consumption. It is also possible to include in a cell
some capability for the cell to automatically determine
some of its configuration based upon the configurations

20 ©f neighboring cells and/or a bussing network. As
another possible design choice, it may be useful to
include among the inputs to each of the two output-
selecting multiplexers in Figs. 12-14, all the outputs
entering either multiplexer such that both output-

25 selecting multiplexers include the same set of inputs,
effectively eliminating the "color clash" problem.
These, and numerous other design choices will yield a
vast collection of different cell designs based
collectively on the cell core of the present invention.

30 Therefore, the scope of the present invention shall be
limited only in accordance with the following claims.

35
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conbi nati on of these. In the cell core, the first logical input 20

enters up ND gate 21, and the s nd | ogi cal input 2 -
upstream gngZS. I nput 24 is appl?gg'to configurable-iﬁ#@?L%E§@3P°

el ement 25 which generates a first output 26 and a second out put 27.
Cbnfigurable-ig cepn : I 25 has at least two configuration states
whi ch are cont suppl i ed by configuration control 48.
Configuration contr &k 48Anay°%§3§Q$Ri;eﬁPQﬁQ1Q%RRH#RH%PﬂHr%ﬁﬂnﬂ§, i ncl udi ng

but not limted to a contipststHécom®nind BHIA I 1WFAE Jadey, Waldh the cells
Ot oy 20 ReRORY REARRRL LHBEL! 8 e b ALY w U RV
5 first output, said first and second inputs to the third
logic gate being connected to the first outputs of the
first and second logic gates, respectively; and
a configurable-interconnect element having a
first input and first and second outputs, said first
jo output being connected to the first input of the first
logic gate and said second output being connected to

the first input of the second logic gate.

2. The logic circuit of claim 1, wherein the

1§ configurable-interconnect element further comprises
means for generating first and second states such that
when the configurable~interconnect element is in the
first state, the value of the first output of the
configurable-interconnect element is such that the

20 value of the first output of the first logic gate is
determined by the value(s) of the input(s) to the first
logic gate other than its first input and the value of
the second output of the configurable-interconnect
element is such that the value of the first output of

25 the second logic gate is determined by the value(s) of
the input(s) to the second logic gate other than its
first input, and when the configurable-interconnect
element is in the second state, one output of the
configurable-interconnect element is equal to theé value

30 of the first input of the configurable-interconnect
element and the other output is equal to the logical
inverse of the value of the first input to the
configurable-interconnect element.

L
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el ectrically,

optically or nagneti cal I25)rograrrmabl e circuit elenents. For

dr awi ngwb3/088 7| ogi c cel | .

generality, only the configuration-control lines 48 are Sh&\“ﬂdé}z}dﬁ?ﬁ
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20

25
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3. The logic circuit of claim 2, wherein the
configurable-interconnect element further comprises
means for generating third and fourth states such that
when the configurable-interconnect element is in the
third state, the value of the first output of the
configurable-interconnect element is equal to the value
of the first input of the configurable-interconnect
element and the value of the second ocutput of the
configurable-interconnect element is such that the
first output of the second logic gate is determined by
the value(s) of the input(s) to the second logic gate
other than its first input, and when ﬁhe configurable-
interconnect element is in the fourth state, the value
of the first output of the configurable~-interconnect
element is such that the value of the first output of
the first logic gate is determined by the value(s) of
the input(s) to the first logic gate other than its
first input and the value of the second output of the
configurable-interconnect element is such that the
first output of the second logic gate provides a
constant value output such that the third logic gate
performs a logical inversion function from its first
input to its first output.

4. The logic circuit of claim 2, wherein when
the configurable-interconnect element is in the second
state, the logic circuit can implement a multiplexer
for connecting the second input of either the firxst or
second gate to the first output of the third gate,
depending on the value of the first input to the
configurable-interconnect element.

5. The logic circuit of claim 2, further
comprising a_configuration control- means for

ey
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Fig. 4A shows an exenplary inplenentatpof 25a of the
configurabl e-i nterconnect el enent 25. configurable-interconnect el enent 25a
conpri seswpagmzgggat es 206 and 207, and NAND gates 202 and 203PCT/US92/073%6
Confi gurabl e-i nterconnect el enent 25a is configured by the values of three
I nputs: configuration-control inputs 208 and 209, and an environnment i nput
210. Confi gur at¢entrelilting thepstat208fahbe200nfiigurabieeintenroniect
previ ously discgﬁ?ﬁgkgyanfiguration control 48. Environnment input 210 is
derived as a conbinational function of various configuration-control
signals from '

6. The logic circuit of claim 1, further

g comprising a register having a data input and a data
output, the data input being connected to the first
output of the third logic gate.

7. The logic circuit of claim 6, wherein the
10 third logic gate is an exclusive-OR gate.

8. The logic circuit of claim 7, further
comprising means for asserting a logical "1" value at
an input to the exclusive-QOR gate.

15
9. The logic circuit of claim 8, further
comprising means for asserting a logical "0" value at
an input to the exclusive-OR gate.

20 10. The logic circuit of claim 9, wherein the
logic circuit can implement a 1-bit slice of a
parallel-loadable shift register.

11. The logic circuit of claim 6, further
75 comprising a fourth logic gate having at least first
and second inputs and a first output, said first and
second inputs being connected to the first outputs of
the first and second logic gatés, respectively.

30 12. The logic circuit of claim 11, wherein the
logic circuit can implement the logic of a i~bit slice
for a binary counter.

13. The logic circuit of claim 11, further
35 comprising feedback means for connecting the data

AR O 0
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the cell and from nei ghboring cells. Envi ronnent signal 210 and
configuration-control signal 209 are cofmbi ned by NAND gate 202 to produce
si gnal 20wWO B/@ssaT 204 control s pass gates 206 and 207. Si nPEWHSHAEbe
pol arity of pass gates 206 and 207 is opposite, only one of these pass
gates is active at any tinme. Wen pass gate 207 is active, _

confi gur abl e- i musdnRictthel grgdsteapte 24 tnpwesctodither dhe-fiRSY connect

el ement out put .26 gQiebridhadgikulatk. NAND gate 203. Configurabl e-interconnect
el enent output 27 is generated by NAND gate 203, which is gated by

configuration-control signal 208. Wen pass gate 206 is active, a, |ogical
"1" is directed to a&.putth26 lagdci sigetded dhrolghm NAND wadre 20 XHe out put

g logic circuit can implement a register with clock
enable.

'15. The logic circuit of claim 11, further
comprising an inverter having an input and an output,
10 said input being connected to the first output of the
fourth logic gate.

16. The logic circuit of claim 11, wherein the
first, second and fourth logic gates are AND gates.
15 .
17. The logic circuit of claim 11, wherein the
first and second logic gates are NAND gates and the
fourth logic gate is a NOR gate.

20 18. A programmable logic cell for use in a
programmable logic cell array, said cell comprising:
| first, second, and third cell inputs;
at least a first cell output;
first, second and third logic gates, each
25 having at least first and second inputs and at least a
first output, said first and second inputs to the third
logic gate being connected to the first outputs of the
first and second logic gates, respectively;
a configurable-interconnect element ha@ing a
30 first input and first and second outputs, said first
output being connected to the first input of the first
logic gate and said second output being connected to
the first input of the second logic gate;
means for connecting the first cell input to
35 the first input of the first logic gate;
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27. Four states of the exenplary %fggigurable- I nt erconnect el enent
25a are shown as 50a-d. In state 50a il trated in Fig. 4B, the

confi gur alW@93/8%F€r connect el enent input 24 is |logically conRETIESHXAChe
first configurabl e-interconnect elenment output 26 and is connected in
logically inverted formto the second configurabl e-interconnect el enent

out put 27. These out put s naa@sPEeyi QSHn&GQﬂn?aﬁﬁegﬁééor?&)?céfl a4 Nd @
high signal is provided qu-theogORhEoLetBRY 180ic gate;
means for connecting the third cell input to
the first input of the configurable-interconnect
5 element; and
means for connecting the output of the third
logic gate to the first cell output.
19. 1In a programmable logic array, said array
including a means for supplying K configuration control
yo Signals and their logical inverses, a programmable
default-output multiplexer responsive to the
configuration control signals for connecting one of K
input terminals or a default value to an output
terminal, said multiplexer comprising:

15 K pass gates, wherein each pass gate can
connect one of the K input terminals to the output
terminal when activated by the value of one of the K
configuration control signals and its logical inverse,
each pass gate comprising an N-type MOS transistor

20 including drain, source, and gate terminals, wherein
the drain terminal connects to one of the K input
terminals, the socurce terminal connects to the output
terminal, and the gate terminal connects to one of the
K configuration control signals, and a P-type MOS

25 transistor including drain, source, and gate terminals,
wherein the source terminal connects to one of the K
input terminals, the drain terminal connects to the
output terminal, and the gate terminal connects to the
logical inverse of the configuration control signal;

30 and

a chain of K MOS transistors for supplying a
default value to the output terminal when none of the ¥
pass gates is activated, each of the K MOS transistors
in the chain including drain, source and gate

35 terminals, wherein the chain is formed by connecting

- L
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29
-9- NAND gate 203. In state 50b, illustrated in Fig. 4C, the

confi gur erconnect el enment 25 sinply provides constant
' ﬁgbe’j” &' %(@Jr?& 657,

val ues (

10

15

20

25

30

35

This Sheet Has Been

bot h confi gurabl e-i nterconnect el enent outBG?gL

the source terminal of each MOS transistor in the chain
to the drain terminal of the next MOS transistor in the
chain, one of the source/drain terminals at an end of
the chain connects to a means for supplying a default
value and the source/drain terminal at the other end of
the chain connects to the output terminal of the
multiplexer, and the gate voltage of each MOS
transistor in the chain is determined by a different
one of the K configuration control signals which
control the K pass gates whereby all MOS transistors in
the chain are conducting only when all the K pass gates
are not activated.

20. A multiplexer as defined in claim 19, wherein
the MOS transistors in the chain are N-type MOS
transistors, the gate terminal of each N-type MOS
transistor in the chain connects to the logical inverse
of a different one of the K configuration control
signals, and the means for supplying a default value
supplies a low value.

21. A multiplexer as defined in claim 19, wherein
the MOS transistors in the chain are P-type MOS
transistors, the gate terminal of each P-type MOS
transistor in the chain connects to a different one of
the K configuration control signals, and the means for
supplying a default value supplies a high value.

22. A programmable logic cell for use in a’
programmable logic array, said logic cell comprising:
means for supplying a configuration control;
first, second and third cell inputs;
a cell output;
first and second logic gates each having

| R )RR O
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regardl ess of the val ue of configurable-iFﬁg}connect el ement input 24.
These out puts are provi ded when pass gate 206 is active and a |low signal is
provi ded WO 98561 i nput 208 to NAND gate 203. In state 50PCHESENOMI6 n
Fig. 4D, input 24 is connected to output 26 by maki ng pass gate 207 active
and a "1" signal is provided at output 27 by applying a low signal to
control input 208 of NAN® §hied2d89i¢ngatetRaving aat sirA®E itwdig. 4E, a "1"
signal is prov@yyigﬁ;output 26 when pass gate 206 is active and a "0"

control inbut 208 of NANBSHEFelIDC HRET ENY cRi £ 1ESS AL BTN a
confi gur abl e- i stagidc Friwsst ipbutienf 88idsHihestflodichgate; have ot her usef ul
states. 5 means for connecting said second cell input
to said first input of said second logic gate;
means responsive to the configuration control
for connecting either said third cell input or a
constant logical value to said second input of said
10 first logic gate;
means responsive toc the configuration control
for connecting either an inverted form of said third
cell input or a constant logical value to said second
input of said second logic gate;
15 means for connecting the output of said first
logic gate to an input of said third logic gate;
means for connecting the output of said
second logic gate to an input of said third logic gate;
and
20 means for connecting the output of said third
logic gate to the cell output.

23. The logic cell of claim 22, wherein said
first and second logic gates are either AND or NAND
25 gates and saiad third logic gate is either an XOR or an
XNOR gate.

24. The logic cell of claim 22, wherein the logic
cell can be configured to implement a multiplexer.

30
25. The logic cell of claim 22 further
comprising:
a register having a data input and a data

output; o e

* R 0
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Referring again to Fig. 2, it is evi dent 3 at when the

confi gur akl:gvhses-connect el enent 25 is configured in state ; Qi f ect
is to cause the upstream AND gates 21 and 23 to act as pass ?ﬁ?@ﬁ§%§”§°

between the first logical input 20 and output 29, and the second | ogi cal

i nput 22 and output 30, respectively. Also in Fig. 2, inputs 31 and 32 of
downst r eam EXCLUSI VE- OR @e@RS §OF eC2BNEFRiILPHERR t ULERYF t9fe sAAD RIS I and
30 of upstream AR 03aes 24 8RUd28atacsppetivel yaidRegpifier33 drid di sposed

downstreamw th its i'nput 34 cgnnect . out put . 35_.0of downstre XCOR gate
28. Advant ageously, the E‘EPF‘SCgPE ﬁﬁﬁgﬁ%gﬁn? n%h%leé%\tm%%‘ftex%f%aqo

sel ect bet ween read sressitbl ehenpald, og¥pand 38, the first of which is
connect ed tosa

26. The logic cell of claim 25, wherein the logic
cell can be configured to implement a parallel-loadable
shift register.

10 27. The logic cell of claim 25, wherein the logic
cell can be configured to implement the logic for a
register with clock enable.

28. The logic cell of claim 25, further

1 comprising:

a fourth logic gate having at least two
inputs;

meaﬁs for connecting the output of said first
logic gate to an input of said fourth logic gate;

20 means for connecting the output of said
second logic gate to an input of said fourth logic
gate; and

means for connecting the output of said
fourth logic gate to a second cell output.

25

29. The logic cell of claim 28, wherein said
fourth logic gate is either an AND gate or a NAND gate.

30. The logic cell of claim 28, wherein the logic
30 cell can be configured to implement the logic for a
1-pit slice of a binary counter.

31. A programmable logic array comprising:

a plurality of logic cells, wherein each cell
35 except those at the edges of the array has four

AN ) O
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Q out put 39 of register 33 and the secé%g(ﬁ whi ch is connected to out put

35 of th W%x.eam XOR gate 28. A first |ogical output 40?%/{32/6‘@1:
core is pr - 10 -

nearest-neighbor cells, one to the left (or West), one
to the right (or East), one above (or to the North),
and one below (or to the Scuth) so as to form an array
in which said logic cells are aligned in rows and

g columns, each cell comprising:

means for supplying a configuration control;

four "A" inputs, one received from each of
the nearest-neighbor cells;

four "B" inputs, one received from each of

10 the four nearest-neighbor cells;

first, second and third logic gates, each
having at least first and second inputs and at least a
first output, said first and second inputs to the third
logic gate being connected to the outputs of the firs:t

15 and second logic gates, respectively;

a configurable-interconnect element having a
first input and first and second outputs, said first
output being connected to the first input of the first
logic gate and said second output being connected to

20 the first input of the second logic gate;

means programmably responsive to the
configuration control means for connecting one of the
"aA" jnputs to the second input cof the first logic gate:

means programmably responsive to the

25 configuration control means for connecting one of the
"B jnputs to the second input of the second logic
gate; and

means responsive to the configuration control
means for connecting the output of the third logic gate

30 to the "A" inputs and/or the "B" inputs of the four
nearest-neighbor cells.

32. The programmable logic array of .laim 31,

wherein the configurable-interconnect element of each
35 cell further comprises means for generating first and

) O L

This Sheet Has B :

W Iil!



by nultiplexer 36 to neighboring cells, @3us network, array |/Gs, or other
downst r ea MRS e 21" Like t he downst ream XCR gate 28, dowbSTISRHERY
gate 41 derives its two inputs 42 and 43 fromthe outputs 29 and 30 of the
orovi dod 1o a TR 1DAEeR s, aRals e BaeL SBpPasReakReE I be the
first |ogical oingpercamnestaelaneftciis donshghifdrstgstates, thebvaluet work,
array 1/G0s, othgf €lestsitad Pepud cIOtReCeBRiriguraBlal ihhesSeonnect
element is set such that the value of the first output
g ©Of the first logic gate is determined by the value(s)
of the input(s) to the first logic gate other than its
first input and the value of the second output of the
confighrable-interconnect element is such that the
value of the first output of the second logic gate is
10 determined by the value(s) of the input(s) to the
second logic gate other than its first input, and when
the configurable-interconnect element is in the second
state, one output of the configurable-interconnect
element is egqual to the value of the first input of the
15 configurable element and the other output is equal to
the logical inverse of the value of the first input to
the configurable-interconnect element.

33. The programmable logic array of claim 32,

20 wherein the configurable-interconnect element of each
cell further comprises means for generating third and
fourth states such that when the configurable-
interconnect element is in the third state, the value
of the first output of the configurable-interconnect

25 element is equal to the value of the first input to the
configurable-interconnect element and the value of the
second output of the configurable-interconnect element
is such that the first output of the second logic gate
is determined by the value(s) of the input(s) to the

30 second logic gate other than its first input, and when
the configurable-interconnect element is in the fourth
state, the value of the first output of the
configurable-interconnect element is such that the
value of the first output of the first logic gate is

35 determined by the value(s) of the input(s) to the first

AR
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The design of
conpact an SI
to all ow ¥

this cell core has been cdﬁé%ully streanm ined to be as

as possible, yet still include the Iogicq& flexibility

|an enentation of a wide variety of inpor

Wi | e functlonally simlar cells exist in the art, such cells have

general ly enpl

oyed | arge programmable AND-OR array elenents or simlar
devi ces to i npleyintgate dunet ithan 1&sf fimsd bapukeahgukheowdinetodnal

GHLSP93#T60ns .

PLD

gates 21, 23, @Nlcong! bee-1R€etBE n of such
progranmabl e Aﬁ%&‘%ﬁd%emrﬂﬁn © xl;uEQ c B hHébQ

r awbacks.

First, it requiteRent i;rﬁ"fqbcérli‘tatl ﬁ"PFegé‘é's °Pﬁ8“%h96”§#’§asﬁ‘é%’a%d to
real i ze the celdgid hystalgmonintest @veonselang valbe phaped snch shagl e chip.
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the third logic gate performs a logical inversion
function from its first input to its first output.

34. The programmable logic array of claim 32,
wherein each cell further comprises a fourth logic gate
having at least first and second inputs and at least a
first output, said first and second inputs being
connected to the first outputs of the first and second
logic gates, respectively, and the output of the third
logic gate can be provided to the "A" inputs of the
four nearest-neighbor cells and the output of the
fourth logic gate can be provided to the "B" inputs of
the nearest-neighbor cells.

35. A programmable logic array comprising:

a plurality of logic cells, wherein each cell
except those at the edges of the array has four
nearest-neighbor cells, one to the left (or West), one
to the right (or East), one above (or to the North),
and one below (or to the South) so as to form an array
in which said logic cells are aligned in rows and
columns, each cell comprising:

means for supplying a configuratien contreol;

four inputs, one received from each of the
nearest-neighbor cells;

first, second and third logic gates, each
having at least first and second inputs and at least a
first output, said first and second inputs to the third
logic gate being connected to the first outputs of the
first and second logic gates, respectively;

| RE A
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Second, the progranmabl e AND-OR array elengﬂB significantly di mnishes the
performance of a cell because of the | arge capacitances at its internal
nodes. ThWORH955C0re of the present invention realizes the REIEESN/D7376
flexibility, as will be later illustrated, w thout such sacrifices in
conpact ness or speed. Fig. 3 depicts an alternative cell core design
| ogi cal |y equival ent to thatonfiighrgble-ifikergdrhhectnetement having a

first input and first and second outputs, said first
output being connected to the first input of the first
logic gate and said second output being connected to

5 the first input of the second logic gate;

means programmably responsive to the
configuration control means for connecting one of the
four nearest-neighbor inputs to the second input to the
first logic gate;

10 means programmably responsive to the
configuration control means for connecting one of the
four nearest-neighbor inputs to the second input to the
second logic gate;

North output-selecting means for connecting

15 one of a plurality of candidate North outputs,
including the inputs from the South, East, and West
nearest-neighbor cells and the output of the third
logic gate, to an input of the nearest-neighbor cell to
the North;

20 South output-selecting means for connecting
one of a plurality of candidate South outputs,
including the inputs from the North, East, and West
nearest-neighbor cells and the output of the third
logic gate, to an input of the nearest-neighbor cell t:

25 the South;

East output-selecting means for connecting
one of a plurality of candidate East outputs, including
the inputs from the North, South and West nearest-
neighbor cells and the output of the third logic gate,

30 to an input of the nearest-neighbor cell to the East;
and,

West output-selecting means for connecting
one of a plurality of candidate West outputs, including
the inputs from the North, South, and East nearest-

35
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between this cell core and that of Fig. 232; t he repl acenent of the
upstream gy s 21 and 23 with NAND ga 50 and 51, and / ment
of the dowmsf$§%ﬁ1AND gate 41 with NOR gate 52. These changgkﬁggsgﬂh%&%
effect on the logical functioning of the cel

neighbor cells and the output of the third legic gate,
to an input of the nearest-neighbor cell to the West.

36. The programmable logic array of claim 35,

5 wherein the configurable-interconnect element of each
cell further comprises means for generating first and
second states such that when the configurable-
interconnect element is in the first state, the value
of the first output of the configurable-interconnect

;0 element is set such that the value of the first output
of the first logic gate is determined by the value(s)
of the input(s) to the first logic gate other than its
first input and the value of the second output of the
configurable~interconnect element is such that the

15 value of the first output of the second logic gate is
determined by the value(s) of the input(s}) to the
second logic gate other than its first input, and when
the configurable~interconnect element is in the second
state, one cutput of the configurable-interconnect

20 element is equal to the value of the first input of the
configurable-interconnect element and the other outpu:
is equal to the logical inverse of the first input to
the configurable-interconnect element.

25 37. The programmable legic array of claim 36
wherein each cell further comprises a fourth logic gate
having at least first and second inputs and an output,
the first and second inputs being connected to the
first outputs of the first and second logic gateé and

30 the output of the fourth logic gate being provided to
each one of the North, South, East and West output-
selecting means as one of the plurality of candidate
outputs from each such selecting means.
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core. The fact that the signals on inputs 31 and 32 to the downstream XOR
gate 28 are inverted in Fig. 3 (with ¥&3pect to the signals on inputs 31
and 32 Q{olohfhss?s has no effect on the output 35 of XOR gatecP@sIMMossie by
propagating the inverting "bubbles"” fromthe outputs 53 and 54 of the
upstream NAND gates 50 and 51 to the inputs 55 and 56 of the downstream NOR
gate 52, the | ogic equival ence of NOR gate 52 and AND gate 41 becones
evident. In reality, the structure shown in Fig. 3 nore closely resenbles
an actual integrated circuit inplenentation. However, since the |ogical
function of the cell corein Fig. 2 is nore intuitive, the logic cell

enbodi nents illustrated in Figs. 11-14 and 17-18 are derived fromthe cell
core of Fig. 2.
VL e
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Fig. Sillustrates the configuration of the cell core of Fig. 2 as a
mul tiplexer 60. This function. repregemts an inportant advantage of the

cell core of the present invention over the cell provided 093%R
appl i cWOSA87hi ch such a nultiplexer requires six cell séal./ygts%/g‘}

mul ti pl exer configuration 60 depicted in Fig. 5, the

configurabl e-interconnect elenent is configured in state 50a and

mul tiplexer 36 is configured to select the output 35 of XOR gate 28. Wen

i nput 24 to the configurable-interconnect element is logical "1", the first
| ogi cal input 20 which feeds the first upstream AND gate 21 is provided to
the output 35 of the XOR gate. When the configurabl e- interconnect el enent

input 24 is logical "0", the

20 24\1 225
(25
T\
26" 27
29/ ~30
\/
-/
3~ 32 42— |-43
28 ) A
_~35 _
| ~34 44
Configuration D
Control 133
a8 Q
39
38 37
36
40 45
FIG. 2



second | ogi cal input 22 of the second upstream AND gate 23 is provided to
the output 35 of the XOR gate. 3/21 - 12 -
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Conventional ly, the conbi national elenent used downstreamin such a

mul tipl exer to conmbine the outputs of é{fs}g upstream AND gates woul d be an OR
gate. Instead, the cell core of the pr nt invention enploys an XOR gate
28. It i VDI3Q056T%e to use an XOR gate in the circuit of Fi g PCI/EBAE736e OR
and XOR gates function identically except when both inputs are logical "1"s
and. confi gurabl e-i nterconnect el enent 25 nakes it inpossible for both
inputs to be logical "1" s when elenent 25 is in state 50a. The advant age

of using an XOR gate 28 in this position is that it is_.alsowusefyl in
I mpl ementing many inportant arithnetic circuits, sudh as addeés and,_
counters. p e o
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Fig. 6 depicts the cell core of Fig. 2 configured to function as a 1-bit
slice of a parallel-loadable shift regsghier 65. As with the previous

mul ti pl exer configuration 60, the configurable-interconnectpﬁhzﬁgg% in
Fig. 6 i WQ8¥0P¥ired in state 50a but the nultiplexer 36 is Pﬁgﬁred
to select input 37, the Q output 39 of register 33. Thus, Fig. 6 is the
sane as Fig. 5 except for the inclusion of register 33; and nultipl exer 60
of Fig. 5is identified in Fig. 6 by the dashed line. The operation of
the parallel-loadable shift register configuration is based upon that of

the previously described multiplexer configuration 60 using the signal on
input 24 as a |load signal. Wen the

Input 1 Select tnput 2
20~ 24 2 2~
————— - — - — —_——_—— - = —
l I A I
! I Do'_l !
| - ! |
| SR | f
] 21 23 |
‘ 29— 30 :
l
| ]
| 3l ;
| 28«& |
! |

Qutput

FIG. 5
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signal on input 24 entering the configurable- interconnect elenent 25 is
logical " |", the multiplexer configurtdion 60 supplies Parallel Data 20 to
the D i n@ 988587 the register 33. Wen the signal on inputpet/iuseregheal
"0", the multiplexer configuration 60 supplies Serial Data fromthe previous
slice to the Dinput 34 of the register 33.

Parallel_Data Load Serial_Data

FIG. 6
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- 13 - Fig. 7 shows the cell core of Fig. 2 configured to inplenent
the logic for a 1-bit slice of a bi nar7\f2{:ounter 70. To inplenent the
count er WDi3&055¢he confi gurabl e-i nterconnect el enent 25 is ponfusyarerd7é n
state 50b, so as to cause the upstream AND gates 21 and 23 to act as

|l ogical wires, and the nultiplexer 36 is configured to select the Q out put
39 of register 33.

Q Carry_In
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In order to fully realize the binary counter function, the Q output 39 of
the register 33 nust be fed back to t&@ifirst |ogical input 20. This

f eedbac ion may be inplenented using an adjacent c 5%
feedbacé“%ggﬁgﬁhsuch as feedback neans 110 shown in the ce?t&éﬂ%%anents
shown in Figs. 17 and 18. Fig. 8 depicts the cell core of Fig. 2
configured to inplenent a register 80 with clock enable. This register
configuration enploys the nmultiplexer configuration 60 to select an
appropriate input 34 for the register 33. The configurabl e-interconnect
element 25 is configured in state 50a and the nultiplexer 36 is configured

to select the Q output 39 of register 33. In this exanple, the signal on
i nput

Data Clock_Enable Q

g
23~H )

FIG. 8
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24 functions as a clock enable. When the cl ock-enable signal on input 24
entering the configurable-interconnect #enent 25 is logical "1", register
33 receives new Data 20 at its input é% hrough the nultlplexer

confi gurOi98PS6TT Wien the clock enable signal on input 24 RG/U§§402376 o
register 33 is re-loaded with its current state 39, which is returned
upstreamvia an adjacent cell or internal feedback nmeans 110 as provided in
Figs. 17 and 18, and back to the input 34 of register 33 by the nultipl exer
configuration 60. Figs. 9A-9D illustrate programmabl e pass gates with
default outputs that are useful in the present invention. A progranmable

pass gate with defaul to"1" a
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I's shown as circuit 70a in Fig. 9A and its
10/21

out put
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equi val ent |1 ogic synbol 70b in Fig. 9B. Pass gate 70a receives an input at
termnal 71 and generates an out put é%/?prninal 72. It also receives two
logically inverted signals 28a and 2 romthe configuration hﬁ# 6In a
"pass" swi 93/06871 signal 28a is high (and 28b is consequent?QTﬁgak, %e
value at the input at termnal 71 is passed to the output at termnal 72
by pass gate 70a. In a "default" state when signal 28a is | ow, pass gate
70a supplies the default "1" connected to node 7la to the output term nal
72. In logical synmbol 70b shown in Fig. 9B, the inverted configuration
control signals 28a and 28b are represented by the single configuration
control signal 28a.
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A simlar programuabl e pass gate is shown as circuit 73a of Fig. 9C. Pass
gate 73a, however, has a default " O0"iz2utput. In a "pass" state when

confi gurgaid jl.gnal 28d is high (and 28c is | ow), pass gat t he
I nput vaﬁﬁ%ﬂg?évgrninal 74 to the output at term nal 75. Sg%ﬁﬁgﬁzﬁﬁﬁé
state when signal 28d is |ow, pass gate 73a supplies the default "o
connected to node 74a to the output term nal 75. The | ogi cal synbol

for the programmuabl e pass gate with dgigurt}"“0" output 73b is shown in Fig.
9D. The programmabl e pass gate |ogic |sghbo}js 70b and 73b are used in the
drawings of logic cells in Figs. 11-14 L7-18. The sane basic idea
used to inplenent the Y
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programmabl e pass gates 70a and 73a with default "1" and default "0"
out puts can be extended to inplenment jgemeral (N+1)-input nultiplexer

circuit 62a with default "1" and default "0" outp
i1l ust riY(gég{o% igs. 10A and 10C. Circuit 6la is an (N+1)- ?&/@2/07376
programmabl e mul ti pl exer with default "1"
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- 15 - output. Its equivalent logic synmbol is showm in Fig. 10B as 61b.
Mil tipl exer 6la conprises (N+1) CMOS tlédisni ssi on gates 68a0-N and a chain
of (Ml)i%ﬁo% nS| stors 69a0-N. Ml tiplexer 6la sel ects operpiisedoiae

i nputs 6 0 connect to output 63a by opening the appropriate

transm ssion gate 68a0-N in response to the values of the configuration
control lines 65a0-N and their |ogical inverses 66aO-N If all the
configuration control lines 65a0 N are programred to

ﬁ
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"0" such that no input is selected, nultiplexer 6la directs a "default"”
val ue, the logical "1" supplied at inRpps; 67a, to output 63a via the chai n
of PMOS transistors 69a0 N. A progranmabl e nul ti pl exer

out put O¥Q93MSTts equival ent | ogic symbol 62b are shown IM@?%)}%@ and
10D. Multipl exer 62a conprises (Nt]l) CMOS transm sg on gates 68a0- Nsand a
chain of (N+1) NMBS transistors 68pO-N. Miltiplexgr 62a selects ong of
(N+1) inputs 64a0{N to connect to putput 63b by ning the appropriiate
transm ssion gate {68a0-N in response to the valdes lof the configuration

control lines 65a(®- N and their cal inversés 660 N. |f t he
configuration contjirol |ines 65a0mN are progr
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This Sheet Has Been Replaced

to "0" such that no “mﬂmuﬁu%mct ed, nmultiplexer 62a directs a "default™

val ue, the | ogical | nlg%l 67b, to output 63b via the chain
of NMOS transistors 68bO N. The equivalent |ogic synbols 61b
[ s‘éﬁ%%ﬁé& ogi c

Fi gs. 10BOMIMOSSVD for the default output nultiplexers are

di agrans of the cel I!3 enbodi meny s shogn in FigsAa 11-148Band 17-18* Fhi s
"defaul t" staf‘e is particularly valuable in th conte t of a copLi 4g_é.ble
l ogic cell, since nost cells iin an afray w || y be conf Wi t h
such nmultiplexers inltheir deffaul -t gtate. The out put er
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are smaller, interns of chip area, than simlar conventional circuits
since these default output 17/21

WO 93/05577 PCT/US92/07376
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mul tiplexer circuits use the sanme control lines to control both the
transm ssion gates and the transistofgshai n. Anot her advantage is that,
dependi ng on the desired default value, the transistor cha'b%r%%{&ﬁ%udes
one typ¥Q9¥B¥Ydsi stor (P or N), saving val uable chip area

i ntroduci ng any undesirable threshold vol tage drops. Figs. 11 through
14 show various enbodi nents of the logic cell in accordance with the
present invention for use in an array such as that shown in Fig. 1.

Col l ectively, these enbodi nents represent only a few of the possible cells
incorporating the ideas present in the cell core illustrated in Fig. 2.

Al of the cell designs depicted in Figs. 11
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through 14 are perfectly symmetric with respect to the North, South, East
and West directions in the array. Unle&d ot herw se indicated, all
configurabl e devi ces (pass gates and rnultipl exers) included,j |

t hr ough W2 % ¥/ hidependent | y programmabl e. Finally, bus out /sd:égrqgmg‘r}nptted
fromFigs. 10 through 14 since they are not relevant to the present

I nventi on. The logic cell depicted in Fig. 11 augnents the cell core of
Fig. 2 in several ways to realize a cell for use in an array. Additional

i nputs 80a-d and 8la-d to the two upstream AND gates 21 and 23 accommobdat e
the four "A" and four "B" inputs from nei ghboring cells. Four "A" outputs
and four "B" outputs are provided fror nultiplexer 36 and AND gate 41,

B S | | {
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Two progranmabl e pass gates 85a and 85h_and inverting bubble 85c, which
formthe configurable- interconnect eqoé?rgnt 25, allow the left and right
out put s W6,93206sf7 om t he confi gurabl e-i nterconnect el enment tRCI&S92/07376

i ndependently control |l ed. Two
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- 17 - progranmabl e pass gates 86a and 86b feeding the inputs 31 and 32
of the downstream XOR gate 28 and tmobaéogrannable pass gates 84a and b

feeding t [ 42 and 43 of the 8 stream AND gate 41 p '
t hese gat SQOQ%%?{ 41 to act as logical wires when one of |t§%@§§@2§g
gates is configured in the "pass" state and the other in the "gefault"”

state. Programmabl e pass gates 82a-d, 83a-d and 85a-b on each he i nputs
80a-d and 8la-d plus the outputs fromthe configurabl e-inter’snn ch el enent
25 al |l ow each of the : . o —
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AeLTs3-3 1P8S

t wo pstRﬁann&ﬁﬁg 21 agﬁ 225 0 i npl enent either a two-, three-, four-,

or fEQQX$& Bn g? unctlon Fh adglition, by configuring pass gates 84a and
GOTLL

tfLraged on..t b utilize the downstream AND gate 41, an
) to nﬁ%ﬁdmpﬁts 80a-d, 24 and 8la-d is possible. The
15 eH §fpagddy..... 11 i ncl u-detvery wi de ANDi ng and mi ni mal use
sp%¥ us-rtegagadng..arjea) . The cell shown in Fig. 12
HeRECBRRINL.S...0f .. the pre i ously descrlbed cell of Fig. 11 W th
those of cells described =
application. The cell showprt Do e VO
and 23, the downstream XOR gate 28 the reglster 33, and the downst r eam AND

1. CROSS REFERENCE TO RELATED
PATENTS AND APPLICATIONS

The present application is a continuation-in-part
of U.S. Patent Application No. 07/608,415 filed
November 2, 1990 which is incorporated herein by
reference. U.S. Patent No. 5,019,736 for “Programmable
Logic Cell and Array" is related and incorporated
herein by reference. The present application is also
related to an application by inventors Atluri,
Camarota, Chen, Furtek, Garverick, Hawley, Moni,
Pickett, bopli, Smith, Sutherland, and Ting, for
"configurable Logic Array" which is filed
simultaneously herewith.

2, OF (9]
This invention relates to the field of digital
logic circuits and, more particularly, to programmable
and reprogrammable logic devices.

3. ACKGROUND OF TH NVENTION
The '415 application describes an array of
programmable logic cells, wherein each logic cell is
structurally identical. The logic cells of the array
are arranged in a two-dimensional matrix such that each
. cell has four nearest-neighbor cells, one to its left
(or to the West), one to its rlght (or to the East),
one above it (or to the North) 'and one below it (or to
the South). For each of the four directions (North,
South, East and west), the cell has two lnpnts and two
outputs which are oonnecﬁ!d "o thé*two dutputs and two
inputs of the nearest-nelghbor cell in that direction.
Thus, signal flow is possible in both directions in
both dimensions.
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gate 41 which come fromthe cell of Fig. 11. In addition, the cell of Fig.
12 includes an arrangenent of configurable pass gates 90a and 90b and

i nverting bubble 90c which formthe configurabl e-interconnect el enent 25
and an inverter 91 which can be programmably inserted follow ng the output
44 of the downstream AND gate 41. The twQ progranmabl e pass gates 90a and
90b associated with the configurabl e-ifit & Connect el ement 25 provide
addi ti onal capabilities beyond those previously discussed. Wen
configuration-interconnect elenent 25 is configured in state 50d, pass gate

90a is Fig. 1 of the '415 application depicts a
programmable logic array 10 comprising cells 22 and a
bus network 12. Cells '22 are arranged in a two-
dimensional matrix of rows and columns and are
interconnected by bus network 12 by connections not
shown in Fig. 1. The cells are also interconnected by
a two-dimensional array of direct connections between a
cell and its four nearest-neighbors, (i.e., the four
cells immediately adjacent to the North, East, South
and West). The bus network 12, which comprises
repeaters 24 and vertical and horizontal buses 25, 26,
27, provides for the transfer of data within the array
10 without requiring individual cells 22 to act as
logical wires. Although implicitly present, discussion
of bus structure is hereinafter omitted since it is not
relevant to the present invention.

One object of the present invention is to
provide an improved logic cell with greatly enhanced
flexibility yet relatively modest increase in size.

Another object is to provide an improved array
similar to that of the *'415 applicatiocn but including
an improved logic cell.

In the array of the '415 application, depending on
the logical function implemented by a given cell, the
ability of that cell to also implement "logical wires"
between its unused inputs/outputs is sometimes
restricted. This can result in inefficient utilization
of the cells in the array of the '415 application
because certain cells may be reguired merely to
xmplement the logical wire functxons. .

Yet another object of the present invention is to
provide an improved array, 1nc1ud1ng an improved cell,
in which the logical connections between a cell's
unused inputs and outputs are not blocked.

REPLACEMENT SHEET
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- 18 - configured in the "default"” state and pass gate 90b is configured
In the "pass" state, the output 30 of upstream AND gate 23 is forced to
| ogi cal "O0O" In addition to nmaking a logical "0" available at both the

4. o NVENTION

The present invention provides an improved logic
cell for use in a logic cell array such as that of the
415 application. A preferred embodiment of the
improved logic cell of the present invention comprises
two levels of combinational logic and a register
disposed downstream from the two levels of
combinational logic. While the improved cell of the
present invention is not significantly larger, in terms
of VLSI area, than that employed in the array of the
'415 application, its improved design facilitates
implementation of significantly denser logic in the
array. For example, implementing a multiplexer, which
would require six cells using the logic cells of the
1415 application, requires only one cell in the present
invention. Similar savings are achieved for other
functional blocks, including loadable shift registers,
counters, and others. Moreover, since the speed of the
logic implemented on the array is largely determined by
the delay associated with the connections between cells
in the array, the arrays of the present invention,
which implement a much larger fraction of the necessarvy
logical connections within a single cell, can achieve
higher performance than those described in the '415
applicatioh. _

The present invention also provides an improved
array, including an improved logic cell, in which the
unused inputs and outputs of a .cell can be logically
connected through a multiplexing means disposed within
the cell. For example, with such an array in which
each cell has four inputs and four outputs, a single
cell could be employed both as a half adder (using two
inputs and two outputs), and as a routing element to
provide connections between the two unused inputs and

REPLACEMENT, STERT
1 22m0V B35

outputs.




"A" and "B" outputs of the cell, this "0" constant at the input 31 of the
downstream XOR gate 28 turns XOR gate 28 into a logical wire frominput 32
to output 35, which is essential in inplenenting a 1-bit-slice- per-cel
shift register. I'n addition, the output 30 of upstream AND gate 23 can
be forced to logical "1" by programm ng pass gates 83a-d and 90b in the
"default" state. In this case, the Iogléar "1 at input 32 of the
downstream XOR gate 28 turns XOR gate 28 into an inverter frominput 31 to
out put 35, which neans that an inverter nmay precede the input 34 to the
register 33 wwthin a single ceII or nay be connected to the "A" out put of
the cell. In the cell BRI} dN g :

These and other objects, features and advantages
of the invention may be better understood by referring
to the following detailed description, which should be
read in conjunction with the accompanying drawings in

which:

Fig. 1 is a diagrammatic illustration of an
exemplary portion of an array of cells, with bussing
omitted, in accordance with the '415 application; '

Fig. 2 is a logic diagram illustrating a preferred
cell core containing the essential features of the
improved logic cell in accordance with the present
invention; .

Fig. 3 is a logic diagram depicting an alternative
logic implementation of the preferred cell core in
accordance with the present invention;

Figs. 4A~-4E show an exemplary implementation and a
number of possible configuration states of the
configurable-interconnect element 25 of Figs. 2 and 3;

Fig. 5 is a logic diagram illustrating how the
cell core of Fig. 2 is configured to implement a
multiplexer function;

Fig. 6 is a logic dlagram lllustratlng how the
cell core of Fig. 2 is confxgured to implement a 1-bit
slice of a parallel-locadable shift register;

Fig. 7 is a logic diagram illustrating how the
cell core of Fig. 2 is configured to implement the
logic for a 1~bit slice of a bihary counter;

Fig. 8 is a logic diagram illustrating how the
cell core of Fig. 2 is configured to implement the
logic for a register with clock enable;

Figs. 9A-9D are diagrams showing the circuit
implementations and logic symbols for the daefault "1"
and default "0" programmable pass gate elements
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selecting nmultiplexers 92a and 92b are added. Preferably, multiplexers 92a
and 92b are controlled in tandemto reduce area and configuration-control
requirenents. The ability to configure the downstream AND gate 41 to be
foll owed by an inverter 91 or not followed by an inverter is provided by
mul tiplexer 92b. This adds flexibility. Wth the multiplexers 92a and 92b
set in state "2 " so as to select the "Z' inputs as their outputs, the
inverter 91 is in the signal path, the XOR function is provided on the "A"
side 40 and the NAND function on the "B" side 45 of the cell. The NAND by
itself is a universal |ogical function and, when conbined with the XOR

permts a full qagddéyed 0ihesdvar£TRIT athelSiogd covlel If @MboaghkhtsVbEN the
the present invention;

Figs. 10A-10D are.diagrams showing the circuit
implementations and logic symbols for the default *"1"
and default "0" programmable multiplexer elementé
employed in several of the logic cell embodiments of
the present invention; _

Fig. 11 is a logic diagramushowing one embodiment
of the improved logic cell in accordance with the
present invention for use in an array as depicted in
Fig. 1; ‘

Fig. 12 is a logic diagram showing another
embodiment of the improved logic cell in accordance
with the present invention for use in an array as
depicted in Fig. 1;

Fig. 13 is a logic diagram showing still another
embodiment of the improved logic cell in accordance
with the present invention for use in an array as
depicted in Fig. 1;

Fig. 14 is a logic diagram showing a preferred
embodiment of the improved logic cell in accordance
with the present invention for use in an array as
depicted in Fig. 1;

Figs. 15A-15YY is a series of logic diagrams of
illustrative configuration states of the preferred
logic cell embodiment shown in Fig. 14;

Fig. 16 is a diagrammatic illustration of an
exemplary portion of an array in which each cell has
four inputs and four outputs, one input and one output
for each of its four nearest~-neighbor cells;

Fig. 17 is a logic diagram showing one embodiment
of the improved logic cell in accordance with the
present invention for use in an array as depicted in
Fig. 16;

R M
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mul ti pl exers 92a and 92b configured in state "3" so as to select the "3"
I nputs as their outputs, the cell may be advantageously used to inplenent
one stage of a - 19 -

Fig. 18 is a logic diagram showing another
embodiment of the improved logic cell in accordance
with the present invention for use in an array as
depicted in Fig. 16.

6. SCRIPTION OF W
Fig. 1 depicts the direct interconnections within

an exemplary portion of an array of cells 1 such as
that described in the '415 application. As is
apparent, the célls are arranged in a two-dimensional
matrix with each cell having four nearest-neighbors,
one to its left {(or to the West), one to its right (or
to the East), one above it (or to the North) and one
below it (or to the South). Each cell 1 is identical
with respect to its direct connections to its four
nearest-neighbors. To each such neighbor, the cell
provides two outputs and from each such neighbor the
cell receives two inputs.' Thus, each cell 1 has eight
inputs 2a, 2b, 3a, 3b, 4a, 4b, 5a, 5b and eight outputs
6éa, 6b, 7a, 7b, 8a, 8b, %a, 9b. Cell inputs and
outputs are divided into two categories "A" and "B",
whereby each cell has an A input, an A output, a B
input and a B output connected to each of its four
nearest-neighbors. Between adjacent cells, an A inpuc
is always connected to 'an A output and a B input is
always connected to a B output.

~ Several embodiments of an eight-input, eight-
output cell of the present invention which is suitable
for use in array such as that of Fig. 1 are shown in
Figs. 11-14. The invention may also be practiced using
cells with different numbers of inputs and outputs.
Two possible embodiments of a four-input, four-outpu:
cell suitable for use in an array such as that of
Fig. 16 are depicted in Figs. 17-18. Each of these six
embodiments shown in Figs. 11i-14 and 17-18 has the same
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bi nary counter using only two cells. The advantages of the cell illustrated
in Fig. 12 also include very wide ANDing and the availability of the NAND
function. In the cell shown in Fig. 13, the eight configurable pass
gates previously associated with AND gates 21 and 23 are replaced by

mul ti pl exers 94a-b and 95a-b, each of whych may be configured to produce a
default logical "1" at its output. This change reduces the fan-in to the
upstream AND gates 21 and 23, thereby increasing the speed of those gates.
This is the only difference between the cell shown in Fig. 13 and that

basic structure or cell core, a preferred embodiment of
which is depicted in the logic diagram of Fig. 2. As
shown, this cell core has two levels of logic, the
first of which comprises two combinational qates;
illustratively AND gates 21 and 23, and the second of
which comprises two combinational gates, illustratively
EXCLUSIVE OR (XOR) gate 28 and AND gate 41, a
configurable-interconnect element 25 which provides
input to the first level of logic, a register 33
downstream of XOR gate 28, and a configuration control
48.

The cell core has first, second and third logical
inputs 20, 22, 24. Inputs 20, 22, and 24 may originate
from the nearest-neighbor cells, from a bus network
{like that shown in the '415 application or in the
previously referenced related application "Configurable
Logic Array"), from some other source or from some
combination of these.

In the cell core, the first logical input 20
enters upstream AND gate 21, and the second logical
input 22 enters upstream AND gate 23. Input 24 is
applied to configurable-interconnect element 25 which
generates a first output 26 and a second output 27.
Canigurable-interconnect element 25 has at least two
configuration states which are controlled by value(s)
supplied by configuration control 48.

Configuration control 48 may be supplied via a
variety of means, including biut not limited to a
control-store memory associated either with the cells
or the array, a combinational function of other cells’
configuration controls, or electronically fusible,
electrically, optically or magnetically programmable
circuit elements. For generality, only the
configuration-control lines 48 are shown in the

drawings of the logic cell. _
REPLACEMENT SHEET
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shown in Fig. 12. The advantages of the cell shown in Fig. 13 include
noderately w de ANDi ng capability and better perfornmance than that of the
cell in Fig. 12 because of reduced fan-in to the upstream AND gat es. A
preferred enbodi nent of the logic cell in accordance with the present
invention is shown in Fig. 14. In the-c8l of Fig. 14, the nultiplexers
96a-b are each programmable to sel ect one of the nearest-neighbor inputs to
be provided to the input of the upstream AND gates 21 and 23. As with

l'so be. progr ammed ¥ pridiThe F PageRaRer3rT iRpenaRht EoREES SEN T The

nunber of nulttpéeqquxqqﬁﬁhieenm§ﬁrﬁgnphétuﬁé?P&&h\AND gates 21
configurable-interconnect element 25a comprises pass
gates 206 and 207, and NAND gates 202 and 203.
configurable-interconnect element 25a is configured by
the values of three inputs: configuration-control
inputs 208 and 209, and an environment input 210.
configuration-control inputs 208 and 209 are derived
from the previously discussed configuration control 4s8.
Environment input 210 is derived as a combinational
function of various configuration-control signals from
the cell and from neighboring cells.

| Environment signal 210 and configuration-control
signal 209 are combined by NAND gate 202 to produce
signal 204. Signal 204 controls pass gates 206 and
207. Since the enable polarity of pass gates 206 and
207 is opposite, only one of these pass gates is active
at any time. When pass gate 207 is active,
configurable~interconnect element input 24 drives
configurable-interconnect element output 26 and the
input of NAND gate 203. Configurable-interconnect
element output 27 is generated by NAND gate 203, which
is gated by configuration-control signal 208. When
pass gate 206 is active, a logical "1" is directed to
output 26 and is gated through NAND gate 203 to cutput
27.
Four states of the exemplary configurable-

interconnect element 25a are shown as 50a-d. In
state 50a illustrated in Fig. 4B, the configurable-
interconnect element input 24 is logically connected to
the first configurable-interconnect element output 26
and is connected in logically inverted form to the
second configurable~interconnect element cutput 27.
These outputs are provided when pass gate 207 is active
and a high signal is provided on the control input to
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and 23 is the only difference between the preferred enbodi nent cell and
that of Fig. 13. The advantage of the preferred enbodi nent shown in Fig. 14
is the high performnce obtainable by reducing the fan-in AND gates 21 and
23 fromthe design. Fifty-one configuration states of the preferred
enbodi nent cell are depicted in Figs. ¥5A- 15YY. The set of states shown in
Fi gs. 15A-15YY does not include separate states for each possible
configuration of the input nultiplexers 96a and 96b, nor does it include
bus

NAND gate 203. 1In state 50b, illustrated in Fig. 4C,
the configurable-interconnect element 25 siﬁply
provides constant logical values ("1") to both
configurable-interconnect element outputs 26 and 27,
regardless of the value of configurable-interconnect
element input 24. These outputs are provided when pass
gate 206 is active and a low signal is provided on
control input 208 to NAND gate 203. In state S0c, as
shown in Fig. 4D, input 24 is connected to output 26 by
making pass gate 207 active and a “1" signal is
provided at output 27 by applying a low signal to
control input 208 of NAND gate 203. In state 50d as
shown in Fig. 4E, a "1" signal is provided at output 2¢
when pass gate 206 is active and a "0" signal is
provided at output 27 when a high signal is also
provided on contrcl input 208 of NAND gate 203. There
are many ways to construct a configurable-interconnect
element 25, some of which may have other useful states.
Referring again to Fig. 2, it is evident that when
the configurable-interconnect element 25 is configured
in state 50b, the effect is to cause the upstream AND
gates 21 and 23 to act as pass throughs between the
first logical input 20 and output 29, and the second
logical input 22 and outpﬁt 30, respectively. Also in
Fig. 2, inputs 31 and 32 of downstream EXCLUSIVE-OR
(XOR) gate 28 are connected to the outputs 29 and 30 cf
upstream AND gates 21 and 23, respectively.
Register 33 is disposed downstream with its input 34
connected to output 35 of downstream XOR gate 28.
Advantageously, the cell core may also include a
multiplexer 36 to select between two possible inputs,
37 and 38, the first of which is connected to a
Q output 39 of register 23 and the second 2f which is
connected to output 35 of the downstream XOR gate 28.
A first logical output 40 of the cell core is providec
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- 20 - states. As evidenced by Figs. 15A-15YY, the design of Fig. 14,
based on the cell core of Fig. 2, inplenents a large variety of usefu
| ogi cal functions, only a few of which have been described in detail
Al'l of the cell enbodinments depicted thus far in
- 10 -

by multiplexer 36 to neighboring cells, a bus network,
array 1/0s, or other destinations, or some combination
cf these.

The cell core also includes downstream AND
gate 41. Like the downstream XOR gate 28, downstfeam
AND gate 41 derives its two inputs 42 and 43 from the
outputs 29 and 30 of the upstream AND gates 21 and 23.
An output 44 of the downstream AND gate 41 is provided
to a second logical output 45 of the cell core which,
like the first logical output 40, may connect to
neighboring cells, a bus network, array I/0s, other
destinations, or some combination of these.

The design of this cell core has been carefully
streamlined to be as compact and simple as possible,
yet still include the logical flexibility to allow
efficient implementation of a wide variety of important
functions. While functionally similar cells exist in
the art, such cells have generally employed large
programmable AND-OR array elements or similar PLD
devices to implement the functions performed by the
four combinational gates 21, 23, 28, and 41 in the
present cell core. The inclusion of such programmable
AND-OR array elements in a cell has two major
drawbacks. First, it requires a significant increase
in the chip area needed to realize the cell, thus
allowing fewer cells to be placed on a single chip.
Second, the programmable AND-OR array element
significantly diminishes the performance of a cell
.because of the large capacitances at its internal
nodes. The cell core of the present invention realizes
the necessary flexibility, as will be later
illustrated, without such sacrifices in compactness cr
speed.

Fig. 3 depicts an alternative cell core design
logically equivalent to that of ng. 2. The difference
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Figs. 11-14 have the property that two nets, at nost, can be routed through
the cell in spite of the fact that the cell has eight inputs from

nei ghboring cells and eight outputs to neighboring cells. Thus, when two
nets are routed through a cell, all other possible connections between
unused cell inputs and outputs are bl ock®H.- These inputs and out puts,
furthernore, are divided into " A" and "B" classes, and, on sone
occasions, it is necessary to use a cell solely to change a signal from"A"
to "B" or "B" to "A". This is called "color clash”, since different colors

are usual |y assgetghed whid één 'Arealghd’ Bhas gaaksﬁ léntaéternative
logic array is de %%gxﬁeltn 07 tne Ypstrdan RuB"JuR LS 9AEEC 5 witn

i nt erconnecti on§®
NAND gates 50 and 51, and the replacement of the

downstream AND gate 41 with NOR gate 52. These changes
have no effect on the logical functioning of the cell
core. The fact that the signals on inputs 31 and 32 to
the downstream XOR gate 28 are inverted in Fig. 3 (with
respect to the signals on inputs 31 and 32 of Fig. 2)
has no effect on the output 35 of XOR gate 28. Also,
by propagating the inverting “bubbles" from the
outputs 53 and 54 of the upstream NAND gates 50 and 51
to the inputs 55 and 56 of the downstream NOR gate 52,
the logic equivalence of NOR gate 52 and AND gate 41
becomes evident. In reality, the structure shown in
Fig. 3 more closely resembles an actual integrated
circuit implementation. However, since the logical
function of the cell core in Fig. 2 is more intuitive,
the logic cell embodiments illustrated in Figs. 11-14
and 17-18 are derived from the cell core of Fig., 2.
Fig. 5 illustrates the configuration of the cell
core of Fig. 2 as a multiplexer 60. This function;
represents an important advantage of the cell core of
the present invention over the cell provided in the
'415 application in which such a multiplexer requires
six cells. In the multiplexer configuration 60
depicted in Fig. 5, the configqurable-interconnect
element is configured in state 50a and multiplexer 36
is configured toc select the ouﬁput 35 of XOR gate 28.
When input 24 to the configurable-interconnect element
is logical "1", the first logical input 20 which feeds
the first upstream AND gate 21 is provided to the
output 35 of the XOR gate. When the configurable-
interconnect element input 24 is logical "0", the
second logical input 22 of the second upstream AND
gate 23 is provided to the output 35 of the XOR gate.
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exenplary portion of an array of cells 100 fornmed in accordance with the
present invention. Like the array of Fig. 1, the cells are arranged in a
two-di nensional matrix with each cell 100 having four nearest- neighbors,
one to its left (or to the West), one to its right (or to the East), one

above it (or to the North) and one bel ow4 t” (or to the South). Unlike Fig.

1, each cell 100 has four inputs 10la, 101b, 10l1c, and |101d and four
out puts 102a, 102 b, 102c, and 102d. Like the array of the Fig. 1, each
cell 100 is identical with. respect its direct cqnnections to |ts f our

t.0
near est - nei ghbors. EBNESRFicR %%KJFQﬁMﬂ?Wﬂéﬁﬁﬂ&ﬁ“ &gt ¥56%r ovi des
only one out pudewastiréannmeasicme ghilarip lfdxerceld cbbinecenees only one

i nput . outputs of the upstream AND gates would be an OR gate.
Instead, the cell core of the present invention employs
an XOR gate 28, It is possible to use an XOR gate in
the circuit of Fig. 5 since the OR and XOR gates
function identically except when both inputs are
logical "1"s and configurable-interconnect element 25
makes it impossible for both inputs to be logical "1i"s
when element 25 is in state 50a. The advantage of
using an XOR gate 28 in this position is that it is
aiso useful in implementing many important arithmetic
circuits, such as adders and counters.

Fig. 6 depicts the cell core of Fig. 2 configured
to function as a 1-bit slice of a parallel-loadable
shift register 65. As with the previous multiplexer
configuration 60, the configqurable~interconnect
element 25 in Fig. 6 is configured in state 50a but the
multiplexer 36 is now configured to select input 37,
the Q output 39 of register 33. Thus, Fig. 6 is the
same as Fig. 5 except for the inclusion of register 33;
and multiplexer 60 of Fig. 5 is identified in Fig. 6 by
the dashed line.

The operation of the parallel-loadable shift
register configuration is based upon that of the
previously described multiplexer configuration 60 usinc
the signal on input 24 as a load signal. When the
signal on input 24 entering the configurable-
interconnect element 25 is logical "1", the
multiplexer configuration 60 supplies Parallel Data 2¢
to the D input 34 of the register 33. When the
signal on input 24 is logical "0", the
multiplexer configuration 60 supplies Serial_Data frorn
the previous slice to the D input 34 of the
register 33.
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Because there is only one type of input and output (no "A's and "B" s),
color clash is conpletely elim nated. - 21 -

Fig. 7 shows the cell core of Fig. 2 configured to
implement the logic for a 1-bit slice of a binary
counter 70. To implemént the counter slice, the
configurable-interconnect element 25 is configured in
state 50b, so as to cause the upstream AND gates 21
and 23 to act as logical wires, and the multiplexer 36
is configured to select the Q output 39 of register 33.
In order to fully realize the binary counter function,
the Q output 39 of the register 33 must be fed back to
the first logical input 20. This feedback connection
may be implemented using ah adjacent cell or other
feedback means, such as feedback means 110 shown in the
cell embediments shown in Figs. 17 and 18.

Fig. 8 depicts the cell core of Fig. 2 configurecd
to implement a register 80 with clock enable. This
register configuration employs the multiplexer
configuration 60 to select an appropriate input 34 for
the register 33. The configurable-interconnect
element 25 is configured in state 50a and the
multiplexer 36 is configured to select the Q output 39
of register 33. In this example, the signal on input
24 functions as a clock enable. When the
clock-enable signal on input 24 entering the
configurable~interconnect element 25 is logical "1",
register 33 receives new Data 20 at its input 34
through the multiplexer configuration 60. When the
clock enable signal on input 24 is logical "o",
register 33 is re-loaded with its current state 39,
which is returned upstream via an adjacent cell or
internal feedback means 110 as provided in Figs. 17 anz
18, and back to the input 34 of register 33 by the
nultiplexer configuration 60.

Figs. SA-9D illustrate programmable pass gates
with default outputs that are useful in the present
invention. A programmable pass gate with defaul:t "1
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As with the array of the '415 application, this array may include an

addi tional bus structure which is not shown since it is not relevant to the
present invention. Fig. 17 is a logic diagram show ng an enbodi nent of
a logic cell in accordance with the present invention for use in an array
as depicted in Fig. 16. The basic desi~gd4of this cell is derived fromthat

of Fig. 14. There are four inportant differences. First,

mul ti pl exers 103a and 103b now receive the sanme inputs.

bot h i nput
In this case, these

are sinply the inputs 10la-d received .from out puts of the nearest-

output is shown as circuit 70a in Fig. 9A

and its

equivalent logic symbol 70b in Fig. 9B. Pass gate 70a
receives an input at terminal 71 and generates an

output at terminal 72. It also receives two logically

inverted signals 28a and 28b from the configuration
control. 1In a "pass" state when signal 28a is high
(and 28b is consequently low), the value at the input
at terminal 71 is passed to the output at terminal 72

by pass gate 70a. In a "default" state when signal 28a

is low, pass gate 70a supplies the default "1*

connected to node 7la to the output terminal 72. 1In

logical symbol 70b shown in Fig.. 9B, the inverted

configuration control signals 28a and 28b are

represented by the single configuration control signal

28a.

A similar programmable pass gate is shown as

circuit 73a of Fig. 9C. Pass gate 73a, however, has a

default "0" output. 1In a “"pass" state when

configuration signal 28d is high (and 28c is low), pass

gate 73a passes the input value at terminal 74 to the

output at terminal 75. In a "“default" state when

signal 28d is low, pass gate 73a supplies the default

"o" connected to node 74a to the output terminal 75.

The logical symbol for the programmable pass gate
with default "O" output 73b is shown in Fig. 9D. The
programmable pass gate logic symbols 70b and 73b are

used in the drawings of logic cells in Figs. 11-14 and

17-18.

The same basic idea used to implement the

programmable pass gates 70a and 73a with default "i"

and default "0" outputs can be extended to implement

general (N+1l)-input multiplexer circuits 6la and 62a
with default "1" and default "O" outputs, as

illustrated in Figs. 10A and 10C. Circuit 6la is an
{(N+1)-input programmable multiplexer with default "i"
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nei ghbor cells. As with the cells in Figs. 11-14, input 24 to the
configurabl e-interconnect elenent nmay originate froma bus network,

near est - nei ghbor cell, some other source or sone conbination of these.
Second, the four-input output-selecting nultiplexers 92a and 92b,
controlled in tandemin the cell of Fig. 14, -are replaced by two two-input
out put- selecting nultiplexers 104a and 104b, also controlled in tandem to
produce two output functions F[err] and F[err]. Miltiplexer states "0" and

"1" fromthe cell of Fig. 14 are elimnated fromthe present cell. Third,
the Q output 39 of ._regi st 33,1 ack jnt | nput_,of 1 nput..sel ecting
mul ti pl exer 103a WE: %gﬁ i g%ﬁr% +§¥:ieg%ﬁ)gc£§#égan%% r%:issh wé‘a{}%rtglél'l ows
the 1-bit 108 as 61b. Multiplexer 6la comprises (N+1) CMOS

transmission gates 6820-N and a chain of {N+1) PMOS
transistors 69a0-N. Multiplexer 6la selects one of
(N+1) inputs 64a20-N to connect to output 63a by opening
the approﬁriate transmission gate 68a0-N in response to
the values of the configuration control lines 65a0-N
and their logical inverses 66a0-N. If all the
configuration control lines 65a0-N are programmed to
"o" such that no input is selected, multiplexer 6la
directs a "default" value, the logical "1" supplied at
input 67a, to output 63a via the chain of PMOS
transistors 6%a0-N.

A programmable multiplexer with default "0" outpusz
62a and its equivaleﬁt logic symbol 62b are shown in
Figs. 10C and 10D. Multiplexer 62a comprises (N+1)
CMOS transmission gates 68a0-N and a chain of (N+1)
NMOS transistors 68b0-N. Multiplexer 62a selects one
of (N+1) inputs 64a0-N to connect to output 63b by
opening the appropriate transmission gate 68a0-N in
response to the values of the configuration control
lines 65a0-N and their logical inverses 66a0-=N. If alil
the configuration control lines 65a0~N are programmed
to "0" such that no input is selécted, multiplexer 622
directs a "default" value, the logical "0" supplied a<
input 67b, to output 63b via the chain of NMOS
transistors 68b0-N. The egquivalent logic symbols 61t
and 62b of Figs. 10B and 10D for the default output
multiplexers are used in the logic diagrams of the cell
embodiments shown in Figs. 11-14 and 17-18.

This "default"” state is particularly valuable in
the context of a configurable logic cell, since most
cells in an array will typically be configured with
such multiplexers in their default state. The defaul:
output multiplexer circuits shown in Figs. 6l1a and 622
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slice of the binary counter shown in Fig. 7 or the register with

cl ock-enable function shown in Fig. 8 to be conpletely inplenmented within a
single cell. Fourth and finally, the four cell outputs 102a-d are each
determ ned by a separate five-input output-selecting nultiplexer 106a,

106b, 106c, and 106d. Each output- selectdng nultiplexer may sel ect either
of the | ogical output functions F[err] or F[err], or may alternatively

sel ect one of the inputs fromthe three sides other than that

are smaller, in terms of chip area, than similar
conventional circuits since these default output
multiplexer circuits use the same control lines to
control both the ‘transmission gates and the transistor
chain. Another advantage is that, depending on the
desired default value, the transistor chain only
includes one type of transistor (P or N), saving
valuable chip area without intréducing any undesirable
threshold voltage drops.

Figs. 11 through 14 show various embodiments of
the logic cell in accordance with the present invention
for use in an array such as that shown in Fig. 1.
Collectively, these embodiments represent only a few of
the possible cells incorpeorating the ideas present in
the cell core illustrated in Fig. 2.

All of the cell designs depicted in Figs. 11
through 14 are perfectly symmetric with respect to the
North, South, East and West directions in the array.
Unless otherwise indicated, all configurable devices
(pass gates and multiplexers) included in Figs. 10
through 14 are independently programmable. Finally,
bus outputs are omitted from Figs. 10 through 14 since
they are not relevant to the present invention.

The logic cell depicted in Fig. 11 augments the
cell core of Fig. 2 in several ways to realize a cell
for use in an array. Additional inputs 80a-d and 8la-d
to the two upstream AND gates 21 and 23 accommodate the
four "A" and four "B" inputs from neighboring cells.
Four "A" outputs and four "B" outputs are provided fror
multiplexer 36 and AND gate 41, respectively.

Two programmable pass gates 85a and 85b and
inverting bubble 85c, which form the configurable-
interconnect element 25, allow the left and
right outputs 26, 27 from the configurable-interconnec:

element to be independently controlled. Two
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- 22 - to which the output is being transmtted. Except for U turns,
this solves the bl ocking problem However, such U-turn routing is only
useful for inplenenting the feedback path for an adjacent cell which, in
this case, is provided intra-cell by fegﬂpack means 110. The

programmable pass gates 86a and 86b feeding the

inputs 31 and 32 of the downstream XOR gate 28 and two
programmable pass gates 84a and b feeding the inputs 42
and 43 of the downstream AND gate 41 permit each of
these gates 28 and 41 to act as logical wires when one
of its input pass gates is configured in the "“pass"
state and the other in the "default" state.
Programmable pass gates 82a-d, 83a-d and 85a-b on each
of the inputs 80a-d and 8la-d plus the outputs from the
configurable-interconnect element 25 allow each of the
two upstream AND gates 21 and 22 to implement either a
two-, three-, four-, or five-input AND function. 1In
addition, by configuring pass gates 84a and 84b in the
“pass" configuration to utilize the downstream AND
gate 41, an AND function of up to nine inputs 80a~d, 24
and 8la-d is possible. The advantages of the cell of
Fig. 11 include very wide ANDing and minimal use of
multiplexers (thus reducing area).

The cell shown in Fig. 12 combines'the elements of
the previously described cell of Fig. 11 with those of
cells described in the above referenced '736 patent and
*415 application. The cell shown in Fig. 12 has the
two five-input AND gates 21 and 23, the downstream XOR
gate 28, the registgr 33, and the downstream AND
gate 41 which come from the cell of Fig. 11. 1In
addition, the cell of Fig. 12 includes an arrangement
of configurable pass gates %0a and 90b and inverting
bubble 80c which form the configurable-interconnect
element 25 and an inverter 91 which can be programmably
inserted following the output 44 of the downstream AND
gate 41. The two programmable pass gates 90a and 90b
associated with the configurable-interconnect element
25 provide additional capabilities beyond those
previously discussed. When configuration-interconnect
element 25 is configured in state 50d, pass gate 90a is
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advantages of the cell in Fig. 17 include no color clash and no bl ocki ng,
except for U turns. Fig. 18 is a logic diagramof an alternative cel
in accordance with the present invention for use in an array as shown in
Fig. 16. The only difference between this and the previous cell of Fig. 17
Is the additional flexibility in outputi8etect nultiplexers 107a, 107b,
107c, and 107d. In the cell of Fig. 18, these output- selecting

mul ti pl exers 107a-d can each be independently configured to sel ect any of
four possible output functions Flerr], F[err], Flerr], and F[err], only two
of which coul ¢dig igerecdt dd khet fdefablthfsfage dnd passadghte GOb tise

out put - el ect | M fuirddl THCLAie 10gasdh Ohedbe, Coh biefhd-3d&Are
i ndependent |y controlled, offering. ]

upstream AND gate 237is forced to logical "0." 1In
addition to making a logical "0" available at both the
np" and "B" outputs of the cell, this "0O" constant at
the "input 31 of the downstream XOR gate 28 turns XOR
gate 28 into a logical wire from input 32 to output 35,
which is essential in implementing a 1-bit-slice-
per-cell shift register.

In addition, the ocutput 30 of upstream AND gate 23
can be forced to logical "1" by programming pass
gates 83a-d and 90b in the "default" state. In this
case, the logical "1" at input 32 of the downstream XOR
gate 28 turns XOR gate 28 into an inverter from
input 31 to output 35, which means that an inverter may
precede the input 34 to the register 33 within a single
cell or may be connected to the "A" output of the cell.

In the cell of Fig. 12, configurable output-
selecting multiplexers 92a and 92b are added.
Preferably, multiplexers 92a and 92b are controlled in
tandem to reduce area and configuration-control
requirements. The ability to configure the downstream
AND gate 41 to be followed by an inverter 91 or not
followed by an inverter is provided by multiplexer 92b.
This adds flexibility. With the multiplexers 92a and
g92b set in state "2" so as to select the "2" inputs as
their outputs, the inverter 91 is in the signal path,
the XOR function is provided on the "A" side 40 and the
NAND function on the "B" side 45 of the cell. The NAND
by itself is a universgl logical function and, when
combined with the XOR, permits a full adder to be
implemented using only four cells. With the
multiplexers 92a and 92b configured in state "3" so as
to select the "3" inputs as their outputs, the cell may
pe advantageously used to implement one stage of a
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additional flexibility. The advantages of the cell shown in Fig. 18 include
no col or clash, no bl ocking (except Uturns), and maximum flexibility.
From the foregoing description of the invention, nunerous alterations,
nodi fications and i nprovenents nay be readily apparent. Figs. 11-14 and
17-18 have illustrated several enbodi rert%s -of the inproved logic cell in
accordance with the present invention. Many functionally simlar

enbodi ments are possible. These include, but are not limted to,

i npl ementations of logic cells based on negative-1logic equivalents of the
cell core and inplenentations of arrays in which cells such as those

di scl osed her epiname apundededsindoPRdY Heeneerisal Pattadvantagas &F
hexagonal or afe cell illustrated in Fig. 12 also include very wide

ANDing and the availability of the NAND function.

In the cell shown in Fig. 13, the eight
configurable pass gates previously associated with AND
gates 21 and 23 are replaced by multiplexers %4a-b and
95a-b, each of which may be configured to produce a
default logical ™1" at its outpuﬁ. This change reduces
the fan-in to the upstream AND gates 21 and 23, thereby
increasing the speed of those gates. This is the only
difference between the cell shown in Fig. 13 and that
shown in Fig. 12. The advantages of the cell shown in~
Fig. 13 include moderately wide ANDing capability and
better performance than that of the cell in Fig. 12
because of reduced fan-in to the upstream AND gates.

A preferred embodiment of the logic cell in
accordance with the present invention is shown in
Fig. 14. In the cell of Fig. 14, the
multiplexers 96a-b are each programméble to select one
of the nearest-neighbor inputs to be provided to the
input of the upstream AND gates 21 and 23. As with
multiplexers 94a-b and 95a-b in the previdus cell,
multiplexers 96a-b may also be programmed to provide a2
logical "1" output. This reduction in the number of"
multiplexed inputs entering the upstream AND gates 21
and 23 is the only difference between the preferred
embodiment cell and that of Fig. 13. The advantage of
the preferred embodiment shown -in Fig. 14 is the high
performance obtainable by reducing the fan-in AND
gates 21 and 23 from the design.

| Fifty-one configuration states of the preferred
embodiment cell are depicted in Figs. 15A=15YY. The
set of states shown in Figs. 15A-15YY does not include
separate states for each possible configuration of the
input multiplexers 96a and 96b, nor does it include bus
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I nterconnected by other wiring patterns such as a three-dinensional array.
- 23 -

states. As evidenced by Figs. 15A-15YY, the design of
Fig. 14, based on the cell core of Fig. 2, implements a
large variety of useful logical functions, only a few
of which have been described in detail. .

All of the cell embodiments depicted thus far in
Figs. 11-14 have the property that two nets, at most,
can be routed through the cell in spite of the fact
that the cell has eight inputs from neighboring cells
and eight outputs to neighboring cells. Thus, when two
nets are routed through a cell, all other possible
connections between unused cell inputs and outputs are
blocked. These inputs and outputs, furthermore, are
divided into "A" and "B" classes, and, on some
occasions, it is necessary to use a cell solely to
change a signal from “A" to "B" or "B" to “A". This is
called *"color clash", since different colors are
usually associated with the "A" and "B" signals.

An alternative logic array is depicted in Fig. 1s.
Fig. 16 shows the direct interconnections within an
exemplary portion of an array of cells 100 formed in
accordance with the present invention. Like the array
of Fig. 1, the cells are arranged in a two-dimensional
matrix with each cell 100 having four nearest-
neighbors, one to its left (or to the West), one to its
right (or to the East), one above it (or to the North)
and one below it (or to the South). Unlike Fig. 1,
each cell 100 has four inputs 10la, 101b, 101lc, and
101d and four outputs 102a, 102b, 102c, and 102d. Like
the array of the Fig. 1, each cell 100 is identical-
with respect to its direct connections to its four
nearest-neighbors. However, to each such neighbeor, the
cell 100 provides only one output, and from each
neighbor, the cell 100 receives only one input.

Because there is only one type of input and output (no
"At*s and "B"s), color clash is completely eliminated.
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In augnenting the logic of the cell core to create a conplete cell design

a variety of design choices are possible, several of which were illustrated
by the cell designs shown in Figs. 11-14 and 17-18. However, all such cel
desi gns based on the cell core disclosed herein remain within the scope and
spirit of the present invention, regar@lless of the nature of various design
choices. In particular, design choices worth considering m ght include
using XOR gates with one progranmabl e i nput signal to inplenment connections
bet ween el enments of the cell core whereby the XOR gate may be programmed

either to inpl gneRtieh kadi 82Lay 6€ e '415 application, this array
may include an additional bus structure which is not
shown since it is not relevant to the present
invention.

Fig. 17 is a logic diagram showing an embodiment
of a logic cell in accordance with the present
invention for use in an array as depicted in Fig. 1s6.
The basic design of this cell is derived from that of
Fig. 14. There are four important differences. First,
both input multiplexers 103a and 103b now receive the
same inputs. 1In this case, these are simply the
inputé 10la-d received from outputs of the nearest-
neighbor cells. As with the cells in Figs. 11-14,
input 24 to the configurable-interconnect element may
originéte from a bus network, nearest-neighbor cell,
some other source or some combination of these.

Second, the four-input output-selecting

multiplexers 92a and 92b, controlled in tandem in the
cell of Fig. 14, are replaced by two two-input output-
selecting multiplexers 104a and 104b, also controlled
in tandem to produce two output functions F, and F,. -
Multiplexer states "0" and "1" from the cell of Fig. 14
are eliminated from the present cell. Third, the Q
output 39 of register 33 is fed back into an input of
input selecting multiplexer 103a via an internal
feedback means 110. This feature allows the 1-bit
slice of the binary counter shown in Fig. 7 or the
register with clock-enable function shown in Fig. 8 to
be completely implemented within a single cell. Fourth
and finally, the four cell outputs 102a-d are each
determined by a separate five-input output-selecting
nultiplexer 106a, 106b, 106c, and 106d. Each output-
selecting multipiexer may select either of the logicail
output functions F; or F,, or may alternatively selec:
one of the inputs from the three sides other than that
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an inverter, depending on the selection of its programuable input. Al so,
the use of independent vs. dependent control of various nultiplexers
represents a design tradeoff between flexibility and size/ power
consunption. It is also possible to include in a cell some capability for
the cell to automatically determ ne sene2o0f its configuration based upon
the configurations of neighboring cells and/or a bussing network. As
anot her possi bl e design choice, it may be useful to include anong the

i nputs to each of the two output- selecting nultiplexers in Figs. 12-14,
all the outputs entering either mnultiplexer such that both output-

sel ecting nul t kpl shieh FRR|RFPYhe SRR Ettransmifiesd - oExsepityEpy
elimnating the-tGphe| €thbshéopredbltire blocking problem. However,

such U-turn routing is'only useful for implementing the
feedback path for an adjacent cell which, in this case,
is provided intra-cell by feedback means 110. The
advantages of the cell in Fig. 17 include no color
clash and no blocking, except for U-turns.

Fig. 18 is a logic diagram of an alternative cell
in accordance with the present invention for use in an
array as shown in Fig. 16. The only difference between
this and the previous cell of Fig. 17 is the additional
flexibility in output select multiplexers 107a, 107b,
107c, and 107d. In the cell of Fig. 18, these output-
selecting multiplexers 107a-d can each be independently
configured to select any of four possible ocutput.
functions F,, F,, F,, and F,, only two of which could be
selected in the cell of Fig. 17. 1In addition, the
output-selecting multiplexers 107a-d of the cell in
Fig. 18 are independently controlled, offering
additional flexibility. The advantages of the cell
shown in Fig. 18 include no color clash, no blocking
(except U-turns), and maximum flexibility.

From the foregoing description of the invention,
numerous alterations, modifications and improvements
may be readily apparent. Figs. 11-14 and 17-18 have
illustrated several embodiments of the improved logic-
cell in accordance with the present invention. Many
functionally similar embodiments are possible. These
include, but are not limited to, implementations of
logic cells based on negative-logic egquivalents of the
cell core and implementations of arrays in which cells
such as those disclosed herein are arranged in other
geometrical patterns such as hexagonal or are
interconnected by other wiring patterns such as a
three-dimensional array.
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These, and nunerous ot her design choices will yield a vast collection of
different cell designs based collectively on the cell core of the present
i nvention. Therefore, the scope of the present invention shall be |imted
only in accordance with the follow ng cggins.

In augmenting the logic of the cell core to create
a complete cell design, a variety of design choices are
possible, several of which were illustrated by the cell
designs shown in Figs. 11-14 and 17-18. However, all
such cell designs based on the cell core disclosed
herein remain within the scope and spirit of the
present invention, regardless of the nature of various
design choices. In particular, &esign choices worth
considering might include using XOR gates with one
programmable input signal to implement connections
between elements of the cell core whereby the XOR gate
may be pfogrammed either to implement a logical wire or
an inverter, depending on the selection of its
programmable input. Also, the use of independent vs.
dependent control of various multiplexers represents a
design tradeoff between flexibility and size/power
consumption. It is also possible to include in a cell
some capability for the cell to automatically determine
some of its configuration based upon the configurations
of neighboring cells and/or a bussing network. As
another possible design choice, it may be useful to
include among the inputs to each of the two output-
selecting multiplexers in Figs. 12-14, all the outputs
entering either multiplexer such that both output-
selecting multiplexers include the same set of inputs,
effectively eliminating the "color clash" problem.
These, and numerous other design choices will yield a
vast collection of different cell designs based
collectively on the cell core of the present invention.
Therefore, the scope of the present invention shall be
limited only in accordance with the following claims.
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224 - CLAI M5 1. A progranmable |ogic

circ first, second and third |logic gates, each
haV| Hm{m(mmm(mrﬂm and second |nputs and at least a first output, said

i rst *and secom s to the third logic gate being connected to the
flrst out puts of the - 24 -

what i laimed is:
1. A programmable logic circuit comprising:

first, second and third logic gates, each
having at least first and second inputs and at least a
first output, said first and second inputs to the third
logic gate being connected to the first outputs of the
first and second logic gates, respectively; and

a configurable-iptercénnect element having a
first input and first and second outputs, said first
output being connected to the first input of the first
logic gate and said second output being connected to
the first input of the second logic gate.

2. The logic circuit of claim 1, wherein the
configurable-interconnect element further comprises
means for generating first and second states such that
when the configurable-interconnect element is in the
first state, the value of the first output of the
configurable-interconnect element is such that the
value of the first output of the first logic gate is
determined by the value(s) of the input(s) to the first
logic gate other than its first input and the value of
tﬁe second output of the configurable-interconnect
element is such that the value of the first output of
the second logic gate is determined by the value(s) of
the input(s) to the second logic gate other than its
first input, and when the configurable-interconnect
element is in the second state, one output of the
configurable-interconnect element is egual to the value
of the first input of the configurable-interconnect
element and the other output is equal to the logical
inverse of the value of the first input to the
configurable-interconnect element, '
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firstTand second | ogic gates, respectively; and a

confi o ect elenment having a first input and first and second
out pj@@@%hﬁlmmmmﬂﬂt put being connected to the first input of the first

| ogi " econd out put being connected to the first input of the
second | ogic gate, the configurabl e- i-né& connect el enment al so havi ng neans
for generating first and second states such that when the configurabl e-

i nterconnect elenent is in the first state, the value of the first output

of the configurable-interconnect elenent is such that the value of the

first output of the, firple | Qfic ¢dk@ulit det enliined, bynbpeiyatpe(s) of the
I nput(s) to the %lrst | ogi ¢ gate othgr éhan |t% first input, and the val ue
of the second®BhtpAErpl T&P%gﬁﬁQWﬁﬁ; pfeement further comprises

means for generating third and fourth states such that
when the configurable~interconnect element is in the
third state, the value of the first output of the
configurable-interconnect element is equal to the value
of the first input of the configurable-interconnect
element and the value of the second output of the
configurable-interconnect element is such that the
first output of the second logic gate is determined by
the value(s) of the input(s). to the second logic gate
other than its first input, and when the configurable-
interconnect element is in the fourth state, the value
of the first output of the configurable-interconnect
element is such that the value of the first output of
the first logic gate is determined by the value(s) of
the input(s) to the first logic gate other than its
first input and the value of the second output of the
configurable-interconnect element is such that the
first output of the second logic gate provides a
constant value output such that the third logic gate
performs a logical inversion function from its first
input to its first output.

4. The logic circuit of claim 2, wherein when
the configurable-interconnect element is in the second
state, the logic circuit can implement a multiplexer
for connecting the second input of either the first or
second gate to the first output of the third gate,
depending on the value of the first input to the
configurable-interconnect element.

5. The logic circuit of claim 2, further
comprising a configuration control- means for

TR TR Eyee ey e nm . -
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I nterconnect elenent is such that the value of the first output of the
second -l ogi c-gate is determ ned by the value(s) of the input(s) to the
second IOE c gate other than its first input, and when the configurabl e-

interco mmmuml n the second state, one output of the
conflgu t element is eq@él -to the value of the first input

of the conflgurable *i nf erconnect el enent and the ot her output is equal to
the logical inverse of the value of the first input to the
configurabl e-i nterconnect el enment.

controlling the state of the configurable-interconnect
element.

6. The logic circuit of claim 1, further
comprising a register having a data input and a data
output, the data input being connected toc the first
output of the third logic gate.

7. The logic circuit of claim 6, wherein the
third logic gate is an exclusive-OR gate.

8. The logic circuit of claim 7, further
comprising means for asserting a logical "1*" value at
an input to the exclusive-OR gate.

9. The logic circuit of claim 8, further
comprising means for asserting a logical "0" value at
an input to the exclusive-OR gate.

10. The logic circuit of claim 9, wherein the
logic circuit can implement a 1-bit slice of a
parallel-loadable shift register.

11. The logic circuit of claim 6, further
comprising a fourth logic gate having at least first
and second inputs and a first output, said first and
second inputs beinqg connected to the first outputs of
the first and second logic gatés, respectively.

12. The logic circuit of claim 11, wherein the
logic circuit can implement the logic of a 1-bit slice

for a binary counter.

13. The logic circuit of claim 11, further
comprising feedback means for connecting the data
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- 25- "‘2“‘“The 1oegic_circuit of claim1, wherein the

config |nterconnect el ement further conprises neans for generating
third JHHWWHE such that when the the configurabl e-interconnect
el ement» | state, the value of the first output of the

conflgurable- |nterconnect el ement is-eddlar to the value of the first

output of the register to an input of either the first
or second logic gate.

14. The logic circuit of claim 13, wherein the
logic circuit can implement a register with clock
enable.

15. The logic circuit of claim 11, further
comprising an inverter having an input and an output,
said input being connected to the first output of the
fourth logic gate.

16. The logic circuit of claim 11, wherein the
first, second and fourth logic gates are AND gates.

17. The logic circuit of claim 11, wherein the
first and second logic gates are NAND gates and the
fourth logic gate is a NOR gate.

18. A programmable logic cell for use in a
programmable logic cell array, said cell comprising:
' first, second, and third cell inputs;

at least a first cell output;

first, second and third logic gates, each
having at least first and second inputs and at least a
first output, said first and second inputs to the third

~ logic gate being connected to the first outputs of the
first and second logic gates, réspectively;

a configurable-interconnect element having a
first input and first and second outputs, said first
output being connected to the first input of the first
logic gate and said second output being connected to
the first input of the second logic gate;

means for connecting the first cell input to
the first input of the first logic gate;
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| nput —ef—the-—configurabte-interconnect el enent and the val ue of the second
out put of the confiiunﬁgle- I nterconnect elenent is such that the first

:)lrjl';)l[}tj'z Jﬂ“ﬂiﬂﬂ“‘ﬂﬂm u ic gate is determined by the value(s) of the

ogic gate other than its first input, and when the
configurabl’e-interconnect elenent is in #ke-fourth state, the value of the
first output of the configurable-interconnect elenent is such that the
value of the first output of the first logic gate is determ ned by the
val ue(s) of the input(s) to the first logic gate other than its first input

and the val ue of the secoggaggt ?g%hggg{ég&%q?f{@grgg%oeﬁ& née ]gg%%gl%t el enent

is such that the first output o con ogi c gate prov c&fst ant
val ue out put sucthet KAESChanPHEr 8L| BhrcSgaeRd logic gate;

means for connecting the third cell input to
the first input of the configurable-interconnect
element; and

means for connecting the output of the third'
logic gate to the first cell output.

1s. 1In a programmable logic array, said array
including a means for supplying K configuration control
signals and their logical inverses, a programmable
default-output multiplexer responsive to the
configuration control signals for connecting one of K
input terminals or a default value to an output
terminal, said multiplexer comprising:

K pass gates, wherein each pass gate can
connect one of the K input terminals to the output
terminal when activated by the value of one of the K
configuration control signals and its logical inverse,
each pass gate comprising an N-type MOS transistor
including drain, source, and gate terminals, wherein
the drain terminal connects to one of the K input
ternminals, the source terminal connects to the ocutput
terminal, and the gate terminal connects to one of the
K configuration control signals, and a P-type MOS
transistor including drain, source, and gate terminals,
wherein the source terminal connects to cne of the K
input terminals, the drain terminal connects to the
output terminal, and the gate terminal connects to the
logical inverse of the configuration control signal;
and

a chain of K MOS transistors for supplying a
default value to the output terminal when none of the ¥
pass gates is activated, each of the K MOS transistors
in the chain including drain, source and gate
terminals, wherein the chain is formed by connecting

b
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performs a 1pg|cal inversion function fromits first input to its first
out put. ~ . "The logic circuit of claim1, wherein when the

conflgur elenent is in the second state, the logic circuit
can |rrpl mﬂnugnmmmﬂm‘e for connecting the second input of either the

irst or secendrgate to *the first outpuSof the third gate, depending on
the value of the first input to the configurable- interconnect el enent.

the source terminal of each MOS transistor in the chain
to the drain terminal of the next MOS transistor in the
chain, one of the source/drain terminals at an end of
the chain connects to a means for supplying a default
value and the source/drain terminal at the other end of
the chain connects to the output terminal of the
multiplexer, and the gate voltage of each MOS
transistor in the chain is determined by a different
one of the K configuration controcl signals which
control the K pass gates whereby all MOS transistors in
the chain are conducting only when all the K pass gates
are not activated.

20. A multiplexer as defined in claim 19, wherein
the MOS transistors in the chain are N-type MOS
transistors, the gate terminal of each N-type MOS
transistor in the chain conrects to the logical inverse
of a different one of the K configuration control
signals, and the means for supplying a default value
supplies a low value.

21. A multiplexer as defined in claim 19, wherein
the MOS transistors in the chain are P-type MOS
transistors, the gate terminal of each P-type MOS
transistor in the chain connects to a different one of
the K configuration contfcl signals, and the means for
supplying a default value supplies a high value.

22. A programmable logic cell for use in a
programmable logic array, said logic cell comprising:
means for supplying a configuration control;
first, second and third cell inputs;

a cell output;
first and second logic gates each having

-
v

first and second inputs;
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4. The logic circuit _of claim1, further conprising a configuration control
means for controlling the state of the configurabl e-interconnect el enent.

S R

a third logic gate having at least two
inputs;

means for connecting said first cell input to
said first input of said first logic gate;

means for connecting said second cell input
to said first input of said second logic gate;

means responsive to the configuration controil
for connecting either said third cell input or a
constant logical value to said second input of said
first logic gate; _

means responsive to the configuration control
for connecting either an inverted form of said third
cell input or a constant logical value to said second
input of said second logic gate;

means for connecting the output of said first
logic gate to an input of said third logic gate;

means for connecting the output of said
second logic gate to an input of said third logic gate;
and , '

means for coﬁnecting the output of said third
logic gate to the cell output.

23. The logic cell of claim 22, wherein said
first and second logic gates are either AND or NAND
gates and said third logic gate is either an XOR or an
XNOR gate.

24. The logic cell of claim 22, wherein the logic
cell can be configured to implement a multiplexer.

25. The logic cell of claim 22 further
comprising:
a register having a data input and a data
output;
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5. A programmble logic circuit conprising: first, second and
third logic gates, each having at least first and second inputs and at

| east a fi , illfirst and second inputs to the third | ogic gate
bei ng conrlwlmmmmlrumﬂll Lt outputs of the first and second | ogic gates,
respectively; ¢ t *® S g configurabl e-Phterconnect el ement having a first
I nput and first and second outputs, said first output being connected to
the first input of the first logic gate and said second out put being

connected to the first input of the second |ogic gate; and a
register having a data inRE&né”%%f‘éEﬁﬁbcting the output of said third
logic gate to said data input of said register; and
means for connecting said data output of said
register to the cell output.

26. The logic cell of claim 25, wherein the logic
cell can be configured to implement a parallel-loadable
shift register.

27. The logic cell of claim 25, wherein the logic
cell can be configured to implement the logic for a
register with clock enable.

28. The logic cell of claim 25, further

comprising:

a fourth logic gate having at least two
inputs;

meaﬁs for connecting the output of said first
logic gate to an input of said fourth logic gate;

means for connecting the output of said
second logic gate to an input of said fourth logic
gate; and

means for connecting the output of said
fourth logic gate to a second cell output.

29. The logic cell of claim 28, wherein said
fourth logic gate is either an AND gate or a NAND gate.

30. The logic cell of claim 28, wherein the logic
cell can be configured to implement the logic for a
1-bit slice of a binary counter.

31. A programmable logic array comprising:
a plurality of logic cells, wherein each cel.

except those at the edges of the array has four
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out put , —t he—data +nput betng connected to the first output of the third
| ogi ¢ gate gic CIrCUIt of claim5, wherein the third logic

gate !s ul mum‘&ﬁmﬁate . The logic circuit of claim®6, further
conpri si rting a IoglcaIéW" value at an input to the

excl usi ve- OR gat e. -

nearest-neighbor cells, one to the left {or West), one
to the right (or East), one above (or to the North),
and one below (or to the South) so as to form an array
in which said logic cells are aligned in rows and
colunns, each cell comprising: _

means for supplying a configuration control;

four "A" inputs, one received from each of
the nearest-neighbor cells; .

four "B" inputs, one received from each of
the four nearest-neighbor cells;

first, second and third logic gates, each
having at least first and second inputs and at least a
first output, said first and second inputs to the third
logic gate being connected to the outputs of the first
and second logic gates, respectively;

a configprable-intérconnéct element having a
first input and first and second outputs, said first
output being connected to the first input of the first

- logic gate and said second output being connected to
the first input of the second logic gate;

. means programmably responsive to the
configuration control means for connecting one of the
"A" inputs to the second input of the first logic gate;

means programmably responsive to the
configuration control means for connecting one of the
"B" inputs to the second input of the second logic
gate; and

means responsive to the configuration control
means for connecting the output of the third logic gate
to the "A" inputs and/or the "B" inputs of the four
nearest-neighbor cells. ' '

32. The programmable logic array of .laim 31,
wherein the configurable-interconnect element of each
cell further comprises means for generating first and
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8. Thetogie—€i-rcuit—of—<€laim7, further conprising neans for asserting a

| ogi cal val ue at. an input to the exclusive-OR gate. 9. The logic
circuit Iujil "HI Hu ein the logic circuit can inplement a 1-bit slice
of a pa shift register.

- 33 -

second states such that when the configurable-
interconnect element is in the first state, the value
of the first output cf the configurable~-interconnect
element is set such that the value of the first output
of the first logic gate is determined by the value(s)
of the input(s) to the first logic gate other than its
first input and the value of the second output of the
configurable-interconnect element is such that the
value of the first output of the second logic gate is
determined by the value(s) of the input(s) to the
second logic gate other than its first input, and when
the configurable-interconnect element is in the second
state, one output of the configurable-interconnect
element is equal to the value of the first input of the
configurable element and the otner.output is equal to
the logical inverse of the value of the first input to
the configurable~interconnect element.

33. The programmable logic array of claim 32,
wherein the configurable-interconnect element of each
cell further comprises means for generating third and
fourth states such that when the configurable-
interconnect element is in the third state, the value
of the first output of the configurable-interconnect
element is equal to the value of the first input to the
configurable-interconnect element and the value of the
second output of the configurable-interconnect element
is such that the first output of the second logic gate
is determined by the value(s) of the input(s) to the
second logic gate other than its first input, and when
the configurable-interconnect element is in the fourth
state, the value of the first output of the
corifigurable-interconnect element is such that the
value of the first output of the first logic gate is
determined by the value(s) of the input(s) to the firs:
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-27- 10. _.The-Joegre-ciTcuit of claimb5, further conprising a fourth |ogic
gate having at | east tgﬁﬂ& and second inputs and a first output, said first

and secoa&“ mg““e“! nnected to the first outputs of the first and
second | ogk A

tively.
- 34 -

logic gate other than its first input and the value of
the second output of the configurable-interconnect
element is such that the first output of the second
logic gate provides a constant value output such that
the third logic gate performs a logical inversion
function from its first input to its first output.

34. The programmable logic array of claim 32,
wherein each cell further comprises a fourth logic gate
having at least first and second inputs and at least a
first outputi, said first and second inputs being
connected to the first outputs of the first and second
logic gates, respectively, and the ocutput of the third
logic gate can be provided to the "A" inputs of the
four nearest-neighbor cells and the output of the
fourth logic gate can be provided to the "B" inputs of
the nearest-neighbor cells.

35. A programmable logic array comprising:

a plurality of logic cells, wherein each cell
except those at the edges of the array has four
nearest~-neighbor cells, one to the left (or West), one
to the right (or East), one above (or to the North),
and one below (or to the South) so as to form an array
in which said logic cells are aligned in rows and
columns, each cell comprising:

’ means for supplying a configuration control;
four inputs, one received from each of the '
nearest-neighbor cells;

first, second and third logic gates, each
having at least first and second inputs and at least a
first output, said first and second inputs to the third
logic gate being connected to the first outputs of the
first and second logic gates, respectively;
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11. The logic circuit of claim10, wherein the logic circuit can inplenment
the logic of a 1-bit-slice for a binary counter. 12. The logic circuit

of clai nprising feedback neans for connecting the data
output ﬁ" Fﬁﬂ gmkﬁ' 0 an input of elgger the first or second |ogic

a configqurable~-interconnect element having a
first input and first and second outputs, said first
output being connected to the first input of the first
logic gate and said second ocutput being connected to
the first input of the second logic gate;

means programmably responsive to the
corifiguration control means for connecting one cof the
four nearest-neighbor inputs to the second input to the
first logic gate;

means programmably responsive to the
configuration control means for connecting one of the
four nearest-neighbor inputs to the second input to the
second logic gate;

North output-selecting means for connecting
one of a plurality of candidate North outputs,
including the inputs from the South, East, and West
nearest-neighbcr cells and the output of the third
logic gate, to an input of the nearest-nexghbor cell to
the North;

Scuth output-selecting means for connecting
cne of a plurality of candidate South outputs,
including the inputs from the North, East, and West
neafest-neighbor cells and the output of the third
logic gate, to an input of the nearest-neighbor cell t:
the South;

East output-selecting means for connecting
one of a plurality of candidate East outputs, 1nclud1n~
the inputs from the North, South and West nearest-
neighbor cells and the output of the third logic gate,
to an input of the nearest-neighbor cell to the East;
and, |

West output-selecting means for connecting
one of a plurality of candidate West outputs, including
the inputs from the North, South, and East nearest-
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13. The logic circuit_of claim12, wherein the logic circuit can inplenent
a register“vvplj“crbbk enabl e. 14. The logic circuit of claim 10,

further imgierter having an i nput and an output, said input
bei ng co}ﬂmmﬁmﬁmm\m\rst output of the fourth |ogic gate. 15. The

| ogi c ci
are AND gat es.

ctaism *0, wherein the-fBfst, second and fourth | ogic gates

neighbor cells and the ocutput of the third logic gate,
to an input of the nearest-neighbor cell to the West.

36. The programmable logic array of claim 35,
wherein the configurable-interconnect element of each
cell further comprises means for generating first and
second states such that when the configurable-
interconnect element is in the first state, the value
of the first output of the configurable-interconnect
element is set such that the value of the first output
of the first logic gate is determined by the value(s)
of the input(s) to the first logic gate other than its
first input and the value of the second output of the
configurable~-interconnect element is such that the
value of the first output of the second logic gate is
determined by the value(s) of the input(s) to the
second logic gate other than its first input, and when
the configurable-interconnect element is in the second
state, one output of the configurable-interconnect
element is egual to the value of the first input of the
configurable-interconnect element and the other output
is equal to the logical inverse of the first input to
the configurable-interconnect element.

37. The programmable logic array of claim 36
wherein each cell further comprises a fourth logic gate
having at least first and second inputs and an output,
the first and second inputs being connected to the
first outputs of the first and second logic gates and
the output of the fourth-logic gate being provided tc
each one of. the North, SOch, East and West output-
selecting means as one of the plurality of candidate
outputs from each such selecting means.
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16. The logic -cireuit-of claim10 , wherein the first and second | ogic
gat es—ar-e-NAND-gates "and the fourth logic gate is a NOR gate.

- 37 -

PROGRAMME LOGIC CALL AND ARRAY

ABSTRACT

An improved programmable logic cell (1) for use
in a programmable logic array comprising cells which
are arranged in two-dimensional matrix of rows and
columns and are interconnected by a two-dimensiomnal
array of direct connections between a cell (1) and its
four nearest neighbors, one to its left (or to the
West) (3a, 3b, 7a, 7b) and one to its right (or to the
East) (5a, 5b, %9a, 9b), one above it (or to the North)
(2a, 2b, 6a, 6b) and one below it {(or to the South)
{4a, 4b, 8a, 8b). Each cell receives input(s) from
each of its nearest neighbors and additional input(s)
from a bus, pin, or neighbor and may be programmed to
generate a variety of logical functions at its outputs
which connect to the cell’s four nearest neighbors.
The core of the improved logic cell (fig. 2) comprises
two upstream gates (21,23) the outputs of which feed
two downstream gates (28,41l), one of which is an
exclusive-OR gate (28) which feeds a downstream
register (33). Additional programmable connections
and other logic augment the cell core to produce cell
embodiments which can be configured to efficiently
implement various logical functions. Among the
functions which may be implemented by the improved
cell are a number of two-level combinational functions
(such as multiplexing) and sequential functions (such
as counting and shifting). A variety of cell
embodiments based on the improved cell core are

illustratedo - . - . it =7 ot ‘\.;

-
3
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17. A progranmable logic cell for use in a programmable logic cell array,
said cell conprising: first, second, and third cell inputs;

at least a first cell output; first, second and third | ogic
gates, each having at least first and second inputs and at |east a first
output, said first and second inputs tolthe third | ogic gate being
connected to the first outputs of the first and second | ogi c gates,
respectively; a configurabl e-i nterconnect el enment having a first
i nput and first and second outputs, said first output being connected to
the first input of the first |logic gate and said second out put being
connected to the
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first input of the second |ogic gate; means for connecting the

first cell input to the first input of the first |ogic gate;
means for connecting the second cell input to the first input of the second
| ogi c gate; means for connecting the third cell input to the
first input of the configurable-interconlBect el enent; and means
for connecting the output of the third logic gate to the first cell output.
18. In a programmabl e logic array, said array including
20 24\,l 224
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a nmeans for supplying K configuration control signals and their |ogical

i nverses, a programmabl e defaul t-output nultiplexer responsive to the
configuration control signals for connecting one of Kinput termnals or a
default value to an output termnal, said multiplexer conprising:

K pass gates, wherein each pass gate cam connect one of the K input
termnals to the output term nal when activated by the value of one of the
K configuration control signals and its |logical inverse, each pass gate
conprising an N-type MOS transistor including drain, source, and.gate
term nals, wherein the

l,24
2 22
O 25
T\
265 273
50/ | (5!
53~ ~ 54
X
31~ |32 55~ L-56
28»& @52
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Configuration D
Control
48’ e
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FIG. 3
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drain termnal connects to one of the Kinput termnals, the source
termnal connects to the output termnal, and the gate term nal connects to
one of the K configuration control signals, and a P-type MOS transi stor

i ncluding drain, source, and gate term nals, wherein the source termna
connects to one of the K input term naksg& the drain term nal connects to
the output termnal, and the .
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gate term nal connects to the logical inverse of the configuration control
signal ; and a chain of K MOS transistors for supplying a default
value to the output term nal when none of the K pass gates is activated,
each of the K MOS transistors in the chain including drain, source and gate
termnals, wherein the chain is formed by Tonnecting the source terninal of
each MOS transistor in the chain to the drain termnal of the next MOS
transistor in the chain, one of the source/drain termnals at an end of the
chain connects to a nmeans for supplying a default value and the '
source/drain termnal at the other end of the chain connects to the output
termnal of the multiplexer, and the gate voltage of each MOS transistor in
the chain is

input 1 Select Input 2

Qutput

FIG. 5
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determned by a different one of the K configuration control signals which
control the K pass gates whereby all MOS transistors in the chain are
conducting only when all the K pass gates are not activat ed. 19. A

mul tiplexer as defined in claim 18, wherein the MOS transistors in the
chain are N-type MOS transistors, the gafe-term nal of each N-type MOS
transistor in the chain connects to the logical inverse of a different one
of the K configuration control signals, and the neans for supplying a
default value supplies a | ow val ue.

Parallel_Data Load Serial_Data

FIG. 6
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- 30- 20. A nultiplexer as defined in claim18, wherein the MOS

transistors in the chain are P-type MOS transi stors,

the gate term nal of

each P-type MOS transistor in the chain connects to a different one of the

K configuration
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control signals, and the neans for supplying a default value supplies a

hi gh val ue. 21 . A progranmable logic cell for use in a programmbl e

|l ogic array, said logic cell conprising: means for supplying a
configuration control; first, second and third cell inputs;

a cell output; first and secon8 Fogic gates each having first and
second i nputs; a third logic gate having at | east two inputs;
means for connecting said first cell input to

FIG. 8
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said first input of said first |ogic gate; means for connecting
said second cell input to said first input of said second | ogic gate;
nmeans responsive to the configuration control for connecting either said
third cell input or a constant |ogical value to said second input of said
first logic gate; means responsPve to the configuration contro
for connecting either an inverted formof said third cell input or a
constant | ogical value to said second input of said second |ogic gate;
means for connecting the output of said first logic gate to an input of

said third | ogic gate; means for connecting the output of said
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connecting the output of said third logic gate to the cell

|l ogic gate to an input of said third | ogic gate;
-31-



22. The logic cell of claim?2l, wherein said first and second | ogic gates
are either AND or NAND gates and said third logic gate is either an XOR or

an XNOR gat e. 23 . The logic cell of claim 21, wherein the |ogic cell
can be configured to inplenment a mnultiplexer. 24. The logic cell of
claim21 further conprising: - 13 register having a data input and
a data
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out put ; means for connecting the output of said third | ogic gate

to said data input of said register; and nmeans for connecting
said data output of said register to the cell output. 25. The logic
cell of claim?24, wherein the logic cell can be configured to inplenent a
paral | el -1 oadabl e shift register. - 12 -
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26. The logic cell of claim?24, wherein the logic cell can be configured

to inplenent the logic for a register with cl ock enabl e. 27. The logic
cell of claim 24 , further conprising: a fourth logic gate
having at | east two inputs; means for connecting the output of
said first logic gate to an input of saitBfourth |ogic gate; means
for connecting the output of said second |logic gate to an input of said
fourth | ogic gate; and means for connecting the output of said

fourth logic gate to a second cell output.
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- 32- 28. The logic cell of claim27, wherein said fourth

gate is either an AND gate or a NAND gate.

- 14 -

Confiquration
Control

| ogi c

P
8 <+
2 N
@ O
o O
c |~
. B
|
<
g |

7T\

¢y
/

2|~LJ

AN  Ag
'LQ i
9601 '

Configuration
Control

487

REPLACEMENT SHEET

2 2NOV 1996

14

FIG.



|1 of claim27, wherein the |ogic cel

2 —The |l ogic-Ge
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cell conprising: means for supplying a configuration control;

four "A" inputs, one received fromeach of the near est - nei ghbor cells;
four "B" inputs, one received fromeach of the f our nearest-nei ghbor
cells; first, second and third | ogic gates, each havi ng at
| east first and second inputs and at |easf =a first output, said first

and second inpuis to Bhe third A | ogi&c gate beiAng condected to A he ouBputs
of the first and sdcond | ogi [ ;
confi gurabl e-interconnect el enept havijng a
second out puts, {said ffirst the firs
the first
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| ogic gate and said second output being connected to the
nmeans progranmably responsive to the

the second | ogi c gate;

first input of

i nputs to the

configuration control means for connecting one of the "A"
secongpt | ifnrgt | ogi ¢ gate; means programably
respon ggg&@gz§ﬁgﬁg;figuration cont-r al7 means for connecting one of the
"B" ijnputs to the g$e¢ond i nput of the second | ogic gate; and
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- 33- means responsive to the configuration control neans for

connecting the output of the third logic gate to the "A"
near est - nei ghbor cells.

"B" inputs of the four

31.

I nputs and/or the
The progranmabl e

| ogic array of claim 30, wherein the configurabl e-interconnect el enent of
each val ue of the second output of the c@&®igurable-interconnect
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el ement is such that the first output of the second |ogic gate provides a
constant val ue output such that the third | ogic gate perforns a | ogi cal

i nversion function fromits first input to its first output. .32. The
programuabl e | ogic array of claim31 , wherein each cell further conprises
a fourth logic gate having at | east fi¥fsit9and second inputs and at |east a
first output, said first and second inputs being connected to the first
outputs of the first and second | ogic gates, respectively, and the out put
of the third |ogic gate can be provided to the "A" inputs of the four

near est -
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nei ghbor cells and the output of the fourth logic gate can be provided to

t he "B"

array conpri sing:

except those at the edges of the array has four

Nort h),

said logic cells are aligned in rows and colums, each cell conprising:
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a plurality of

| ogic cells,

33.

near est -

A progranmabl e | ogic
wherei n each cel

nei ghbor cells,
one to the left (or West), one to the Ti4fht (or East), one above (or to the

and one below (or to the South) so as to forman array in which
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means for supplying a configuration control; four inputs, one
received fromeach of the nearest-nei ghbor cells; - 34-
first, second and third | ogic gates, each
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» WOLTS3-3 TPOS
having at least first and second inputs and at |east a first output,

sai d firsf'aﬁd'secgnd\LQEE;s to the third | ogi ¢ gate being connected to

the firs s of the first and second | ogic gates, respectively;

a confiqU’mi@m H ct elenent having a first input and first and

second out put'sy ﬂgt out put bejng connected to the first input of
f

the first cel firtther conprises neans for generating first and

second states such that when the configurable- i nterconnect elenent is
in the first state, the val ue of the first output of the

confi gurabl e-i nterconnect el enent CLAISRt such that the value of the
first output of the first logic gate 1s determ ned by the val ue(s) of
t he input(s) to the first logic gate other than its first

1. A programmable logic circuit comprising:

first, second and third logic gates, each
having at least first and second inputs and at least a
first output,'said first and second inputs to the third
logic gate being connected to the first outputs of the
first and second logic gates, respectively:; and

a configurable-interconnect element having a
first input and first and second outputs, said first
output being connected to the first input of the first
logic gate and said second output being connected to the
first input of the second logic gate, the configurable-
interconnect element also having means for generating
first and second states such that when the configurable-
interconnect element is in the first state, the value of
the first output of the configurable—interconneét element
is such that the value of the first output of the first
logic gate is determined by the value(s) of the input(s)
to the first logic gate other than its first input and
the value of the second output of the configurable-
interconnect element is such that the value of the first
output of the second loéic gate is determined by the
value(s) of the input(s) to the second logic gate other
than its first input, and when the configurable-
interconnect element is in the second state, one output
of the configurable-interconnect element is equal to the
value of the first input of the configurable-interconnect
element and the other output is equal to the logical
inverse of the value of the first input to the .
configurable-interconnect element.

[} Description : paged ..... to paged ...
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I nput and the value of the second output of the

conflgu ﬂﬂ“ n r el enent is such that the val ue of the first
out put (rl Mlmmmm C gate is determ ned by the value (s) of the
i-nput (s) *to°thé stcohd * | ogic gate other than its first input, and when
t he configurabl e-interconnect elenent is in the second state, one

out put of the configurabl e-interconnect “@5&ment is equal to the val ue
of the first input of the configurable el enent and the other output is

equal to the,l ogi inyaer f t | ue, of, the fir i nput to the
conflgurablezlnteﬁgon%g %°é¥§f%ﬁ?% é1°1£3 (i wﬁe eln éﬁe

configurable-interconnect element further comprises means
for generating third and fourth states such that when the
the configurable-interconnect element is in the third
state, the value of the first output of the configurable-
interconnect element is equal to the value of the first
input of the configurable-interconnect element and the
value of the second output of the configurable-~
interconnect element is such that the first output of the
second logic gate is determined by the value(s) of the
input(s) to the second logic gate other than its first
input, and when the configurable-interconnect element is
in the fourth state, the value of the first output of the
configurable-interconnect element is such that the value
of the first output of the first logic gate is determined
by the value(s) of the input(s) to the first logic gate
other than its first input and the value of the second
output of the configurable-interconnect element is such
that the first output of the second logic gate provides a
constant value output such that the third logic gate
performs a logical inversion function from its first
input to its first output.

3. The logic circuit of claim 1, wherein when the
configurable~interconnect element is in the second state,
the logic circuit can implement a multiplexer for
connecting the second input of either the first or second
gate to the first output of the third gate, depending on
the value of the first input to the configurable-
interconnect element.

4, The logic circuit of claim 1, further comprising a
configuration control means for controlling the state of

the configurable-interconnect element. REPLACEMENT SH E’}"

2 1 SEP 1998
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34. ——Theprogramrable-l ogi c array of claim31, wherein t he

conf | -i_nterconnect el enent of each cell further conprises neans
for ﬂﬁ [mﬁg ' and fourth states such that when the
confi 1€- Ty nect element is in the third state, the val ue of

the first out put of the configurablesgnterconnect el enent is equal
to the value of the first input to the configurable- I nt erconnect
el enent and the value of the second out put of the

confi gur abl &4 nt ek qurogrameaelenlogscsothcuhat cohprisingisr st out put of the
second logic gate is QFifiéﬂrﬁékéka and third logic gates, each

having at least first and second inputs and at least a

first output, said first and second inputs to the third

logic gate being connected to the first outputs of the

first and second logic gates, respectively:;

a configurable-interconnect element having a
first input and first and second outputs, said first
output being connected to the first input of the first
logic gate and said second output being connected to the
first input of the second logic gate; and

a register having a data input and a data
output, the data input being connected to the first -
output of the third logic gate.

6. The logic circuit of claim 5, wherein the third
logic gate is an exclusive-OR gate.

7. The logic circuit of claim 6; further comprising
means for asserting a logical "1" value at an input to
the exclusive-OR gate.

8. The logic circuit of claim 7, further comprising
means for asserting a logical "0" value at an input to
the exclusive~OR gate.

9. The logic circuit of claim 8, wherein the logic
circuit can implement a 1-bit slice of a parallel~
loadable shift register.
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-35- the val ue(s) of the input(s) to the second logic gate other than its

Jﬁllmﬂmmmllﬂmﬁ{‘uéhﬁfC?EE' fier output of the o oo e tnne

,conflgurable i nt er'connect elenent is su@¥+that the value of the first
output of the first logic gate is determ ned by the value(s) of the

input (s) to the first logic gate other than its first input and,the |ogic
gate and sailfl sec X ¥ aim: 5, further comprising a

fourth logic gate having at least first and second inputs
and a first output, said first and second inputs being
connected to the first outputs of the first and second
logic gates, respectively.

it. The logic circuit of claim 10, wherein the logic
circuit can implement the logic of a 1-bit slice for a
binary counter.

12. The logic circuit of claim 10, further comprising
feedback means for connecting the data output of the
register to an input of either the first or second logic
gate.

13. The logic circuit of claim 12;‘§herein the logic
circuit can implement a register with clock enable.

14. The logic circuit of claim 10, further comprising
an inverter having an input and an output, said input
being connected to the first output of the fourth logic
gate.

15. The logic circuit of claim 10, wherein the first,
second and fourth logic gates are AND gates.

16 . The logic circuit of claim 10., wherein the first
and second logic gates are NAND gates and the fourth
logic gate is a NOR gate. '
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t he fir econd | ogi c gate; means programably
respons gL ﬁpf“nuration control neans for connecting one of the
four ne -nel *nputs to the secangginput to the first |ogic gate;
nmeans progrannably responsive to the configuration control neans for

connecting one of the four nearest-neighbor inputs to the second input to
t he second | ddi .c g& programmable Novgic ocellit fsel eséi iy acpregtammable

Cputs. from Lo s, Gty dhndy,, Xa (LR LE ClRELIBL DY 00| 0500 The ot put
of the third | ogic gat £irst, #eqond and tehirdaeell - impgbsor cell to the
Nor t h; at least a first cell output;

first, second and third logic gates, each
having at least first and second inputs and at least a
first output, said first and second inputs to the third
logic gate being connected to the first outputs of the
first and second logic gates, respectively;

a configurable-interconnect element having a
first input and first and second outputs, said first
output being connected to the first input of the first
logic gate and said second output being connected to the
first input of the second logic gate;

means for connecting the first cell input to
the first input of the first logic gate;

means for connecting the second cell input to
the first input of the second logic gate;

means for connecting the third cell input to
the first input of the configurable-interconnect element;
and

means for connecting the output of the third
logic gate to the first cell output.

18. In a programmable logic array, said array including
a means for supplying K configuration control signals and
their logical inverses, a programmable default-output
multiplexer responsive to the configuration control
signals for connecting one of X input terminals or a
default value to an output terminal, said multiplexer
comprising:

K pass gates, wherein each pass gate can
connect one of the K input terminals to the output
terminal when activated by the value of one of the K
configuration control signals and its logical inverse,
each pass gate comprising an N-type MOS transistor
including drain, source, and gate terminals, wherein the
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Sout h 3&“ lﬁ”ﬂﬂ“mﬁllmﬂl ans for connecting one of a plurality of candidate
Sout h din Gethe I nputs fromthe North, East, and West .
nearest-nefgh or"cel I s and the output of-2%ve third logic gate, to an input
of  t he nearest-neighbor cell to the South; East out put-sel ecting

el udi ng ¢ hERAIEEIALGAL FETISTE & ane o Yest KnbaPES: ERERINBER. cel | s
and the out pdheofsdureet Iterthinagi cgnrists otcfzmizé;p?upﬁpﬁttgﬁgﬁ?g?mzt ﬁﬁﬁ'c tgihﬁgr
gﬁlel 01E Oat |tr;leur'i:-'a§é!|t f‘f%%?tcearr?&’lngalt gc{%‘:tc%suuz %ut%’?seei gl%}ﬁnge?ﬂﬁfi‘ﬂﬁﬁ? i"f’T‘_om t he
North, Sout hcon§redssignadsst and ghiortyps IMOSitrameistopuincludhbegt hird
logic gate, beadh, BRMrce, and gate terminals, wherein the source

terminal connects to one of the K input terminals, the

drain terminal connects to the output terminal, and the

gate terminal connects to the logical inverse of the

configuration control signal; and

a chain of K MOS transistors for supplying a

default value to the output terminal when none of the K

pass gates is activated, each of the K MOS transistors in

the chain including drain, source and gate terminals,

wherein the chain is formed by connecting the source

terminal of each MOS transistor in the chain to the drain

terminal of the next MOS transistor in the chain, one of

the source/drain terminals at an end of the chain

connects to a means for supplying a default value and the

source/drain terminal at the other end of the chain

connects to the output terminal of the multiplexer, and

the gate voltage of each MOS transistor in the chain is

determined by a different one of the XK configuration

control signals which control the K pass gates whereby

all MOS transistors in the chain are conducting only when

all the K pass gates are not activated.

19. A multiplexer as defined in claim .18, wherein the
MOS transistors in the chain are N-type MOS transistors,
the gate terminal of each N-type MOS transistor in the
chain connects to the logical inverse of a different one
of the K configuration control signals, and the means for
supplying a default value supplies a low value.
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-of-the nea“mm ) Il to the West.
- 36- 35 MEIH ﬁl e logic array of claim 34, wherein the
confi gur abl*e- Fnter conrsect el enent of each cel

=30~

20. A multiplexer as defined in claim 18 , wherein the
MOS transistors in the chain are P-type MOS transistors,
the gate terminal of each P-type MOS transistor in the
chain connects to a different one of the K configuration
control signals, and the means for supplying a default
value supplies a high value.

2r, A programmable logic cell for use in a programmable
logic array, said logic cell comprising:

means for supplying a configuration control;

first, second and third cell inputs;

a cell output;

first and second logic gates each having first
and second inputs;

a third logic gate having at least two inputs;

means for connecting said first cell input to
said first input of said first logic gate;

means for connecting said second cell input to
said first input of said second logic gate;

means responsive to the configuration control
for connecting either said third cell input or a constant
logical value to said second input of said first logic
gate;

means responsive to the configuration control
for connecting either an inverted form of said third cell
input or a constant logical value to said second input of
said second logic gate;

means for connecting the output of said first
logic gate to an input of said third logic gate; _

means for connecting the output of said second
logic gate to an input of said third logic gate; and

means for connecting the output of said third
logic gate to the cell output.
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furthe onprlses means._for generating first and second states such that
when t e-interconnect elenment is in the first state, the val ue
of the éﬂ@f t he confi gurabl e-i nterconnect elenent is set such
that the valbe L) |rst output of the first logic gate is determ ned by
t he val ue(s) of the |nput(s) to the firstyjogic gate other than its first

I nput and the value of the second output of the configurabl e- interconnect
el enent is such that the value of the first output of the second logic gate
is determ ned2dy thﬂwalogie)ceiltht chalin( 8] ,t ehelreireeaid figist gaid

oLner (han |t gedhid G 40RU aeBg DETCLPESE RO Rafp A Y Y oo

is equal to tteird loglc gate is either an XOR or an XNOR gate.

33'. The logic cell of claim 21, wherein the logic cell
can be configured to implement a multiplexer.

24. The logic cell of claim 2l further comprising:

a register having a data input and a data
output;

means for connecting the output of said third
logic gate to said data input of said register; and

means for connecting said data output of said
register to the cell output. '

252 The logic cell of claim i4, wherein the logic cell
can be configured to implement a parallel-loadable shift
register.

26. The logic cell of claim 24, wherein the logic cell
can be configured to implement the logic for a register
with clock enable.

27« The logic cell of claim 24°, further comprising:
a fourth logic gate having at least two inputs;
means for connecting the output of said first
logic gate to an input of said fourth logic gate:
means for connecting the output of said second
logic gate to an input of said fourth logic gate; and
means for connecting the output of said fourth
logic gate to a second cell output.
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to the logical inverse of the first input

= Mmmumma"tnect el enent . 36. The progranmabl ¢ ko @%E@?ﬁ%f
claim 35 wher & nseaeh cell further conpriSes a fourth | ogifclgate—havi-ng-a

| east first and second inputs and an output the first and second |nputs

bei ng connect,ad to e QY Pyt rst .a S C0|u gates
and t he out pll ?hg tlfo rlﬁt gg}l c%fgsg @jﬂ‘e B’r%(?\f (I}‘gh 5 riea #t&o%t% of the
North, Sout hloaagt gake \nssteicmqmmmuat@ oFaRs NN rgate.

29. The logic cell of claim 27, wherein the logic cell
can be configured to implement the logic for a 1-bit
slice of a binary counter.

30. A programmable logic array comprising:

a plurality of logic cells, wherein each cell
except those at the edges of the array has four nearest-
neighbor cells, one to the left (or West), one to the
right (or East), one above (or to the North), and one
below (or to the South) so as to form an array in which
said logic cells are aligned in rows and columns, each
cell comprising:

means for supplying a configuration control;

four "A" inputs, one received from each of the
nearest-neighbor cells;

four "B" inputs, one received from each of the
four nearest-neighbor cells:

first, second and third logic gates, each
having at least first and second inputs and at least a
first output, said first and second inputs to the third
logic gate being connected to the ocutputs of the first
and second logic gates, respectively:;

a configurable-interconnect element having a
first input and first and second outputs, said first
output being connected to the first input of the first
logic gate and said second output being connected to the
first input of the second logic gate;

means programmably responsive to the
configuration control means for connecting one of the "A"
inputs to the second input of the first logic gate;

means programmably responsive to the
configuration control means for connecting one of the "B"
inputs to the second input of the second logic gate; and



af1ty of candi date outputs from each such sel ecting neans.
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means responsive to the configuration control
means for connecting the output of the third logic gate
to the "A" inputs and/or the "B" inputs of the four
nearest-neighbor cells.

31. The programmable logic array of claim 30, wherein
the configurable-interconnect element of each value of
the second output of the configurable-interconnect
element is such that the first output of the second logic
gate provides a constant value output such that the third
logic gate performs a logical inversion function from its
first lnggt te its first output.

32. The programmable logic array of claim 31, wherein
each cell further comprises a fourth logic gate having at
least first and second inputs and at least a first
output, said first and second inputs being connected to
the first outputs of the first and second logic gates,
respectively, and the output of the third logic gate can
be provided to the "a"™ inputs of the four nearest-
neighbor cells and the output of the fourth logic gate
can be provided to the "B" inputs of the nearest-neighbor
cells.

33. A programmable logic array comprising:

a plurality of logic cells, wherein each cell
'except those at the edges of the array has four nearest-
neighbor cells, one to the left (or West), one to the
right (or East), one above {or to the North), and one
below (or to the South) so as to form an array in which
said logic cells are aligned in rows and columns, each
cell comprising:

means for supplying a configuration control;

four inputs, one received from each of the

nearest-neighbor cells; REPLACEMENT SHEET
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first, second and third logic gates, @ach
having at least first and second inputs and at least a
first output, said first and second inputs to the third
logic gate being connected to the first outputs of the
first and seccnd logic gates, respectively;

a configurable~interconnect element having a
first input and first and second outputs, said first
output being connected toc the first input of the first
cell further comprises means for generating first and
second states such that when the configurable-
interconnect element is in the first state, the value of
the first output of the configurable-interconnect element
is set such that the value of the first output of the
first logic gate is determined by the value(s) of the
input(s) to the first logic gate other than its first
input and the value of the second output of the
configqurable-interconnect element is such that the value
of the first output of the second logic gate is
determined by the value(s) of the input(s) to the second
logic gate other than its first input, and when the
configurable-interconnect element is in the second state,
one output of the configurablé-interconnect element is
equal to the value of the firstlinput of the configurable
element and the other output is equal to the logical
inverse of the value of the first input to the
configurable-interconnect element.

34. The programmable logic array of claim 31, wherein
the configurable-~interconnect element of each cell
further comprises means for generating third and fourth
states such that when the configurable-interconnect
element is in the third state, the value of the first
output of the configurable-interconnect element is equal
to the value of the first input to the configurable-
interconnect element and the value of the second output
of the configurable-interconnect element is such that the
first output of the second logic gate is determined by
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the value(s) of the input(s) to the second logic gate
other than its first input, and when the configurable-
interconnect element is in the fourth state, the value of
the first ocutput of the configurable-interconnect element
is such that the value of the first output of the first
logic gate is determined by the value(s) of the input(s)
to the first logic gate other than its first input and
the logic gate and said second output being connected to
the first input of the second logic gate: '

means programmably responsive to the
configuration control means for connecting one of the
four nearest-neighbor inputs to the second input to the
first logic gate;

means programmably responsive to the
configuration control means for connecting one of the
four nearest-neighbor inputs to the second input to the
second logic gate;

North output-selecting means for connecting one
of a plurality of candidate North outputs, including the
inputs from the South, East, and West nearest-neighbor
cells and the output of the third logic gate, to an input
of the nearest-neighbor cell to the North:

South output-selecting means for connecting one
of a plurality of candidate South outputs, including the
inputs from the North, East, and West nearest-neighbor
cells and the output of the third logic gate, to an input
of the nearest-neighbor cell to the South:

East output-selecting means for connecting one
of a plurality of candidate East outputs, including the
inputs from the North, South and West nearest-neighbor
cells and the output of the third logic gate, to an input
of the nearest-neighbor cell to the East; and,

West output-selecting means for connecting one
of a plurality of candidate West outputs, including the
inputs from the North, South and East nearest-neighbor
Ccells and the output of the third logic gate, to an input

of the nearest-neighbor cell to the West. REPLACEME%E?%HEET?
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35%. The programmable loqic array of claim .34, wherein
the configurable-interconnect element of each cell
further comprises means for generating first and second
states such that when the configurable-interconnect
element is in the first state, the value of the first
output of the configurable-interconnect element is set
such that the value of the first output of the first
logic gate is determined by the value(s) of the input(s)
to the first logic gate other than its first input and
the value of the second output of the configurable-
interconnect element is such that the value of the first
output of the second logic gate is determined by the
value(s) of the input(s) to the second logic gate other
than its first input, and when the configurable-
interconnect element is in the second state, one ocutput
of the configurable-interconnect element is equal to the
value of the first input of the configurable-interconnect
element and the other output is equal to the logical
inverse of the first input to the configurable-
interconnect element.

36 - The programmable logic array of claim 35 wherein
each cell further compriseé a fourth logic gate having at
least first and second inputs and an output, the first
and second inputs being connected to the first outputs of
the first and second logic gates and the output of the
fourth logic gate being provided to each one of the
North, South, East and West output-selecting means as one
of the plurality of candidate outputs from each such
selecting means.
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