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FIELD PROGRAMMABLE LOGIC DEVICE WITH DYNAMIC
INTERCONNECTIONS TO A DYNAMIC LOGIC CORE

Brief Description of the Invention
This invention relates generally to Field
Progrémmable Logic Devices. More particularly, this
invention relates to the architecture, operation and
5 design of a Field Programmable Logic Device which utilizes -
dynamic interconnections to access a logic core which
dynamically changes at staged logic levels.

.
P

Background of the Invention
10 Programmable Logic Devices (PLDs) are widely used to

implement 1logic functions for controlling electronic
devices. A mask-programmable logic device is programmed
by a manufacturer through the process of fabricating the
device. In contrast, a field-programmable logic device is
15 distributed by a manufacturer in an unprcgrammed state.
The purchaser of the device subsequently programs it in
the "field" to execute a desired function. The present
invention relates to field programmable 1logic devices
(FPLDs) . Field Programmable Gate Arrays (FPGAs) are one
20 form of FPLDs. |

The primary Dbenefit of FPLDs is that user-
programmability allows for rapid and inexpensive prototype
development. Another important benefit associated with
FPILDs is that they may be re-programmed to implement

25 different designs.

Specific . designs to be implemented within a. given
architecture are developed with Electronic .Deéign
Automation (EDA) techniques, also referred to as Computer
Aided Design (CAD) techniques. EDA tools include logic

30 synthesizers, physical design tools, and timing verifiers.
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[ rrpl_erre‘nt | egi c fun'pt ions for controlling electronic devices. A
mask- pr g g4@gaks e | ogi ¢ device is programmed by a nanuf act uper/ysesosml t he
process of fabricating the device. In contrast, a field-progranmble |ogic

device is distributed a manuf act Ur2f, i u Th
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bén Is "that _ user- progranmability
al | ows fcmethpstl, an@hyﬁe»thm @GW otpels determine physical

5 locatlons of the components and the wire segments required
for"'"realz.z:mg the connections between the components.
Th:.e" step of the design..  process is generally
computationally expensive. ch's'equent'ly, refining this
process is an ongoing matter. T -

10 Timing verifiers analyze the timing performance of
the .circuit described in the netlist. Based upon the
timing performance of the circuit, an engineer may modify
the netlist to :merove the performance of the c:.rcu:.t.

It is de51rable ‘to completely automate the

15 1mp1ementatlon . of 'a’ .given circuit. into an FPLD
architecture. For this to 'occur, it is important to
design the FPLD architecture to insure that the EDA tools
can accurately estimate the timing performance and also be
able to place" and route a given circuit design with ease.

20 The FPLD architecture should have the foregoing features
without. eliminating the ability to implement complex
circuits.

Look-Up Tables (LUTs) are generally used in FPGAs.
A LUT is a digital device that provides an output value

25 for a given set of input values.  The output value is
stored at a memory location which is addressed by the
input wvalues.

IUT-based FPGAs utilize a sequence of LUTs to form a
multi-ievel structure. In such a device, the output from

30 a first LUT is combined with new input values at a second
LUT to yield a new output value. The second LUT may be
viewed as a second logic level. Likewise, the output
value from the second LUT may be subsequently combined
with additional input values at a third LUT. In such a

35 device, there are three logic levels with a LUT at each
logic level. _

There are a number of problems associated with.
traditional LUT-based FPGAs. As described in the
e,
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devel gpnent . Anot her inportant benefit associated with FPLDs is that they
may be re-programred to inplenent different designs. SpeC|f|c desugng to be
i mpl emeWPeW 3R tShi n a given architecture are  devel oped T/RS94i05942

El ectronic Desi gn Automati on (EDA) technigues, also referred to as
Comput er Ai ded Design (CAD) techniques. 3A tool s.include | ogic

synthesi 26L5-RR%S CBL-I§SLEA,  OPhSse ANEL{1 8L 09 NEULT LT Sequental
structure in which the LUTs are distributed over the
silicon die which implements the lcgic. This approach can

be spatially expensive. Anothar prdblem ralates to

5 routing the connections between the various LUTs. The
connections between the LUTs may introduce unpredictable

and undesirable signal propagation delays. The
propagation delays may require re-pWacemene and res-routing

of the circuit until all timing constraints are met. 1In

10 some circumstances, it may be impossible to place and
route a given circuit design on an FPGA to satisfy

reasonable timing constraints.

Summary of the Invention _
15 A novel architecture, cperation and design for a

Field Programmable Logic Device is disclosed. The device
implements a‘circuit by using a dynamic logic core that
executes staéed logic corresponding to the logic levels of
the implemented circuit. Legic inputs to the dynamic

20 logic core are obtained from a dynamic interconnection
array. Appropriate logic inputs for a given logic level
are dynamically selected and routed by the dynamic
interconnection array. When necessary, signals which are
raquired at subsequent logic levels are buffered by the

25 dynamic  interconnection array. The dynamic
interconnection array selects logic inputs for a given
logic level from circuit input signals, buffered signals
and dynamic logic core ocutput signals.

30 Brief Descrivtion of the Drawings
For a better understanding of the nature and objects

of the invention, reference should be made to the
following detailed description taken in conjunction with
the accompanying drawings, in which:
35 FIGURE 1 is a nigh-level schematic representation of
FPLD of the invention.
FIGURE 2 is. schematic of the FPLD of the invention.
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Logi ¢ synthesizers convert a high-level description of a circuit into a
netlist which describes circuit conponents and the connections between the
conponentv®. 94/23@&sven a netlist, physical design tools detP&TREIN/05942
physi cal |ocations of the conmponents and the wire segnents required for
reali zing the connections between the conpoiehts. This step of the

orining thi s pESCRE BodgRiehofnLErast EPoRte Y TRCRAAT B SR b t ho

timng pertenjanetioh whehcitheuiinveesdrdhed in the netli st. Based upon

the timng perforimnce of JIf &d CUl tayRin POIINGRA "BYalRY T¥sed in
accordance with the invention. '

5 FIGURE 5 rapresants the processing steps associated
with implementing a design into an FPLD in accordance with
the invention. '

FIGURE 6-1 depicts an apparatus which may be usad to
exacute the processing steps of Figure 5.

10 FIGURE 6-2 depicts the relationship between the
downloaded logic generated by the apparatus of Pigure 6A
and an FPLD which subsequently utilizes the downloaded
logic. _

FIGURE 7 depicts the control sequence associated with

15 the operation of the FPLD of the present invention.

FIGURE 8 is a schematic of a circuit which, by way of
exhibiting the invention, is implemented in the FPLD of
the invention.

FIGURE 9 depicts the logic tables or look-up tables

20 associated with the circuit schematic of Figure 8; these
tables are implemented in the dynamic logic modules of the
invention.

FIGURES 10-13 depict the implementation of <the
circuit of FIGURE 8 into an FPLD of the invention.

25 FIGURE 14 is a schematic of a circuit which, by way
of exhibiting the invention, is implemented in the FPLD of
the invention-.

FIGURE 15 depicts the logic tables cr lodk—up tables
associated with the circuit schematic of Figure 14; these

30 tables are implemented in the dynamic logic modules of the
invention. _

FIGURES 16~20 depict the implementation of the
circuit of Figure 14 into an FPLD of the invention.

Like reference numerals refer to corresponding parts

35 throughout the several views of the drawings.

Detailed Description of the Invention
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the netlist to inprove the performance of the circuit. It is desirable to
conpletely automate the inplenentation of a given circui L n
FPLD aréﬂgﬁég%ﬂFe. For this to occur, it is inportant to gggﬂﬁﬁaﬁﬁggFPLD
architecture to insure that the EDA tools cgn accurately estimte the
timng performance and al so be able to place and route a given circuit
design wth easg;Jhe TPURALEN tLCFUEEAS R Rmed ld1eL.b9L 800RY ceeat ur es
wi thout elimnatinhg the ability to i,nplenent, co ex circuits, Look-Up

Tabl es ( LUESLR ezgeh%réFFWGééaei Fflgﬂca@e AR di GReaF *8vicfe t hat
provi des athdMided ¥aiyfamic logic core 22 which- includes an array

of dynamic legic modules 24. As will be mcre fully

S5 described herein, each dynamic logic module 24 executes a
set of lcgical operations. The set of logical operations
includes a number of individual logic stages or levels.
BEach logic level corresponds to a logic level in a gate-
level representation of a circuit which is implementad in

10 the FPLD 20.

The dynamic logic core 22 is coupled to a dynamic
interconnection array 26. The dynamic interconnection
array 26 dynamically alters the connections to the dynamic
logic core 22 sc that each logic level of the logic core

|4

(O]

22 receives the appropriate input signals. Since the same

routing resources are used to implement the entire

circuit, the present invention - optimizes silicon

resources. 'Another advantage of this technique is that

the routing of the circuit is straightforward, and

20 therefore the design automation of the circuit is
simplified.

Interfaée latches 28 are provided between the dynamic

logic core 22 and the dynamic interconnection array 26.

A buffer array 30 is utilized to bypass selected logic

25 1levels of the dynamic logic core 22, as will be more fully

described below. Finally, the FPLD 20 of the invention is

implemented with the use of input latches 32 and output
latches 34.

Figure 2 is a more detailed representation of the

30 FPLD 20 of Figurs 1. The dynamic logic modules 24 are fed

by a Logic Cross Bar (L-Cross Bar) module 40 which forms

a portion of the dynamic interconnsction array 26. As

will be discussed below, the L-Cross Bar module 40 may be

implemeﬁted in a number of ways. At the present time the

35 L-Cross Bar module 40 should be viewed as a device for

routing values which will eventually be conveyed to the

dynamic logic modules 24. The L-Cross Bar module 4C 1is

AT R A
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for a gi ven set of input values. The output value is stored at a nenory

| ocati on which is addressed by the input values. LUT-based FPGAs utilize a
sequencW$4/A8W®s to forma multi-level structure. In such aPEEGPEE P the
output froma first LUT is conbined with new input values at a second LUT
to yield a new out put value. The second LUT may be viewed as a second | ogic

| evel Li kew se e out put -val. fr 1he L

conblned\ﬂqﬁfﬁﬂﬁﬁtlgnal Hﬁpu é P%es a H§%§ E%IL?%HE%

t here are Qdmtesollozy c42 evel s mnth a LuUT at_each | ogi c | evel.
One input to the controller 42 is a "level"

=

va

suhgequently
“devi ce,

lue.

As will be more fully described below, the level value is.

()]

level value is used to determine appropriate con

the L-Cross Bar module 40.

the logic level of the circuit being implemented.

This

trol of

Figure 3 denicﬁs a level counter control module 44

which may be used in accordanc= with the inventicn.

The

10 module 44 includes a ccunuer 46 which tracks the circuit

level. A controller 48 controls the operation of

the

internal 1level counter 50. If a multi-chip .mode is

selected for implementing the inventicn, as will be

described below, then the controller 48 activates control

15 to the next chip and uses signals from a previous chip.

Otherwise, these signals are ignored. The internal

level

counter 50 is incremented or reset by the controller 48

based on the mode and the word stored in counter 46.

The

word in counter 50 is then sent to various devices within

20 the FPLD 20, as depicted in Figure 2.

The L-Cross bar 40 routes input values,

buffer
values, and outputs from the dynamic logic modules 24 into

the dynamic logic modules 24. The L-Cross Dbar 40

dynamically changes the interconnections to the dynamic

25 1logic modules 24 for each level of the implemented

circuit, as will be illustrated below. As depicted in

Figure 2, input latch 32 receives input values. "The input

values are then conveyed to a multiplexer 54. Multiplexer

54 also receives values from the buifer array

30.

30 Selection of signals from the input or the buffer array 30

is controlled by a Primary Input/Buffer Select Controller

56.

. The outputs of the multiplexer 54 are conveyed to a

Buffer Cross bar module 58 (B-Cross bar). The B-Cross bar

35 module 58 routes values which are present at a first logic

level and which will also be required at a future logic

level. Specifically, values which are to be bypassed to

This Sheet Has Been Ry
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There are a nunber of problems associated with traditional LUT-based
FPGAS. As described in the -3- precedi ng paragraph, these devices
have a s&fuHtHaF structure in which the LUTs are distribut eBCHUEP/HE2
silicon die which inplenents the logic. This,approach can be spatially

expensi ve. Anot her problemrelates to routing the connections between the
various LULsocHig coBRgE! IR Pebygendhia J4d's iRy, (oL odueqJunprggictabl e
module to the buffer array 30. _Multiplekers §1 are used

te select a value frcom the B-Cross Bar mcdule 58 or from
an output value from the dynamic lcgic core 22, as will be

5 described below. Latch 34 stores the control signals for
multiplexer &1.

The B~Cross bar mcdule 58 is controlled by B-Cross
Bar Dynamic Configuration Controller 60. A logic level
value forms an input to the B-Cross Bar Dynaanic

10 Configuration Controller 60. As indicated earlier, the
level value corresponds to the logic lavel of the circuit
 being implemented. As depicted in the figure, values may
bypass the B-Cross Bar 58 and be connected to the L-Cross
Bar module 40. As presviously stated, the values from the
15 L-Cross Bar are then conveyed to the dynamic logic modules
24, The outputs of the dynamic logic modules 24 are
conveyed to.putput latches 34 after all logic levels have
been executed.

Figure 4 depicts a dynamic logic module 24 in

20 accordance with the invention. Dynamic logic modules may
be implemented using look-up tables, multiplexer based
modules, or a combination thereof. Look-up based modules
are preferred in the present invention becausa they allow
the implementation of all combinational functions for a

25 set of input values. Look-up tables may have single or
multiple outputs.

Figure 4.depicts a dynamic logic module 24 in the
form of a K-input, 2-output LUT. The K-input value may be
viewed as the number of address lines for the LUT. Thus,

30 if X equals 3, then the module 24 is implemented in the
form of a LUT with 3 address lines. 1In addition to input
values, the 1level input is required. As previously
stated, the level corresponds to the logic lewvel of a
circuit which is being implemented. Once the input and

35 1level are sat up, multiplexer 66, through its select
lines, is used to select an appropriate logic bit(s).

The dynamic logic module 24 requires L x 2* bits of

_—
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and undesirable signal propagation delays. The propagati on
delays may require re-placenent and re-routing of the circuit until al
timng cepdyfests are met. I n sonme circunstances, it may begmpsyesspie to
pl ace and route a given circuit design on an FPGA to satisfy reasonable
timng constraints. Sunmary of the Inventi o®-A novel architecture,

operation and design for a Field Programabl e Loglc Devi ce i s discl osed.

The devi ceMPREF¥NBAEsOHtBREcUi LBy cASFREFRNEPNEM EhicogRPedorld Bifatomexecut es

staged | 0gtfeCAum@eRONE NO=¥&1 4 henh80kan! &eel SmpPfehdietédPbamaNted & reui t.
Logi c |nput§L£O 4539 namfﬁere ars many wayvs in which the leavel
select lines and the K address 1lines can be combined
5 together. The particular technique for a given
implementation of the architecturs depends on area usage
and memcry read time, which depends on the technology
being used.

The overall architecture of the invention has now

10 Dbeen described. Attention now turns to the construction
and operation of this architecture. The construction and
operaticn of the invention will be initially desctibed at
a2 general level. Thereafter, the construction and
operation of the invention will be specifically detailed

15 in reference to several examples.

Figure 5 depicts the processing steps associated with
implementing. @ circuit design onto a FPLD architecture of
the invention. The first step associated with the process
is to 1receive a «circuit description (block 70).

20 Generally, the circuit description will be in the form of
a Hardware Description Language, a Register Transfer
Language, or a circuit schematic description, all known to
those skilled in the art.

The next step associated with the process is to

25 1identify the various logic 1levels within the circuit
(bleck 72). This step is performed in conjunction with
known logic synthesis techniques.

Circuits may be divided into a numbér of logic
levels. That is, a set of input signals are initially

30 processed by a first set of circuit components to generate
a first level of output values. The first level output
valués, and perhaps some of the initial input signals, are
then passed to a second set of circuit components. This
processes is repeated through a number of logic levels.

35 Specific 1illustrations of this operation are described
below.

The next step associated with the _process is to

i




| ogic core are obtained froma dynamic interconnection array. Apgropriaéeb
loglc inguts for a given logic level are dynamcally selected an route y
t he dynaﬁ#%§V%?@¥connection array. When necessary, signals mﬁ?@ﬁs%ﬂ%g*'
required at subsequent logic levels are buffgred by the dynamc

I nt erconnection array. The dynam c interconnection array

sel ect sdl Oﬁir%.a:t%plét sd.-ogqrc %.a.%il;éerfdroﬁa%d Q\bte,;licI QR L _lr(cw.uéBc},t n?wD.eS'ﬂpglt ;Sbn _
buf fered si_gnal s an ynam.c | ogi.c core output signals. Brie SCrl

of the Dralifigs 6P a bAPEee (RSt GG or (e Griiie TR B RL of ¢ he

i nvention, opeterdene sdwfdrnd® bgdecHe 18§ic modules at each logic
level. '

5 The next step in the process is to produce legic for
the PI/Buffer Contreller (block 78). The logic created
results in a set of multiplexer select wvalues which are
conveyed to the multiplexer 54 at different processing
stages (logic levels). For example, when a value from the

10 buffer array 30 at a first logic level is to be passed for
processing at a second logic level, an appropriate select
signal would be generated to allow the signal .to pass
through multiplexer 54. '

Generating B-Cross controller logic is the next step

15 (block 78) of the process. In this step, logic is
generated which will allow the B-Cross bar 58 to route a
value which is subsequently buffered during the exescution
of a logic éﬁage.

The next step of the process is to define L-Cross

20 controller 1logic (block 80). In this step, logic is
defined to allow the L-Cross bar 40 to route a value which
is subsequently latched to the dynamic logic core 22.

After the foregoing logic is defined at steps 74, 76,
78 and 80, it 1is downloaded (block 82) into a

25 configuration memory 99. Once downloaded, the logic may
be executed, as will be illustrated below.

Figure 6A depicts an apparatus 90 which may be used
to execute the process of Figure 5. The apparatus 90
includes a Central Processing Unit (CPU) 92 which is

30 coupled through a bus 93 to a user interface 94. The user
interface 94 is any combination of known computer input
and output devices, such as a keyboard, mouse, scanner,
menitor, printer, etc. The user interface 94 receives a
descriptibn of a circuit 96 which is to be implemented in

the FPLD of the invention.

s
V)]

The CPU 92 executes a number of programs stored in
memory 98. These programs will generally supplement logic
[ —
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foll owing detailed description taken in conjunction with the accompanying
draWwings, in which: FIGURE 1 is a high-level schematic representation of
t he FPLRyofosi2Rersi nvention. FIGURE 2 is schematic of the FPLRoaiu3sh®s942 .
i nventi on. -4- - FIGURE 3 depicts a | evel counter which nay be used in
conjunction with the invention. FIGURE 4 depi®ts a dynam c | ogic nodul e

used in
synthesizers of the type known in the art.

The CPU 92 exacutes a lcgic level identifier 100
(corresponding to step 72), a lecgic table creator 102

{corresponding to step 74), a PI/Buffer controller

()]

producer (corresponding to step 76), a B-Cross controller
generator 106 (corresponding to step 78), and an L-Cross
controller definer (corresponding to step 80).  These
modules respectively generate lcgic levels, logic tables,
PI/Buffer lcgic, B-Cross controller 1logic, and L-Cross
10 controller logic.

At the direction of the CPU S92, the generataed logic
is downloaded into non=-volatile configuration mémory 99
through an appropriate interface 110. Interfaces for
storing values in field programmable logic devices are

15 known in the art.

Figure 6B depicts the relationship between the non-
volatile configuration memory 99 and the FPLD 20 of the
inventicen. In particﬁlar, after - non-volatile
cenfiguration memory 99 is loaded with the aprropriate

20 logic values, it may be used independent of apparatus 90.
Specifically, the non-volatile configuration memory 99 is
coupled to- the FPLD 20. Standard memory download
circuitry 101 is used on the FPLD 20 to coordinate the
reception of the 1logic wvalues from the non-volatile

25 configuration memory 99. As depicted in Figure 6B, FPLD
20 receives logic for the dynamic logic core 22, the L-
Cross bar controller 42, the PI/Buffer controller 56, and -
the B-Crcss bar controller 60.

Figure 7 depicts the processing steps associated with

30 the operation of the FPLD 20 of the invention. The first
step of the process is to read an input value (block 120).
The input values are obtained through multiplexer 54 which
is controlled by PI/Buffer select contrcller 56.
Thereafter, buffer wvalues (block 122) and logic values

35 (block 124) are routed. The buffer values are routed by

the B-Cross bar controller 60 and the logic wvalues are

routed by the L-Cross bar controller 42. These operations
I —
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accordance with the invention. FIGURE 5 represents the processing steps
associated with inplenmenting a design into an FPLD in accordance with the

i nvent i OMO FI2BIRE 6- 1 depicts an apparatus which may be used®CGIU¥REEHLe t he
processing steps of Figure 5. FIGURE 6-2 depicts the relationship between

t he downl oaded | ogi ¢ generated by the appar'&tlu's of Figure 6A and an FPLD

whi ch subseggentké g%ilizggfghe 8°§9£8§d§% Logh¢c. FLQ%EE@%}Q&PiCtQ_the
cont rol seanéngg E85¢rafed™with t Re opera ron-éf e 0 %ﬂu?fﬁesent
i nventi on.depicted in Figure 7 as being sequential operations.
The next processing step asscciated with the FPLD of
the inventicn is to execute the logic (bleock 126), for a

given stage or logic level, which is within the dynamic

n

logic meodule 24. Simultaneously, the logic level is
incremented (block 128) through counter 4 and a decision
is made to determine whether all logic levels are
processed (decision block 130). teps 126, 128, and 130

10 of Figure 7 are preferably performed in parallel, althcugh
they are depicted as sequential operations in Figqure 7 for
the sake of illustration. If all logic levels are
processed, an output value is generated. Otherwise,
processing once again commences at block 120.

15 The invention has now been fully described. However,
to more fully appreciate the invention, attention is
directad to .2 number of examples. Figure 8 is a gate
level schematic of an example circuit 140 which will be
implemented in accordance with the invention. Three

20 inputs to the circuit ("a","b","c") are conveyed to an OR
gate 142 to generate a "G" output. Two inputs ("d","e")
are conveyed to an AND gate 144 to generate an "H" output.
OR gate 146 receives the "c" input and the "H" input. XOR
(Exclusive-Or) gate 148 receives the "G" input and the "H"

25 input. The circuit 140 may be characterized by the
following boolean statements:
G=.a+b+c (1) -
H=4d * e _ (2)
x=6*H+ G+ H (3)
30 y =c¢ + H (4)

Figure 8 <constitutes a T"circuit description”
corresponding to step 70 of Figure 5. Equations (1)
through (4) provide an alternate (but equivalent) "circuit

35 description”". Based on the implementation of block 70 of

Figure 5, a particular form of "circuit description" must

be supplied. For the purposes of this illustrative

2xample, a schematic or equation format will suffics. :
===
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FIGURE 8 is a schematic of a circuit mhich; by way of - exhibiting the

i nvénti on,

Fi gure 8;
i nventi on.
"8 into an

Is inplenmented in the FPLD of the invention. FIGURE 9 depicts
the | ogigotsaBkps or | ook-up tables associated with the CirC%E%giﬁQ@ﬁﬁ i c of
u

these tables are inplenented in the dynam c |ogic no

es O

t he

FI GURES 10-13 depict the inplenmenkation of the circuit of FI GURE

FPLD of the invention. FIGURE 14 is a schematic of a circuit

whi ch, by way oFigwuhebbt indirhgesn¥dati @ftds a npieaeatedescriipsiER D of
the invent§@nreceived (block 70), the next step associated with

20

25

30

[}
wn

implementing a circuit into the FPLD of the invention is
to identify logic levels (rlock 72). In the case of the
circuit of Figure 8, there are two logic levels. A%t the
first level is an OR gate 142 and an AND gate 144. At the
second level is an OR gate 146 and a XOR gate 1438. Te
next step asscciated with the processing of Figure 5 is to

create a logic table for each logic level (block 74).

Figure 9 depicts logic tables corresponding to the circuit
of TFigure 8. At the first 1level, a logic table is
provided for the "G" output and the "H" outpwt. In
reference to the lcgic table for the "G" cutput, note that
there are eight addressable values (29), corresponding to
the three input values ("a", "b", ngn), The logic
associated with the various input values is provided in
column "G". ,That is, for the OR gate 142, the output will
be "1" unless all input values are zero. The logic table
for the "H" output only has two input values. Therefore,
the most significant input bit may be viewed as a "don't
care" condition. Consequently, the logic for the first
four values.is the same as the logic for the next four
values. In any event, the "H" output for the AND gate 144
will be "1" only when "d" and "e" are "%,

The second level of Figure 9 includes logic tables
for the "x" output and the "y" output. The logic table
for the "x" output describes the logic for the” XOR gate
148, while the legic table for the  "y" output describes
the logic for the OR gate 146. Note once again that each
table only has two inputs so there is a "don't care®
condition, resulting in a repeated output pattern.

In accordance with step 76 of Figure 5, PI/Buffer
controller logic may now be generated. 1In this example,
at the first level of the circuit, the PI/Buffar select
controller 56 would generate select signals so that all

input values ("a", "b", "c", "d©, "e") frcom input latch 32

are passed through multiplexer 54. At the second level of

This Sheet Has Been R
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FI GURE*15 depicts the logic tables or |ook-up tables associated with the
circuit schematic of Figure 14; these tables are inplenented in the dynamc
| ogi ¢ myglibgss@f the invention. FI GURES 16-20 depict the inmptemsatagoiupn of
the circurt of Figure 14 into an FPLD of the invention. Like reference
nuneral s refer to corresponding parts throuyhout the several views of the

drawi ngs. Detail ed Description of the Invention
logic, a select signal would be generated to allow the

bufferad value "c" to pass through the multiplexer 54.

The B-Cross controller logic associated with step 78
of Figure 5 may also be derived at this junctura. In this

5 example, the B-Cross Dynamic Configuration Controller must
provide logic to route the value "c" received at the first
logic level. ©No operation is rsquired at the second logic
lavel.

The L-Cross contrsller logic associated with step 80

10 of Figure 5 may be defined as follows. At the first logic
level, the L-Cross Bar Dynamic configuration controller 42
must route input wvalues "a", "p", wenh, ngnr, and "e".
These values are subsequently latched into the dynamic
logic core 22. At the second logic level, input wvalues

15 "g", "H", and "c" are stored.

After the foregoing logic is downloaded in accordance
with step 82. 0f Figure 5, execution of the apparatus of
the invention may commence, as characterized in Figure 7.

Figures 10 through 13 demonstrate the architecture

20 and operation of the dinvention in relation to the
foreg01ng example. These figures will be described in the
context of the processing steps described in Figure 7.

Figure 10 depicts a FPLD 20A which may be used to
implement the circuit of Figurs 8. The apparatus 20A

25 generally corresponds with the apparatus of Figure 2.
Note that the L-Cross bar 40 and the B-Cross bar 58 are

depicted as a .grid of crosspoints 150. Figure 10 does
not depict a PI/Buffer 'Select Controller 56. The
remainin figqures will not depict +the L-Cross bar

30 controller 42 or the B-Cross bar controller 60.
igure 11 depicts the results after the performance
of steps 120, 122, and 124 of Figure 7. Recall that some
of these stesps may be performed in parallel. However, for
the purpose of clearly illustrating the invention, the
35 steps will frequently be described as being performed in
a sequential manner.

The rfigure depicts that input wvalues "a", "b", "c",
S
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-5- Figure 1 depicts a Field Programabl e Logic Device (FPLD) 20 in

accordance with the invention.

fully des

| ogi cal operations. The set of |ogical operauions includes a number of

i ndi vi dual

w

10

20

25

30

ed”herein, each dynamic logic nodul e 24 executés a Set

The FPLD 20 includes a dynamc |ogic core 22
whi ch ing@ggirgn array of dynam c |ogi c nodul es 24. As W%k&nﬂﬁ4ﬁ§5
crib

l ogi c stages or |evels. Each logic |level corresponds to a'Iog!c
|l evel in a"@%teandeVel' acerkatohadi dntof iaputrtatthwhichsicepi nploeweEnt ed in

the FPLD 2p; Ibe dynamsg .l 9980708 47 deb LA 6949 2 Q¥BRMS e,

that a buffer value "c" is routad through the B-Cross bar

58 (step 122 of Figure 7). The figure also depicts that

input values "a", "Wb", "c",6 "d" and "e" are routed through

L-Cross bar 40 (step 124 of Figure 7).

Figure 12 depicts the results after the performance
of steps 126, 128, 130, and 120 of Figure 7. The figure
depicts that the values from the L-Cross bar 40 and the B-
Cross bar Salwere loaded into latches 28. Thereafter, the
L-Cross bar values weres conveyed to dynamic logic modules
24A and 24B, corresponding to the "G" logic tableiénd the
"H" logic table of level 1. Dynamic lecgic module 24A
yielded value G and dynamic legic module 24B yielded value
H (Step 126 of Figure 7). Concurrent with the execution
of this logic, the counter 44 (of Figure 3, not shown in
Figure 12) increments the logic level (block 128 in Figure
7). In this example, only the first logic level has been
processed, therefors one more 1logic 1level must be
processed,

Since the second logic level is the final 1logic
level, buffer values do not have to be routed (block 122
in Figure 7). On the other hand, logic values must be
routed through the L-Cross bar 40 (block 124 in Figure 7)}
Note that in Figure 12, the "G output is directly routed
from the dynamic logic module 24A through the L~-Cross bar
at crosspoint 152. Similarly, the "H" output is directly
routed from the dynamic lo§ic module 248 through the IL-
Cross bar at crosspoints 154 and 156. Finally, the
buffered wvalue "c" is routed through the IL-Cross bar at
crosspoint 158.

The L-Cross bar controller 42 enables "writes" to
these locations. 1In defining the L-Cross controller lcgic
(block 80 in Figure 5), it is known, for instance, that at

_the second logic level, inputs "G" and "H" are regquired

for the "x" logic table which is implemented by dynamic
logic module 24A. Therefores, two inputs to the dynamic
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i nterconnection array 26. The dynami c interconnection array 26
dynamically alters the connections to the dynamic |logic core 22 so that
each | ogvo %E8&1s of the | ogic core 22 receives the appropri ®E/TIHECILZ
signals. Since the sane routing resources are used to inplenent the entire
circuit, the present invention optimzes siliSon resources. Anot her

advantage of this te hnique is that LOUtIn of the CLFCUIt :
strajghtfofﬁ%rﬁ ngHg rhéﬁﬁ(ﬁ¥§t?ﬁsgiigg |Tnf%ﬁ t fie &W@:
sinplifi edvaluesrfaMerlealpalﬂsncZﬂaarlQ',prmmsjeblo(b)eamaemsuhanéymﬂdd)gl c

core 22 ar)got;ng Qg%&iéé‘tﬂa&é’% YL %Ut@(ztz%f the dynamic lcgic
modules 24. Implementaticon options for the cross bar
structures of the invention are discussed beslow. -

[§)]

Figure 13 depicts the processing associated with
steps 126, 128 and 130 of Figure 7. Figurs 13 shows that
the second level input values "G" and "H" are latched in
latches 28. These values are then conveyed to logic table

10 "x" which is implemented by dynamic logic module 24A.
Second level input values "H" and "c" are similarly
latched into leogic table "y" which is implemerted by
dynamic logic module 24B.

The logic modules then execute their respective logic

15 (step 126 in Figure 7) and the counter (not shown) is
incremented (step 128 in Figure 7). Since the second
level has bgen processed, the "x" and "y" output values
are conveyed to output latch 34.

The apparatus 20A may now process another set of

20 input values (step 120 in Figure 7). Figure 13 depicts a
new set of input values at input latch 32. Processing of
these values. proceeds in the manner previously described;

Figure 14 depicts another circuit 178 which may be
implemented in accordance with the invention. Analysis of

25 the circuit 178 reveals that there are four logic levels.
The first logic level processes the input signals and does
not rely upon .output from another level. The first logic
level includes XOR gates 180, 182, 184, AND gate 1856, and
AND gate 188. The second logic level processes the input

30 signals and signals generated at the first logic 1level.
The gates at the second logic level include XOR gate 190,
AND gate 192, AND gate 194, OR gate 196 (which is coupled
to three AND gates 1977, 197B, 197C), and AND gats .198.

The third logic level processes the signals generated at

(W]
w

the first logic level and the second logic level; it may
also process the input signals, but it does not in this
case. The third logic level in this example includes OR ,
e
- This Sheet Has B
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A buffer array 30 is utilized to bypass selected logic |evels of the

dynamic logic core 22, as will be nore fully described bel ow. Finally,

t he

FPLD 20 @fp sdpytsnvention is inplenented with the use of inpucydaéshBsz32
| atches 34. Figure 2 is a nore detailed representation of the

FPLD 20 of Figure 1. The dynam c |ogic nodwies- 24 are fed by a Logic Cross
Bar (L-Cross Bar) nodule 40 which forns a portion of the dynamc

and out put

i nt er connegicen2apy aliRogats 202} drd FUER gesed 2904 dwhitdie ils @ougd <Bar

modul e 40 gRY oRe iRl et ed iyl ardWEbery 9f; 4aY Sve1 Al che 1RRS Ry 4ld M the

L- Cross Bar nodule 40 “shdul d be vi ewed as device for

wn

15

20

30

35

level in this example, produces the output values. The
fourth logic level includes AND gate 206, XOR gate 208,
and OR gate 210 (which is coupled to AND gate 212). For
more complex circuits, Directed Acyclic Graphs, known to
those skilled in the art, may be used to simplify the
levelization process.

Thus, Figure 14 represents a circuit description
(step 70 of Figure 5). The foregoing paragraph identifies
the logic levels assoclated with the circuit (step 72 of
Figure 5). Figure 15 depicts legic tables for each level
(step 74 of Figure 5). Note that table "HO" at level 1
produces two output wvalues. Cutput valde "o" requires
three inﬁuts "pw, "ch, and "d" (going to XOR gate 184 and
AND gate 186). on the other hand, value "H" requires only
two inputs "c" and "d", thus a "don't care" state exists
for the input value "b". Combinations of this type may be
made to form_éfficient dynamic logic modules 24. Table
"KI" in level 2 is another example of an instance in which
resources can be shared.

The next processing steps associated with designing
an FPLD in accordance with the invention relate +to
generating the appropriate 1lecgic for the various
contreollers. - For the present example, the PI/Buffer
controller 56 needs to select all the input values at the
first 1logic 1level. At the second 1logic 1lével, +the
PI/Buffer controller 56 will allow all of the initial
input values to pass through the multiplexer(s) 54 for
further processing. At the third 1logic level, the
PI/Buffer controller 56 will allow the intermediate
signals "F", "H", "O", and the input signal "b" to pass
through. At the fourth logic level, the PI/Buffer
controller 56 will allow-thé final stage input values "H",
'B", "F", "G", and "K" to pass through for processing.

The B-Cross Bar Dynamic Configuration Controller 60

will utilize four stages of logic to implement the circuit

(Vi
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routing val ues which will eventually be conveyed to the dynamic |ogic
modul es 24. The L-Cross Bar nodule 40 is -6- operated by an L-Cross Bar
Dynam ¢ @ondd@ursati on Controller 42. One input to the contr ddeusydsye a
"l evel" value. As will be nore fully described below, the |evel value is
the logic level of the circuit being inplemafted. This |evel value is used

to determne appropriate control of ‘
of Figure 14. At the first level of logic the B-Cross

controller 60 will enable the B-Cross bar to routs all of
the input wvalues because they will all be need for
subsequent processing. At the second logic level, the B-
5 Cross controller 60 will enable the B-Cross bar to route
only the "b" value, which will be needsd@ at the fourth
lecgic level. At the third 1logic level, the B-Cross
controller 60 will enable the B-Cross bar to route the
- values "F", "H", and "b", which are required for fourth
10 logic level processing. At the final logic level, the B-
Cross controller 60 does not have to initiate any routing
control. .
The L-Cross Bar Dynamic Configuration Controller 42
logic must enable the appropriate input, at various logic
15 1levels, for the dynamic logic modules 24. At the first
logic level, the L-Cross controller 42 enables the L-Cross
Bar 40 to route values "a" and “e" for dynamic logic
module 24A; Wb¥, "c", and "d" for dynamic logic module
24B; and "c" and "d" for dynamic logic module 24C. At the
20 second logic level, the L-Cross controller 42 enables the
L-Cross Bar 40 to route vwvalues "H", "F" and "b" for
dynamic lbgic module 24A; "a" and "e" for dynamic logic
module 24B; and "c", "b", and "d" for dynamic logic module
24C. At the third logic level, the L-Cross controller 42
25 enables the L-Cross Bar 40 to route values "G", "M" and
"K" for dynamic logic module 24A; ¥FW, WH' and "I" for
dynamic logic. mecdule 24B; and "G", "p", and ©"Oo" for
dynamic logic module 24C. At the fourth logic level, the
L-Cross controller 42 enables the L-Cross Bar 40 to route
30 wvalues "J", "N" and "Q" for dynamic logic module 24A; "HY,
"F" and "b" for dynamic logic module 24B; and "Gg", "J®,
and "X" for dynamic logic module 24cC.
Returning to Figure 5, appropriate logic for the
. logic tables, PI/Buffer Controller, B-Cross Controller,
 35 and L-Cross Controller has now been described. This logic
may now be downloaded to non-volatile memory (block 82).

The processing of input signals associated with the
—_ =
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the L-Cross Bar nodul e 40. Figure 3 depicts a |evel counter control nodul e

44 which may be used in accordance with the invention. The nndulel44

I ncl udesy, er 46 which tracks the circuit |evel. A coptidghBEy 48

control?w?ﬁgg§ggration of the internal |evel counter 50 't a nylfl-chlp

node is selected for inplenenting the inventigan, as will be described

bel ow, then the controller 48 activates control to the next chip and uses

si gnal s freﬁrraumf:euifoﬂigﬁl%iap14CIvEleu.V\/h&eabéh&§§c&liﬂléa| S’ﬁ%e palcLrer leeﬂzl e Ige

i nt er nal Ieve%a ount er 5% Ls_increpgented or. regset the cantrol.ler

based on the node-and He W6Fd-sto d“PnOESBnggr 46 IPRE 12" depicts
processing steps 120, 122 and 124 of Figure 7. In

particular, the figure depicts that input values are fad

§)]

to an input latch 32 (block 120 of Figure 7). The Figure
also shows that buffer valhes are routed through the B-
Cress bar 38 at cross?oints 220 through 228 (block 122 of
Figure 7). Figure 16 also depicts the logic values routed
through the L-Cross bar 40. For instance, note that

}d
o

crosspoint 230 routes value "a" and crosspoint 232 routes
value "e". Each of these values is subsequently conveyed
to a latch 28 and is then executed by dynamic logié'module
244,
Figure 17 depicts, in a sequential manner, processing
15 steps 126, 120, 122, and 124 associated with Figure 7
(recall that several of these steps may be performed in
parallel). [/The figure depicts latches 28 loading the
dynamic logic modules 24 for logic execution (step 126 in
Figure 7). The figure also depicts latches 28 loading
20 Dbuffers 31. As shown in Figure 7, the next processing
steps are to increment the logic level (block 128) and to
query whether all 1levels have been processed (decision
block 130). The 1logic 1level is not shown being
incremented in Figure 17, but circuitry disclosed for this
25 purpose was disclosed in Figure 3. Since all logic levels
have not been processed at this juncture, new input is
obtained (block 120 of Figure 7). Thus, at this point, as
previocusly stated, the PI/Buffer Controller 56 would allow
all of the buffered values to pass through multiplexers
30 54. Then, appropriate buffer values would be loaded in
the B-Cross Bar 58 (block 122 of Figure 7). Figure 17
depicts that at crosspoint 234 the value "b" is routed,
which is the only value at this processing juncture which
must be subsequently utilized.
35 Finally, Figure 17 depicts loaded lcqic values for
the second logic level (bleck 124 of Figure 7). For
exampie, note that at crosspoint 236 the output value "F"

TMsﬂwaIka&mRTimxd




word in counter 50 is then sent to various devices within the FPLD 20, as
degicted in Figure 2. The L-Cross bar 40 routes input values, buffer
val ues, wod4dagirsuts fromthe dynam c | ogi ¢ nodul es 24 int o tACE/GSPHART-EC

| ogi ¢ nodul es 24. The L-Cross bar 40 dynamical |y changes the
i nterconnections to the dynanic |ogic noduFd8-24 for each |level of the
I npl emented circuit, as will be illustrated below. As depicted in Figure

2, input |&sch-sHedcdnges FRBUtLVEFR®S. Pathe 40nput TRl Se e t HSF

conveyed tonfaiHLEi @LLxet194e Ml thal a%fﬁaméé abgacr @eeiies 2val.ueghle om t he
r

buf f er arra 30. Selection of S|tcglals mttleelr),Q“'t or_.the buffqrsoarray 30

fosspoint 238 routes e output valu HY, which was al

received directly f£rom the dynamic logic module 24A. The

(9]}

crosspoint 2338 routes the value "b", which was a
previously bufferad value.
Figure 18 depicts the continued processing associatad
with the circuit of Figure 14. The Figure depicts the
second level logic values loaded into latches 28. The
10 figure also depicts the outputs from the execution of the
logic. The figure also shows how these outputs are
reprccessed in accordance with the invention. For
example, note that output "G" is conveyed through
crosspoints 250 and 252 so that they may subsequently

15 serve as inp_uts to dynamic logic modules 24A and 24C
during execution of the third logic levsl. Figure 18 also
depicts that wvalues "F", "O", and "B" are routed at
rosspoints 254, 256, and 258 in B-Cross bar 58 for
subsequent processing (values "F" and "O" are used at

20 logic level 3 and value "b" is used at logic level 4).
Finally, Figure 18 depicts that previously buffered values
are routed ithrough the L-Cross bar 40. For example,
crosspoint 260 routes the previously buffered value "O¥
and crosspoint 262 routes the previously buffered value

25 "pt®, Both of these values serve as inputs to dynamic
logic module 24C during logic level 3.

Figure 19 depicts the third logic level processing
associated with the invention. The third logic 1level
input values are shown as being in latches 28. The third

30 logic level output values are shown as output signals of
the dynamic logic modules 24. The figure depicts the
logic values "N", "J" and "Q" having been conveyed thrcugh
the L-Cross bar 40. Logic value "N" is conveyed through

crosspoint 280, logic value "J" is conveyed through

(W)
[$]]

crecsspoints 282 and 284, and logic value "Q" 1s conveyed
through crosspoint 286. The remaining wvalues in the L-
Cross bar 40 were obtained from buffers 31. Buffer value
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is conttolled by a Primary Input/Buffer Select Controller 56. The outputs
of the multiplexer 54 are conveyed to a Buffer Cross bar nodul e 58 (B-Cross

bar). The B-Crass bar nodul e 58 routes val ues which are i
ic | é€%I 4’%{‘% Pr esepiyRladabi rs

| ogi c which will also be required at a future logic |level
Specifically, values which are to be bypassed-to -7- anot her Ioglc | evel
are conveyed fromthe B-Cross bar

ngn is conveyed through crossbar 290, value "G" is

conveyed through crossbar 292, value "H" is convayed
through crossbar 294, value "K" is conveyed through
crossbhar 296, and value "b" is conveyed through crossbar

298. Note that there are no values in the B-Cross bar 53

[§)]

because the final logic level is about to be executed,
Turning now to Figure 20, the fourth level logic
inputs are shown in latches 28. Figure 20 also shows
dvnamic logic module outputs "x", "y", and "z". Since
10 +his is the last logic level, the values are conveyed to
the ocutput latch 34. The figure also depicts the next
stage of input entering the circuit 20B... This
configuration is the same as that of Figure 16, which has
been previously discussed.
15 Attention now turns to some implementatibn
considerations. Assume that a given FPLD has L levels and
C dynamic logic modules 24, each having m outputs. Assume
that the logic network - being implemented is a feasible
network (i.e., each node in the network has <= K inputs
20 and C <= m outputs). If not, known 1logic synthesis
techniques can be used to transform it into one. Let the
combinational part of the feasible network be
topologically levelized. Let p be the number of levels,
and T be the maximum number of modules in any level for
25 +*he circuit. If p <=L and T <= C, (e.g. Figure 9, p=2,
=2, L=4, C=3; Figure 15, p=4, I'=3, L=4, C=3) then the
mapping is straightforward, with one level of the circuit
being evaluated in every internal cycle. If p > L or T >
C, then it may be possible to implement the circuit by
30 grouping together modules across saveral levels. Each
group can then be realized in more than one internal
cycle, before switching over to the next group.

When a design does not f£it on a single chip, then the

design must be split across several :chips. If the
35 partitions are independent (i.e., they do not share any
COommon signals), then the split does not pose any
problems. '
T




nmodul e to the buffer array 30. Multiplexers 61 are used to select a val ue
fromthe B-Cross Bar nodul e 58 or from an out put value fromthe dynamc

| ogi c cowe @2g4ms will be described below. Latch 34 stores tgerrgealsal:
signals for nultiplexer 61. The B-Cross bar nodule 58 is controlled by
B-Cross Bar Dynami c Configuration Controller2l0. A logic |evel value forns
an input to the B-Cross Bar Dynam ¢ Configuration Controller 60. As

i ndi cated ear| i &Onsigen &g cegicudheser E865Rd13TE0Pt hB T 0Bl c1eedks of. t he
circuit beicognimplamailed ogs, deptat ed oaule fpaHr tevial uesr ey, hypass
the B—CrosEaE%n 5%ﬂﬂ"j§§§§£Q£§Ct§ utocﬁggs} nggs a mechanism to

synchronize thair level ccunting circuitry. Figures 3

[§)]

shows two signals, "To Next Chip" and "From Pravious
Chip™. These signals ars connected in daisy chain
fashion, so that chip C;, connected after chip C;, begins
its level counter only after chip C.., has reached its
maximum level. If the design is such that I' > ¢, then

o
(@]

splitting across chips could necessitate duplication of
logic. _ '

As stated above, the dynamic logic module 24 may be
any re-configurable 1logic structure which ~can be
repetitively changed to implement different functions.
15 Other possible logic module implementations include: (1)

a K-input, m-output look-up table, where X and m are

integers, (2) interconnection of many look-up tables, each

with 1 or mofe outputs, and having either varying or same

number of inputs, (3) multiplexer based logic modules, (4)

20 two level AND-OR logic plane, and variations thereof, with

the AND and OR inputs contrclled by ,programmable

read/write memory bits, and (5) hetercgenocus dynamic logic

modules employing a combination of logic implementations.

The dynamic interconnection array 26 also has a large

25 number of variations possible, both in terms of the

overall architecture, and the actual implementation of the

architecture. _The following description details alternate
implementations.

Each crosspoint of the crossbar may be implemented

30 with a transistor. For example, the source of a

transistor may be coupled to an output line from the

buffer array 30 or from the logic core 22. The drain of

the transistor may be coupled to an appropriate dynamic

logic module 24. The L-Cross bar controller 42 or the B-
353 Crecss bar controller 60 may then bé used to provide a gate
signal when a signal is to be conveyed to a given dynamic

logic module.
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Bar nodul e 40. As previously stated, the values fromthe L-Cross Bar are
theh conveyed to the dynam c | ogi ¢ nodul es 24. The out puts of the dynamc

| ogi c m{%'g‘iﬁg}‘l are conveyed to output latches 34 after al bchaghogoiRyel s

have been éxécuted. Fi gure 4 depicts a dynamic logic nodule 24 in

accordance with the invention. Dynam c | ogi-@2modul es may be inpl enent ed
usi ng | ook-up tables, nultiplexer based nodul es, or a conbi nation thereof.
Look-up based mduk@srar epprehehnr eflorn idiel uesehtgi nusat iamodecause t hey

aIIowtheig_rg!eg_rentatio al.l c@q{ ationagl functions,f f.of input
val ues. Loﬁk-‘dﬁ“Pé’ﬁﬁesoﬁag{‘ﬁa\}gv??\ng02\1 Oll’é) Bo WHET AR Yedstirs

Each crosspoint of the crossbar has L bits of memory, a

bit being used per level. These bits could be arranged in

the manner of a shift register so that the change cf level

wn

would just mean shifting one bit. The disadvantage in
such an implementation would be that the entire L bits
will have to shift through befcre returning to the first
level, and hence only circuits with 1 levels, where 1l is
10 a perfect divisor of L can be .implemented. A better
design is to have L rows of memory, each row consisting of
memory on all the crosspeints, and to choose the row in
use by means of the level counter.
The cross bar structures may also be implemented
15 wusing multiplexers. For example, a multiplexer would be
used for each row of the crossbar. The inputs to the
multiplexer .would be the signals from the buffer array 30
and the signals from the dynamic logic core 22. The
outputs from each multiplexer would be coupled to a
20 dynamic logic module 22. The L-Cross controller 42 or B-
Cross controller 60 would be used to generate appropriate
select signals for each multiplexer.
Since there are (MC + B)KC crosspoints in the L-
crossbar, (MC + B)XCL memory bits are required. However,
25 each of the K-inputs of a ldgic module are identical, and
it does not matter to which one a signal is assigned. 1In
other words, the (MC + B) signals need to connect to only
one of the X inputs per dynamic logic module 24. This
means that the X bits can be reduced to log,X bits per
30 signal, reducing the total bits to log,KCL(MC+B). However,
this would warrant a decoder at each level. It is
preferable to recognize that at each dyvnamic logic module
24 input a (MC + B)-to-K multiplexer is required, not a
(MC + B)-to—-K crossbar. A (MC + B)-to-1 multiplexer

(W)
[8)]

requires log,(MC + B) select lines and K multiplexers.
Each select line needs a bit per level, therefors one

requires KCLlog,(MC + B) bits and KC(MC + B)-to-1 decoders.
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rrultiplé outputs. Figure 4 depicts a dynamc logic nodule 24 in the form of
a Kiinput, 2-output LUT. The K-input value may be viewed as the nunber of
addr ess WPr#d€3476r the LUT. Thus, if K equals 3, then the nmoAUTEUD4/05%2

i mpl enented in the formof a LUT with 3 address lines. In addition to input
val ues, the level input is required. As prédériously stated, the |evel

corresponds to the logic level of a circuit !hLQh is_being inplemented.
Once tﬁe i ApaE é’r‘?dlllde\%%? BPECs AT, ehbFELpEX S 8T PT Tt $)set ect
lines, is Keg¢HCte B¢lfext KUL@EProOM) Atwhéogi 6 Bkt &hle bERe- <o Xed®©gi C

modul e 24 qugiégéoclref‘:( azxgc?rgqtel_).it%frfce the dynamic logic modules 24

and interconnecticns koth require deccders, thers could be

5 a sharing of decoders. This would require that extra
latches be placed at the dynamic logic module outputs.

A further decrease in the number of crosspoints can
be achieved through hardwired connections. Each dynamic
logic module can have a hard-wired connection to X dynamic

10 logic modules, and each dynamic logic modules will have
inputs coming from K dynamic logic medules, preferably
those that are adjacent to it. This would imply that the
crossbhar (or multipLexer, as the case may be) would then
be reduced to a (MC - K + B)KC crosspoints, and there

[
(§]]

would be KC additional 2-input multiplexers (one at each

input), with associated XCL select bits. This

interccnnect;on_scheme would decrease the number of fanout

points from the dynamic logic module output to (MC - X)X

+ K, instead of the earlier KC.

20 A different type of interconnectiocn strategy can be
adopted by recognizing that all dynamic lbgic module
inputs are equivalent. Hence, the interconnection switch
at the inputs is, by circuit switching terminology, a (MC
+ B)-te-K concentrator. In other words, one must select

25 any K of the (MC + B) signals. This can be achieved by
using a two-level sparsely connected crossbar, known in

~the art as a binomial concentrator. The chief advantage
of using such an interconnection strategy is that all the
number of crosspoints are reduced and as a result the

30 number of bits used for storage are rasduced. The

disadvantage is that the signals now have to pass through

two crosspoints in series. This could incresase the
interconnect delay.
An alternate way is to treat the routing as a "copy"

LI
ul

function. TFor example, consider one DLM input. It can be
connected to any one of the (MC + B) signals coming from

the previous level. That is, its value should be set to
This Sheet Has Been Reﬁaced
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menory pef-output. "L" corresponds to the upper limt on the nunber of

level s that can be inplenented on a given FPLD device.  There are many
ways in ifhshiie | evel select lines and the K address Ilne_:ﬁge 5942
conbinedwpégéﬁﬁgr. The particular technique for a gﬁpen gﬂﬁi’

i npl ementation of the architecture depends gy .area usage and nenory read
time, which depends on the technol ogy being used. The overall architecture

of the inveaki okahd® BEW one of the (MC + B) signals. This is
equivalent to a memory read operation, where the memory
consists of (MC + B) bits, and one of them has to be read
onto the switch cutput. Therefore, the selection can be
5 performed by wusing pracharge circuitry and sense
amplifiers. The (MC + B) signals correspond to one column
of memory, and one of the cell select transistors is
chosen by means of a decoder or local memory bit. There
are both area and speed advantages in using this style of
10 implementation. The .cell select transistors are of
minimum size as opposed to the large pass transistors that
would have been required if a direct connection..-between
switch input and output were required. And using the
sense amp, the read operation can be performed fast.
15 Further, the precharge time of +the memory can be
interleaved with the dynamic logic module look-up time,
thus shortening the interconnect delay even further. This
would mean that the interconnect delay would be of the
same magnitude as the logic module delay, and could be

20 even smaller.

In another embodiment, one can assume that there are
C dynamic logic modules 24, each with X inputs and 1
output. If the dynamic logic modules are divided into X
classes, with C/K modules per class. A module in class i,

25 j =1 ... K, is connected to the jth input of each dynamic
logic module (instead of to every input). This will
decrease the number of crosspoints and memory'bit by a
factor of X. It is possible to combine one or mors of the
foregoing approaches to develop a hybrid dynamic

30 interconnection array 26.

In sum, it will be appreciated that the an improved
architecture for a field programmable logic device has
been disclosed. The dynamically changing logic core and
intexrconnection array of the invention facilitates the

35 sharing of silicon resources, <while simplifying the
circuit implementation process since placement and routing

Of the circuit 1is straightforwazd. Another benefit
——Oot the circuit
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been described. Attention nowturns to the construction and operation of

this architecture. The construction and operation of the invention will

be

initiall YOS TSbed at a general |evel. Thereafter, thePCHEAMINE | on

and operation of the invention wll

to several
I mpl enent i

[ 3 LS t QQ i gn.onto_a FPLD archlt ure of t nventi-on.
The first step casa'soc(‘ll‘a % Het he"proceds e t&%’eecéfn?é' é{"% éuf"-lmg

be specifically detailed in reference

exanpl es. Figure 5 depicts the: pF%Eéssi ng steps associated with

descri pti opefisierizd . a@n@hal lagsadiatsEd ceeneflescoifpthiediman &bldetbn t he
formof a Hranans eerdPidon: LANAYager sS-ReQEgt er Transfer

(&)]

The foregoing descriptions of specific embodiments of
the present invention are presented for purposes of
illustration and description. They ares not intended to be
exhaustive or to limit the invention to the precise forms
disclosed, cbviously many modifications and variations are
possible in view of the above teachings. The embodiments
wera chosen and described in order to best explain the
principles of the invention and its practical applica-
tions, to thereby enable others skilled in the art.to best
utilize the invention and various embodiments with various
modifications as are suited to the particular use con-
templated. It is intended that the scope of the invention
be defined by the following Claims and their equivalents.

—_—
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Languagé, or- a circui I ption, all known to those skilled in
the art. The next st l!l Hmﬁ the process is to identify the
various {ypgjmskavel s t (block 72). This st egtw@sgpﬁ,r,ﬁ_gr nmed

in conjunction with knomn Ioglc synt hesis techniques. Crcuits may be
divided into a nunber of logic levels. That-igs a set of input signals are
initially processed by a first set of circuit conponents to generate a
first |evelryofrmautquNrMsal ues. The first | evel output val ues, and perhaps

S T Eng et 21l e U £ od I b AP LnBrEeagY Set O
a dynamic logic core including
means for executing a first logical operation on
5 a set of input signals to generate a plurality of internal
signals, and
means for performing a second logical operétion
on a set of selected internal signals, said first logical
'cperation corresponding to a first logic level of a
10 circuit, said second logical operatiocn corresponding to a
second. logic level of a circuit; and
a dynamic interconnection array coupled ‘to said
dynamic logic core, said dynamic interconnection array
including
15 means for identifying said selected internal
signals from said plurality of intermal signals, and
means for routing said selected internal signals
to said dynamic logic core.

20 2. The field programmable logic device of claim 1
wherein said dynamic interconnection array further
comprises: |

means for buffering a set of said input signals to
generate a corresponding set of buffered signals, said

25 buffered signals forming a portion of said internal
signals.

3. The field programmable lcgic device of claim 2
wherein said buffering means includes a buffer crossbar

30 interconnect structure for buffering said input signals.

4. The field programmable logic device of claim 3
wherein said buffering means includes a buffer crossbar
controller coupled to said buffer crossbar interconnect
35 structure, said buffer crossbar controller executing a set

of lcgical commands to select said buffered signals.
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processes is repeated throu h a nunber of logic levels. Specific
Il Fustrations of th| yﬂ |ﬂ "mmnfscrl bed bel ow. The next step
associaﬁeﬁnggﬁgthe create a | ogi c tabberfmyseneh
| ogi c | evel (block 74) his sted, alogic table is created to define
the | ogi cal operation perforned by the | ogre7rodul es at each logic Ievel.
5. The field programmable logic device of claim 2
further comprising means for directing said input signals
and said bufferad signals to said dynamic interconnection

array.

6. The field programmable lbgic device of claim 5
wherein said directing means includss an input/buffer
controller for selecting said input signals and said
buffered signals.

7. The field programmable logic device of claim 1
wherein said routing means of said dynamic interconnection
rray includes a logic crossbar structure for routing said
selected internal signals.
15 |
8. The field programmable logic device of claim 8
wherein said identifying means of said dynamic
interconnection array includes a logic crossbar controller
which executes a set of logical commands to identify said
20 selected intermnal signals.

9. The field programmable 1logic device of claim 1
wherein said dynamic logic core is a loock-up table, said
first logical operation corresponding'to a first set of

25 values in said look-up table and said second logical
operation corresponding to a second sat of values in said
look-up table.. _ -

10. The field programmable lcgic device of claim 1
30 wherein dynamic logic core includes a counter for
selecting said first logical operation and said second

logical operation.

35 11. A method of implementing a circuit on a field
programmable logic device, said method comprising the

steps of:

—
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The next step in tHE—EFBE€§§—T§“TU“preduce |l ogic for the PI/Buffer

Controll er (bl ock 764"",[}““” g!ﬁt ed results in a set of multiplexer
sel ect vaIu S, whi ch he mul tipl exer 54 at d N <.
processﬂﬁ% t%‘g%s (1 ogi ¢ Iévehgps exanpl e, when a val uehﬁg’ﬁﬂ){’@%uffer
array 30 at a first logic level is to be passed for processing at a second
| ogic | evel, an appropriate sel ect signal mnuld be generated to allow the

signal to pass th ouggcggbghglgxgEaSQa GeRRfatdiRghB-Lross controller logic
i's the next stepggbloc 8), “of pr ocess. I'n thIS step,. logic is

gener at ed whi ch(&f | | PHEEBRAPHe BeéF8$§dbaF15@aQ§ r SR g said input

signals when said selectaed signals are required at a
subsequent logic 1level, said buffering step generating

5 buffered signals;
(C) executing a primary set of logic on said input
signals to generate a set of internal signals;
(D) selecting a set of intermediate signals from
said buffered signals and said internal signals;
10 (E) Dbuffering designated 'Signals from said

intermediate signals when said designated signals are
required at a subsequent logic level; B

(E) performing a preselected set of logic on said

intarmediate signals to generate a new set of internal
15 signals; and _

(F) repeating steps (D) +through (E) until a
pradetermined set of logic is executad, said predetermined
set of logic corresponding to a plurality of logic levels
in a circuit. '

20
12. The method of claim 11 wherein said preselected set
of logic of -said performing set is designated by defining
a logic level within said plurality of logic levels.

25 13. The method of claim 12 wherein said logic level of
said defining step is incremented after each performing
step. -

14. A method of designing a field programmable logic
30 device, said method comprising the steps of:
receiving a description of a circuit to be
implemented in said field programmable logic device; '
identifying logic levels within said circuit;
creating 1logic tables to execute the logic
35 corresponding to each of said logic levels within  said
circuit; ' _
producing input/buffer logic to select input values
e
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val ue which is subsequently buffered during the execution of a |ogic stage.

Thé next step of the, fine L-Cross controller logic (block
80) . | YO B384t ep, ﬂmnﬂﬂ"mm,ﬂ&ﬂg to aI | ow t he L-Cross F&T/URFH0894R0out e
a val ue which is subséquéntty ¥ atsc to the dynam c logic core 22. After

the foregoing logic is defined at steps 74,72f5, 78 and 80, it is downl oaded

(bl ock 82) a con uratio Cqﬁﬁ downl oaded, _the | ogic may
be execut e&“%g’%ﬁ eﬁieq’aﬂ‘i?ﬁ r{aﬂmg’(f tfé"%\ﬁ =i Yur ngu%%r%t% léﬁ S ppar at us .
90 which may be qesmtatdmxebutéstrhecprnocesbenf lfagur etb. effablappzratus 90
storage of buffered values at a first logic level which
must be used at a subsequent logic level; and

defining logic controller logic to enable the sho*ag

wn

of input values and buffered values which are subsequean
applied to said logic tables.

15. The method of claim 14 further comprising the stap of
10 downloading said input/buffer logic, said Dbuffe

H

controller logic, and said logic controller loglc to a
non-volatile memory device.

16. The method of claim 15 further comprising the step of
15 coupling said non-volatile memory device to a field

programmable logic device including an input/buffer

controller,:a buffer controller, and a logic controller.
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i ncludes a Central Processing Unit ((CPU) 92 which is coupled through a bus
93 1o a user interface 94. The user interface 94 is any conbi nati on of
known ceygpud/esizs nput and out put devi ces, such as a keyboar dpctRigs£9s042
scanner, nonitor, printer, etc. The user interface 94 receives a
description of a circuit 96 which is to be inplenented in the FPLD of the
i nvention. The CPU 92 executes a nunber of programs stored in nenory 98.
These programs will generally suppl emend/L8gic

20-\

//
/
26 LOGIC MODULE. ARRAY
| — o[
244
o @ DYNAMIC ol N,
> Xl 4 - ;| =7 — . 7
g —| & [/~ INTERCONNECT (#— & = [
= = ARRAY < N
s /i BUFFER ARRAY L/
T L2g \ g
LATCHES | |
_ QUTPUTS FI6. 1
-
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- 10 - synthesizers of the type known in the art. The CPU 92 executes a
logic level identifier 100 (corresponding to step 72), a logic table
creat or 4B2./-e9f5sr esponding to step 74), a Pl/Buffer control | gt PEQdLsEr
(corresponding to step 76), a B-Cross controller generator 106
(corresponding to step 78), and an L-Cross controller definer
(corresponding to step 80). These m)dulves respectively generate |ogic
| evel s, logic tables, PI/Buffer |ogic, B2¢L8ss controller | ogi c, and
L-Cross controller logic. At the direction of the CPU 92, the generated

| ogi c gg.\

40 INT. LEVEL
[ U [
5 L CROSS BAR
Z - L-CROSS BAR ~— © DYNAMIC
: CONFIGURATION
= CONTROL
T TeveT 1
[ INT. LEVEL | | .
— 24— JEXT CLOCK
| E5 0L {j]
| 244
| 28 =22 oy
- g .
| INT. LEVEL ! N
P T
féE \11\24/\/ . []
34~ JID;-: - 1]
e v v —T
\%: 611 ~~-30
34 o
\\:ﬁ:j‘-gj{ | r58 60
S B—- B CROSS BAR |n7 1viy
: . | CROSS k— DYNAMIC C N
—=) BARL CONFIGURATION
- CONTROL |
INT. LEVEL
EXT CLOCK _ INT 16
. y SELECT, U N, CLOCK
:>[ sy N PI/BUFFER
54 - SELECT
FROM | CONTROL
INPAD -
Lss
- FIG6. 2
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I s downl oaded into non-volatile configuration nenory 99 through an
appropriate interface 110. Interfaces for storing values in field

progr anmebbe2340gi c devices are known in the art. Figure 6B HEpiUSP&0IhE

rel ati onship between the non- volatile configuration nenory 99 and the FPLD
20 of the invention. In particul ar, after non-vol atil e
configuration menory 99 is | oaded with tgﬁ gppropriate | ogi ¢ val ues, it may
be used i ndependent of apparatus 90. Speéi%lcally, t he non-vol atile
configuration menory 99 is coupled to the FPLD 20. St andard nenory
downl oad circuitry 101 is used on the FPLD 20 to coordinate the

44 \

45-\

INT. CLOCK CIRCUIT
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CKT. LEVEL 50
I INT.
FROM PREVIOUS CHIP|  |oCR| | evelL coUNTER A% INT LEVEL
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- 48 _
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24\
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; T01 [C

MUX
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reception of the logic values fromthe non-volatile configuration nenory
99." As depicted in Figure 6B, FPLD 20 receives logic for the dynanic |ogic
core 22WOHHELISCross bar controller 42, the PI/Buffer cont PENIEE4H®42and
the B-Cross bar controller 60. Figure 7 depicts the processing steps

associ ated with the operation of the FPLD 20 of the invention. The first
-step of the process is to read an input yahye (block 120). The input "val ues
are obtained through nultiplexer 54 mhlch I's controlled by PI/Buffer select
controller 56. Thereafter, buffer values (block 122) and | ogic val ues
(block 124) are routed. ‘The buffer values are routed by .

/‘70

RECEIVE CIRCUIT
DESCRIPTION

/t7?

IDENTIFY LOGIC LEVELS

74
;
CREATE LOGIC TABLE
FOR EACH LEVEL
/-75
PRODUCE PI/BUFFER
CONTROLLER LOGIC
//—78
GENERATE B-CROSS
CONTROLLER LOGIC
//'5@
DEFINE L—-CROSS '
CONTROLLER LOGIC
/‘52

OOWN LOAD LOGIC : \

'Ifhls She

FIG. 5 | ” 7’
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the B-Cross bar controller 60 and the | ogi c values are routed by the

L-Cross bar controller 42. These operations

are generally perforned

si mul t ane@usdiasiral t hough they are depicted in Figure 7 as bepdigusagsent i al
operations.. The next processing step associated with the FPLD of the

invention is to execute the |logic (block 126),

| evel, which is within the dynam c Ioglc | e

logic level is increnented (block 128)

'90\
/fEP

for a given stage or logic

24. Si mul t aneously, the
th otgh counter 4 and a deci sion

/-95

CIRCUIT
DESCRIPTION

/rsu

USER INTERFACE

. 110
[ n
LOGIC LEVEL IDENTIFIER b % 9
LOGIC TABLE CREATOR |—102 CONFIGURATION'/r
PI/BUFFER CONTROLLER | ~104 MEMORY
PRODUCER
B—CROSS CONTROLLER 106
GENERATOR FIG. B4
L-CROSS CONTROLLER |—1%
DEFINER
-9
20-\
{. _______________________
. | DL CORE PI/BUFFER
{f 'y 55
CONgéﬁg§¢'10N ————-{ L-CROSS BAR| |B-CROSS BAR
j CONTROLLER CONTROLLER
. 42/ g0
1
[ vevoRY | 101
FIG. 66 || bownLoad
| | CIRCUITRY
|
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is made to deternine whether all logic |evels are processed (decision bl ock
130). Steps 126, 128, and 130 of Figure 7 are preferably performed in
par al | el webdA@wgh they are depicted as sequential operationgctmse;goie 7

for the sake of illustration. I'f all lTogic levels are processed, an
out put val ue is generated. O herwi se, processing once agai n conmences at
. block 120. The invention has now been ful descri bed. However, to nore
fully appreciate the invention, attenti %% directed to a number of
exanpl es. Figure 8 is a gate | evel schematic of an exanple .circuit 140
which will be inplemented in accordance with the invention. Thr ee.
/f55
NEXT INPUT PI/BUFFER CONTROLLER
120/
_ B—CROSS" BAR 50
ROUTE BUFFER VALUES _ CONTROLLER a
1227
ROUTE LOGIC VALUES L~CROSS BAR | ~42
. CONTROLLER
124/
DYNAMIC LOGIC | —24
EXECUT G
£ LOGIC MODULE
125
INCREMENT LEVEL COUNTER %

ALL LEVELS
PROCESSED?

OUTPUT

FIG. 7
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inputs to the circuit ("a","b","c") are conveyed to an OR gate 142 to
generate a "G' output. Two inputs ("d","e") are conveyed to an AND gate
144 to g¥@@#33ESan "H' output. OR gate 146 receives the "c' Ptﬁﬁuvwaﬂﬂ’the
"H'" input. XOR (Exclusive-Or) gate 148 receives the "G input and the "

i nput . The circuit 140 may be characterized by t he follomnng bool ean
statenments: G=a + b + ¢ (D7phs d * e (2) x =
G* H+ G+ H (3) vy c +H (4) Figure 8

constitutes a "circuit description”

142
A . : 145
B Y
148
144 \
= "\ 4 ) X
- ; s 7
FIG. 8
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cor.resp'ondi ng to step 70 of Figure 5. Equations (1) through (4) provide
an alternate (but equivalent) "circuit description". Based on the

i mpl eneny@tospry8f bl ock 70 of Figure.5, a.particular form ofpcreidnGikds
description” nust be supplied. For the purposes of this illustrative -
exanple, a schematic or equation format will suffice. -12- Figure 5 _
I ndi cates that after a circuit descripti on és received (bl ock 70), the next

. . /1
step associated with g

LEVEL 1 LEVEL 2

16 4 X

0] 0 0] 0
o]
—1 1] 1 G —3 1] 1 Ny
_bl211 - Gl 211 —
cl 3] 1 — Hi 3| 0 —
1 4] 1 4| 0

5 1 5| 1

6 | 1 6 | 1

71 1 710

# 1 H #1y

0] 0 0ol 0
— 110 H 1] 1 y
dl2] o0 — Hi2| 1 -
e| 3 |1 — cl 31 1 S—

4| 0 140

51 0 51 1

5| 0 6 | 1

71 1 71 1
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inpl enenting a circuit into the FPLD of the invention is to identify logic
| evel s (block 72). In the case of the circuit of Figure 8, there are two

| ogic | eY@I94/234%¢ the first level is an OR gate 142 and an ARCTS040342. At
the second level is an OR gate 146 and a XOR gate 148. Te next step
associated with the processing of Figure 5 is to create a logic table for
each logic level (block 74). Figure 9 depiprds logic tables.corresponding to

the circuit of Figure 8. At the first level, a logic table is provided
for the "G output and theXH' outpyf. In reference to the logic table
for the "G' output, not e-,_tj@t t herefare e’ighf, addressabl e values (2[err]),
corresponding to ﬁd , CL.%
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the three input values ("a", "b", "c"). The | ogic associated with the
various input values is provided in colum "G'. That is, for the OR gate
142, theyguipsi;swill be "1" unless all input values are zerectE9804928i C
table for the "H' output only has two input values. Therefore, the nost
significant input bit may be viewed as a "don't care" condition.
Consequently, the logic for the first four values Is the sane as the logic
for the next four values. In any event, AR A output for the AND gate 144
will be "1" only when "d" and "e" are "1". The second | evel of Figure 9
I ncludes logic tables for the "x" output and the "y" output. The logic
tabl e
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for the "x" out put describes the logic for the XOR gate 148, while the
logic table for the "y" output describes the logic for the OR gate 146.
Not e oncwoama@isarst hat each table only has two i nputs so ther eedBUSHA/EDIY t
care" condition, resulting in a repeated output pattern. In accordance with
step 76 of Figure 5, PI/Buffer controller |Iogic my now be generated. In
this exanple, at the first level of the ¢ireyit, the PI/Buffer select
controller 56 woul d generate sel ect signal$~3o that all input values ("a",
"b", "c", "d", "e") frominput latch 32 are passed through nultipl exer 54.
At the second | evel of
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-13- logic, a select signal would be generated to allow the buffered val ue
"c" to pass through the nultiplexer 54. The B-Cross controller |ogic
associ ateg oywbtfrisstep 78 of Figure 5 nay al so be derived at pptrs;sparpphir e.
In this exanple, the B-Cross Dynam c Configuration Controller nust provide
|l ogic to route the value "c" received at the first logic level. No
operation is required at the second Iogifjlllgyel. The L-Cross controller

| ogi ¢ associated with step 80 o= -
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of Flgure 5 may be deflned as follows. At the first
L- Cross Bar Dynam c conflguratlon controller 42 nust route input val ues
"a", "b"YOIdI3HTSd", and These val ues are subsequent|y |PSITEHR9/06RE0 t he
dynan1c |l ogic core 22. At the second logic level, input values "G', "H',

| ogic level, the

and "c" are stored. After the foregoing logic is downl oaded in accordance
W th step 82 of Figure 5, execution of thesapparatus of the invention may
commence, as characterized in Figure 7. Figures 10 through 13 denonstrate

the architecture and operation of the invention in relation to the
foregoi ng exanple. These figures will be described in the
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context of the processing steps descrl ed in Figure 7. Figure 10 depicts a
FPLD 20A whi ch may be This SlgbettHa: the circuit of Figure 8. The
apparatu&OZ@A&generall th t he apparat us of FPQUrEsIZ0sR@t e
that the L-Cross bar 4 ss bar 58 are depicted as a grid of
crosspoi nts 150. Flgure deplct a PI/Buffer Select

Controller 56. The renalnlng flgures bl gnot depict the L-Cross bar
controller 42 or the B-Cross bar control er 60 Figure 11 depicts the

results after the perforijmgnce of steps 12Q, 122, and_124{of Figure 7.
Recal | that sob®YEdf 1t hege st epdEWBY De perfornetac-"u-h éar all el . Hd@(\‘ibr‘i f o
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t he purpose of cl emhe i nvention, the steps wll
frequently be descri
figure dﬂéfplﬁtslf&?tshat
| at ched i nto input

depi cts,

eSheetsHabmeﬂRe Jormed in a sequentlal manner. The
| R28- "b", "c", 14 - " @PCT/EPH0SBE are
[ 20 of Fi gure 7). The figure also
with a dark CII‘C e, buffer value "c" is routed through the
B-Cross bar 58 (step 122 of Fi gure 7). Tme_-,/flsgure al so depicts that
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I nput val ues "a", "b", "c", "d" and "e" are routed through L-Cross bar 40
(step 124 of Figure ﬂss}l@tﬁw%ﬂeﬂl gRicts the results after the performance

of stepswbdaa; 23438, 13 lgure 7. The figure depipetrgrdohatosbhe
values fromthe L-Cro Hlm I
| at ches 28. Thereafte bar val ues were conveyed to dynam c

he B- Cross bar 58 were | oaded into
| ogi ¢ nodul es 24A and 24B, corresponding %2 he "G' logic table and the "H"
logic table of level 1. Dynamc logic mbdatd 24A yi el ded val ue G and

dynam c |l ogic nodule 24B yielded value H (Step 126 of Figure 7). Concurrent
with the execution of this logic, the counter 44 (of Figure 3, not shown in
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Fi gure 12) increnen&%slg }ngic L ve|l (block 128 in Figure 7). In this
exanple, only the fir as been processed, therefore one nore
| ogi ¢ | ewelogpasis be dﬁ H mﬁr e the second | ogic | evel scantdgksanal

| ogic | evel, buffer ! ave to be routed (block 122 in Figure
7). On the other hand, |ogic values nmust be routed through the L-Cross bar
40 (bl ock 124 in Figure 7). Note that inlEi yre 12, the "G' output is
directly routed fromthe dynam c | ogic noddi e 24A t hrough the L-Cross bar
at crosspoint 152. Simlarly, the "H' output is directly routed fromthe
dynam c | ogi ¢ nodul e 24B t hrough the L- :
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Cross bar at crosspoints 154 and. 156. Finally, the buffered value "c" is

rout ed through the rThi€SeaslabpBeen Repleedsspoi nt 158. The L- Cross bar

cont r ol IY¥@ 94234hRabl e ﬁ hese | ocations. |n defi nipeg/Tdee/0ECr oss
I Npu

controller logic (bl e 5), it is known, for instance, that at
the second | ogic |evel, S and "H' are required for the "x" logic
tabl e which is inplemented by dynam c | ogh¢ godul e 24A. Therefore, two

i nputs to the dynam c
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- 15 - logic nodule 24A are enabled to receive the "G' and "H' val ues. Mre

particul ar| r ows ThE@handasBaeh RebRce@nabl ed so as to receiv ta, bl t he
out put P 9f‘¥'r§“7aynam 24. | mpl enrent ati on o%’??g’nsg"‘/;)bérag} he
cross bar structures[l!lﬂﬂ i on are di scussed bel ow. Figure 13

depicts the processi ith steps 126, 128 and 130 of Figure 7
Figure 13 shows that the second |evel i¥p(k9values "G' and "H' are l|atched
in latches 28. These val ues are then conveyed to logic table "x" which is

i mpl enent ed by dynami c | ogi c nodul e 24A. Second | evel input values "H' and
"c" are simlarly ' '
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Iatche"uutu togre—tabte—y" which is inplenented by dynan1c | ogi ¢ nodul e
24B. The Iog¢hﬂ§bdMEEb theny execute their respective Ldgiic"(step 126 in
Figure| 7) andcmhg\ﬁgunter (jnot shown) is- TncFénented'(step 128 in Figure

7). _thd second Level s b I d arid "y" out put

val ues are conve§é5 t538u%puE Iat%%[E %fo$%§ gbﬁ% %ﬁ§%20A may Now process
anot her set of igpit brffesifgt epel2gtied Fisdgnels). friogur 6l ddFirRtE a new
set of inpuk;yglyes wie An@atm' a%&beé@edPr wg a%e 1D8gR;YalUeSE prpceeds

in the manner preV|ou descri bed. Figure 4 |cts_§nother circuit 178
whi ch may pgubsequent ogﬁc level, sald buffe ng step generating

5 buffered signals;
(C) executing a primary set of logic on said input
signals to generate a set of internal signals;
(D) selecting a set of intermediate signals from
said buffered signals and said intermnal signals:;

10 (E) buffering designate signals from said
intermediate signals when said designated signals are -
required at a subsequent logic lavel;

(E) performing a preselected set of logic on said
intermediate signals to generate a new set of internal

15 signals; and

(F) repeating steps (D) through (E) until a
predetermined set of logic is executed, said predetermined
set of logic corresponding to a plurality of logic levels
in a circuit. '

20
12. The method of claim 11 wherein said preselected set
of logic of said performing set is designated by defining
a logic level within said plurality of logic levels.

25 13. The method of claim 12 wherein said logic level of

said defining step is incremented after each performing
step.

30
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i npl emented in_accordance with the invention. Analysi:
reveal s that there are four 'logic |levels. The fi it
the input signals and does not rely upon output !f[/
first logic level includes XOR gates 180, 182, 18'
gate 188. The second |l ogic | evel processes the gn?u @pﬂ -
generated at the first logic level. The gates .at The’s@&sond: fF@ch"ilfevei',g
i nclude XOR gate 190, AND gate 192, AND gate 194, OR gate 196 (which is
coupled to three AND gates 197A, 197B, 197Q), andTAND gat e =t88eT Themdi rd :

..................

[09'c | evel, ro9aags dhicR@Rbta0 R Sivics Wi Dailic Vel and

the second | ogi IONS TO A DYNAMIC LOGIC CORE

ief Description of the Inventio |

| -"This inventien relates generally to Field
Programmable Logic Devices. More particularly, this
invention relates to +the architecture, operation and
design of a Field Programmable Logic Device which utilizes
dynanic interconnections to access a logic core which
dynamically changes at staged logic levels.

Background of the Invention

Programmable lLogic Devices (PLDs) are widely used to
implement logic functions . for controlling electronic
devices. A mask-programmable logic device is programmed
by a manufacturer through the process of fabricating the
device. In contrast, a field-programmable logic device is
distributed by a manufacturer in an unprogrammed state.
The purchaser of the device subsequently programs it in
the %"field" to execute a desired function. The present
invention relates to field programmable logic 'é{evices
(FPLDs). Field Programmable Gate Arrays (FPGAs) are one
form of FPLDs. |

The primary benefit of FPLDs is that user-
programmability allows for rapid and inexpensive prototype
development. Another important benefit associated with
FPLDs is that they may be re-programmed to implement
different designs. -

Specific designs to be implemented within a given
architecture are developed with Electronic Design
Automation (EDA) techniques, alsoc referred to as Computer
Aided Design (CAD) techniques. EDA tools include logic
synthesizers, physical design tools, and timing verifiers.

, Th|s is the replacement sheet




al so process the input signals, but it does not in this case. The third

|l ogic level in this exanple includes OR - 16 - gate 200, AND gate 202,
and AND gate 204 (which is coupled to OR gate 205). The fourth logic |evel,
the last logic level in this exanple, produces the output val ues. The
fourth logic level includes AND gate 2362 XOR gate 208, and OR gate 210
(which is coupled to AND gate 212). For nore conplex circuits, Directed
Acycl i ¢ Graphipgicosynthesizers convert a high-level description of a

circuit into a netlist which describes circuit components
and the connections between the components. Given a
‘netlist, physical design tools determine physical
locations of the components and the wire segments required
for realizing the connections between the components.
This step of the design process is generally
computationally expensive. Consequently, refining this
process is an ongoing matter.

Timing verifiers analyze the timing performance of
the .circuit described in the netlist. Based upon the
timing performance of the circuit, an engineer may modify
the netlist to improve the performance of the circuit.

It is desirable to completely automate the
implementation of a given circuit into an FPLD
architecture. For this to occur, it is important to
design the FPLD architecture to insure that the EDA tools
can accurately estimate the timing performance and also be
able to place and route a given circuit design with ease.
The FPLD architecture should have the foregoing features
without eliminating the ability to implement complex
circuits. -

Look-Up. Tables (LUTs) are generally used in FPGas.
A IUT is a digital device that provides an output value
for a given set of input values. The output value is
stored at a memory location which is addressed by the
input values.

LUT-based FPGAs utilize a sequence of LUTs to form a
multi-level structure. In such a device, the output from
a first LUT is combined with new input values at a second
LUT to yield a new output value. The second IUT may be
viewed as a second logic level. Likewise, the output
value from the second LUT may be subsequently combined
with additional input -'values at a third LUT. In such a
device, there are three logic levels with a IUT at each
logic level.

There are a number of problems associated with

traditional LUT-based FPGAs. As described in the
. This is the replacement sheet
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those skilled in the art, may be used to sinplify the levelization process..
Thus, Figure 14 represents a circuit description (step 70 of Figure 5). The
f oregoi ng paragraph identifies the logic |evels associated with the circuit
(step 72 of Figure 5). Figure 15 depicts logic tables for each |level (step
74 of Figure 5). Note that table "HO' at 4 8vel 1 produces two out put

val ues. Qut put value "O" requires three inputs "b", "c", and "d" (going

to XOR gate lptesedifid panaghd®b, Otheseotdevitesd, haveueca' HEeguentiad

onl y 10 i npuLg, el it yhING ShEOdme e StAbE Sl vdd Ut

val ue "b". Conbinations Of this type may be .
silicon die which inplements the logic. This approach can
be spatially expensive. Another problem relates ¢to
routing the connections between the various LUTs. The
connections between the ILUTs may introduce unpredictable -
and undesirable signal propagation delays. The
propagation delays may require re-placement and re-routing -
of the circuit until all timing constraints are met. 1In
some circumstances, it may be impossible to place and
route a given circuit design on an FPGA to satisfy
reasonable timing constraints.

Summary of the Invention

A novel architecture, operation and design for a
Field Programmable Logic Device is disclosed. The device
implements a circuit by using a dynamic logic core that
executes staged logic corresponding to the logic levels of
the implemented circuit. Logic inputs to the dynamic
1ogic£ core are obtained from a dynamic interconnection
array. Appropriate logic inputs for a given logic level
are dynamically selected and routed by the dynamic
interconnection array. " When necessary, signals which are
required at subsequent logic levels are buffered by the
dynamic interconnection array. The dynanmic
interconnection array selects logic inputs for a given
logic level from circuit input signals, buffered signals
and dynamic logic core output signals.

" Brief Description of the Drawings

For a better understanding of the nature and objects
of the invention, reference should be made to the
following detailed description taken in conjunction with
the accompanying drawings, in which: |

FIGURE 1 is a high-level schematic representation of
the FPLD of the invention. _

FIGURE 2 is schematic of the FPLD of the invention.
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made to formefficient dynamc logic nodules 24. Table "KI" in level 2 is
anot her exanple of an instance in which resources can be shared. The next
processi ng steps associated with designing an FPLD i n accordance with the
invention relate to generating the appropriate logic for the various

-control lers. For the present exanple, th& -PI/Buffer controller 56 needs
to select all the input values at the first logic |evel. At the second
|l ogic level, the f I Webhnébl t |

I nput values to pggséﬁ# fq" e‘ligru%A % ? é 0% ufratL erg%p{r'l%%g’sglhng.
At the thirdceRjunctian v ethe invention.

FIGURE 4 depicts a dynamic logic module used in
accordance with the invention.

FIGURE 5 represents the processing steps associated
with implementing a desxgn into an FPID in accordance with
the invention.

FIGURE 6-1 depicts an apparatus which may be used to
execute the processing steps of Figure 5.

FIGURE 6-2 depicts the relationship between <the
downloaded logic generated by the apparatus of Figure 6A
and an FPLD which subsequently utilizes the downloaded
logic.

FIGURE 7 depicts the control sequence associated with
the operation of the FPLD of the present invention.

FIGURE 8 is a schematic of a circuit which, by way of
exhibiting the inventionh, is implemented in the FPLD of
the invention.

FIGURE 9 depicts the logic tables or look-up tables
associated with the circuit schematic of Figure 8; these
tables are implemented in the dynamic logic modules of the
invention. _ :

FIGURES 10-13 depict <the implementation of the
circuit of FIGURE 8 into an FPLD of the invention.

FIGURE 14 is a schematic of a circuit which, by way
of exhibiting the invention, is implemented in the FPILD of
the invention..

FIGURE 15 depicts the logic tables or look-up tables
associated with the circuit schematic of Figure 14; these
tables are implemented in the dynamic logic modules of the
invention.

FIGURES 16~20 depict the implementation of the
circuit of Figure 14 into an FPLD of the invention.

Like reference numerals refer to corresponding parts
throughout the several views of the drawings.

etailed Description of the Inventior
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Pl/Buffer controller 56 will allowthe internediate signals "F', "H',

. "0', and the input signal "b" to pass through. At the fourth logic |evel, .
the PI/Buffer controller 56 will allow the final stage input values "H',
"B", "F'" , "G, and "K' to pass through for processing. The B-Cross Bar
Dynami ¢ Configuration Controller 60 will =uPitize four stages of logic to

| npl ement the circuit - 17 - of Figure 14. At the first |evel of |logic
t he B-Cross Figure 1 depicts a Field Programmable Logic Device

(FPLD) 20 in accordance with the invention. The FPLD 20
includes a dynamic logic core 22 which includes an array
of dynamic logic modules 24. As will be more fully
described herein, each dynamic logic module 24 executes a
set of logical operations. The set of logical operations
includes a number of individual logic stages or levels.
Each logic level corresponds to a logic level in a gate-
level representation of a circuit which is implemented in
the FPLD 20. '

The dynamic logic core 22 is coupled to a dynamic
interconnection érray 26. The dynamic interconnection
array 26 dynamically alters the connections to the dynamié
logic core 22 so that each logic level of the logic core
22 receives the appropriate ihput signals. Since the same
routing resources are used to implement the entire
circuit, the present invention optimizes silicon
resources. Another advantage of this technique is that
the routing of the circuit is straightforward, and
therefore the design automation of the circuit is
simplified. | ' |

Interface latches 28 are provided between the dynanmic
logic core 22 and the dynamic interconnection array 26.
A buffer array 30 is utilized to bypass selected 1logic
levels of the dynamic logic core 22, as will be more fully
described below. Finally, the FPLD 20 of the invention is
implemented with the use of input latches 32 and output
latches 34. :

Figure 2 is a more detailed representation of the
FPLD 20 of Figure 1. The dynamic logic modules 24 are fed
by a Logic Cross Bar (L-Cross Bar) module 40 which forms
a portion of the dynamic interconnection array 26. As
will be discussed below, the L-Cross Bar module 40 may be
implemented in a number of ways. At the present'time the
L-Cross . Bar module 40 should be viewed as a device for
routing values which will eventually be coriveyed to the
dynamic logic modules 24. The L-Cross Bar module 40 is

This is the r_epiacement sheet
f 1 6CT 1996

[ |

Date:



controller 60 will enable the B-Cross bar to route all of the input val ues
because they will all be need for subsequent processing. At the second
logic level, the B- Cross controller 60 will enable the B-Cross bar to
route only the "b" value, which will be needed at the fourth logic |evel.
At the third logic level, the B-Cross contgeller 60 will enable the B-Cross
bar to route the values "F', "H', and "b", which are required for fourth

| ogi ¢ | evel |410. 148t t fi | cghevelpyhdiRi8 CEaeLig@ratobher
60 does not . ?\%e %(?dl]niPﬁat egkgnyur:?tﬁéiér% cght%rol .Yél'helL-Cross Bar Dynam c
Conf i gur at i ofcodoldierré2p

One input to the controller 42 is a "level" value.
As will be more fﬁlly described below, the level value is
the logic level of the circuit being implemented. This
level vaiue is used to determine appropriate control of
the IL~Cross Bar module 40.

Figure 3 depicts a level counter control module 44
which may be used in accordance with the invention. The
module 44 includes a counter 46 which tracks the circuit
level. A controller 48 controls the operation of the
internal 1level counter 50. If a multi-chip mode is
selected for implementing the invention, as will be
described below, then the controller 48 activates control
to the next chip and uses signals from a previous chip.
Otherwise, these signals are ignored. The internal level
counter 50 is incremented or reset by the controller 48
based on the mode and the word stored in counter 46. The
word in counter 50 is then sent to various devices within
the FPLD 20, as depicted in Figure 2.

The I~Cross bar 40 routes input values, buffer
values, and outputs from the dynamic logic modules 24 into
the dynamic logic modules 24. The L-Cross bar 40
dynamically changes the interconnections to the dynamic
logic modules 24 for each level of the implemented
circuit, as will be illustrated below. As depicted in

. Pigure 2, input latch 32 receives input values. The input
values are theh conveyed to a multiplexer 54. Multiplexer
54 also receives values from the buffer array 30.
Selection of signals from the input or the buffer array 30
is controlled by a Primary Input/Buffer Select Controller
56.

The outputs of the multiplexer 54 are conveyed to a
Buffer Cross bar module 58 (B-Cross bar). The B-Cross bar
module 58 routes values which are present at a first logic
level and which will also be required at a future logic
level. Specifically; values which are to be bypassed to

This is the replacement sheet
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| ogi ¢ must enable the appropriate input, at various logic levels, for the
dynam c logic nodules 24. At the first logic level, the L-Cross controller
42 enables the L-Cross Bar 40 to route values "a" and "e" for dynamc |ogic

nodul e 24A; "b", "c", and "d" for dynam c |logic nodule 24B; and "c" and "d"
for dynam c |ogic nodule 24C. At the see@nd |logic |level, the L-Cross
controller 42 enables the L-Cross Bar 40 to route values "H', "F' and "b"

]"o'r' dkln?m' calrﬁgir{eﬂbdbbch4_Pevéh" el Cohvieyediyfizomc thgi Brixhss D and
(he' L Cr os SRt Tor 48 BhEgedd B 46, C gt f AgRlustity
"M and to select a value from the B-Cross Bar module 58 or from
an output value from the dynamic iogic core 22, as will be
described below. Latch 34 stores the control signals for
multiplexer 61.

The B-Cross bar module 58 is controlled by B-Cross
Bar Dynamic Configuration Controller 60. A logic level
value forms an input to the B-Cross Bar Dynamic
Configuration Controller 60. As indicated earlier, the
level value corresponds to the logic level of the circuit
being implemented. As depicted in the figure, values may
bypass the B-Cross Bar 58 and be connected to the L~-Cross
Bar module 40. As previously stated, the values from the
L~Cross Bar are then conveyed to the dynamic logic modules
24. The outputs of the dynamic logic modules 24 are
conveyed to output latches 34 after all logic levels have
been executed.

Figure 4 depicts a dynamic logic module 24 in
accordance with the invention. Dynamic logic modules may
be imp_lemented using look-up tables, multiplexer based
modules, or a combination therecf. Look-up based modules
are preferred in the present invention because they allow
the implementation of all combinational functions for a
set of input values. Look-up tables may have single or
multiple outputs.

Figure 4 depicts a dynamic logic module 24 in the
form of a K—inpﬁt, 2-output LUT. The K-input value may be
viewed as the number of address lines for the LUT. Thus,
if K equals 3, then the module 24 is implemented in the
form of a LUT with 3 address lines. In addition to input
values, the level input is required. As previously
stated, the level corresponds to the logic level of a
circuit which is being implemented. Once the input and
level are set up, multiplexer 66, through its select
lines, is used to select an appropriate logic bit(s).

The dynamic logic module 24 requires L x 2F bits of
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"K" for dynamc | ogic nodule 24A; "F', "H' and "I" for dynam c | ogic nodule
24B; and "G', "P', and "O' for dynamc logic nodule 24C. At the fourth
logic level, the L-Cross controller 42 enables the L-Cross Bar 40 to route
values "J", "N' and "Q' for dynam c |ogic nodule 24A; "H', "F' and "b" for
dynam ¢ Iog| c nodule 24B; and "G', "J", agd_"K' for dynamc |ogic nodule
24C. Returning to Figure 5, approprlate Togic for: the | ogi c tables,

T s s o b0 Bheliab R T s 5

(block 82). the prhudsasi o6f Q‘évea.pjtttmgnaan h@sommlwented ome a gz.ven
FPLD device. There are many ways in which the level
select lines and the K address lines can be combined
together. The particular technique for a given
implementation of the architecture depends on area usage
and memory read time, which depends on the technology
being used. '

The overall architecture of the invention has now
been described. Attention now turns to the construction
and operation of this architecture. The construction and
operation of the invention will be initially described at
a general level. Thereafter, the construction and
operation of the invention will be specifically detailed
in reference to several examples.

Figure 5 depicts the processing steps associated with
implementing a circuit design onto a FPLD architecture of
the invention. The first step associated with the process
is to receive a circuit description (block 70).
Generally, the circuit description will be in the form of
a Hardware Description Language, a Register Transfer
Language, or a circuit schematic description, all known to
those skilled in the art.

The next step associated with the process is to
identify the various logic 1levels within the circuit
(block 72). This step is performed in conjunction with
known logic synthesis techniques.

Circuits may be divided into a number of logic
levels. That is, a set of input signals are initially
processed by a first set of circuit components to generate
a first level of output values. The first level output
values, and perhaps some of the initial input signals, are
then passed to a second set of circuit components. This
processes is repeated through a number of logic levels.
Specific illustrations of this operation are described
below.

The next step associated wrl:h the process is to
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- 18 - circuit of Figure 14 will now be described with reference to Figure
7 and Figures 16 through 20. Figure 16 depicts processing steps 120, 122
and 124 of Figure 7. In particular, the figure depicts that input val ues
are fed to an input latch 32 (block 120 of Figure 7). The Figure also
shows that buffer val ues are routed thr‘oagh the B- Cross bar 58 at

crosspoints 220 through 228 (bl ock 122 of Figure 7). Figure 16 al so depicts
the | ogi c vaireate caitbogic table for each logic level (block 74). 1In

this step . a logic table is created to define the logical
operation performed by the logic modules at each logic
level.

The next step in the process is to produce logic for
the PI/Buffer Controller (block 76). The logic created
results in a set of multiplexer select values which are
conveyed to the multiplexer 54 at different processing
stages (logic levels). For example, when a value from the
buffer array 30 at a first logic level is to be passed for
processing at a second logic level, an appropriate select
signal would be generated to allow the signal to pass
through multiplexer 54.

Generating B-Cross controller logic is the next step
(block 78) of the process. In this step, logic is
generated which will allow the B-Cross bar 58 to route a
value which is subsequently buffered during the execution
of a logic stage.

The next step of the process is to define L-Cross
controller logic (block 80). In this step, logic is
defined to allow the L-Cross bar 40 to route a value which
is subsequently lat_ched' to the dynamic logic core 22.

After the foregoing logic is defined at steps 74, 76,
78 and 80, it is downloaded (block 82) into a
configuration memory 99. Once downloaded, the logic may
be executed, as will be illustrated below.

Figure 6A depicts an apparatus 90 which may be used
to execute the process of Figure 5. The apparatus 90
includes a Central Processing Unit (CPU) 92 which is
coupled through a bus 93 to a user interface 94. The user
interface 94 is any combination of known computer input
and output devices, such as a keyboard, mouse, scanner,
monitor, printer, etc. The user interface 94 receives a
description of a circuit 96 which is to be implemented in
the FPLD of the inventien.

The CPU 92 executes a number of programs stored in
memory 98. These programs will generally supplement logic
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t hrough the L-Cross bar 40, For instance, note that crosspoint 230 rout
val ue "a" and crosspoint 232 routes value "e". Each of these values is

subsequently conveyed to a latch 28 and is then executed by dynam c | ogic
nodul e 24A. Figure 17 depicts, 'in a sequential manner, processing steps

126, 120, 122,

and 124 associated with Fggute 7 (recall that several of

t hese steps may be perforrred in parallel). The figure depicts | atches

| oadi ng the d
Figure 7).
in Figure 7,

KPR TBelutgs EfpeOimions] drerarlidwe. (step 126 in
ure al so depicts atches 28 th Q’%bugfer As
the n pEBPe 92 n@xecutes a log e 1 iden 1 ier 180

(corresponding to step 72), a logic table creator 102

- (corresponding to step 74), a PI/Buffer controller

producer (corresponding to step 76), a B-Cross controller
generator 106 (corresponding to step 78), and an L-Cross
controller definer (corresponding to step 80). These
modules respectively generate logic levels, logic tables,
PI/Buffer logic, B~Cross controller logic, and 1~Cross
controller logic.

At the direction of the CPU 92, the generated logic
is downloaded into non~volatile configuration memory %9
through an appropriate interface 110. Interfaces for
storing wvalues in field programmable logic devices are
known in the art.

Figure 6B depicts the relationship between the non-
volatile configuration memory 99 and the FPLD 20 of the
invention. In particular, after non-volatile
configuration memory 99 is loaded with the appropriate

- logic values, it may be used independent of apparatus 90.

Specifically, the non-volatile configuration memory 99 is
coupled to <the FPLD 20. Standard memory download

circuitry 101 is used on the FPLD 20 to coordinate the

reception of the logic values from the non-volatile

‘configuration memory 99. As depicted in Figure 6B, FPLD

20 receives logic for the dynamic logic core 22, the I-
Cross bar controller 42, the PI/Buffer controller 56, and
the B~Cross bar controller 60.

Figure 7 depicts the processing steps associated with
the operation of the FPLD 20 of the invention. The first
step of the process is to read an input value (block 120).
The input values are obtained through multiplexer 54 which
is controlled by PI/Buffer select controller 56.
Thereafter, buffer values (block 122) and logic values
(block 124) are routed. The buffer values are routed by
the B-Cross bar controller 60 and the logic values are
routed by the L-Cross bar controller 42. These operations

es

28

shown
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steps are to increnent the logic |level (block 128) and to query whether all

| evel s have been processed (decision block 130). The logic level s
not shown being incremented in Figure 17, but circuitry disclosed for
this purpose was disclosed in Figure 3. Since all logic |evels have not

been processed at this juncture, new inpdt =i s obtained (block 120 of Figure
7). Thus, at this point, as previously,stated, the PI/Buffer Controller 56
woul d al | ow arle generaldy frerfornedc§imyglianequalylypbherghekbey sre

(o T 5 vipens s iln ey 5

value "b" is rout &he next processing tep associated wi e of
the invention is to execute the logic (block 126), for a
given stage or logic level, which is within the dynamic
logic module 24. Simultaneocusly, the logic level is
incremented (block 128) through counter 4 and a decision
is made to determine whether all 1logic 1levels are
processed (decision block 130). Steps 126, 128, and 130
of Figure 7 are preferably performed in parallel, although
they are depicted as sequential operations in Figure 7 for
the sake of illustration. If all logic levels are
processed, an output value is generated. Otherwise,
processing once again commences at block 120.

The invention has now been fully described. However,
to more fully appreciate the invention, attention is
directed to a number of examples. Figure 8 is a gate
level schematic of an example circuit 140 which will be
implemented in accordance with the invention. Three
inputs to the circuit (%“a","b",%c") are conveyed to an OR
gate 142 to generate a "G" output. Two inputs ("av,6ve®)
are conveyed to an AND gate 144 to generate an "H" ocutput.
OR gate 146 receives the "c" input and the "H" input. XOR
(Exclusive~-0Or) gate 148 receives the "G" input and the "H"
input. The circuit 140 may be characterized by the
following boolean statements:

G=a+b+c (1)
H=d * e (2)
x=6*HB+CGC+H (3)
y=¢c+ H (4)

Figure 8 <constitutes a "circuit description"
corresponding to step 70 of Figure 5. Equations (1)
through (4) provide an alternate (but equivalent) ®circuit
desdription". Based on the implementation of block 70 of
Figure 5, a particular form of "circuit description" must
be supplied. For the purposes of this illustrative
example, a schematic or eguation format will suffice.
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which is the only value at this processing juncture which nust be
subsequently utilized. Finally, Figure 17 depicts | oaded |ogic values for
the second logic |evel (block 124 of Figure 7). For exanple, note that at
crosspoint 236 the output value "F" - 19 - is |loaded into the L-Cross
bar 40. This val ue was obtained directly am t he dynam c | ogi ¢ nodul e
24A. The crosspoint 238 routes the output value "H', which was al so

Figure 5 indicates that after a circuit description
is received (block 70), the next step associated with
implementing a circuit into the FPLD of the invention is
to identify logic levels (block 72). 1In the case of the
circuit of Figure 8, there are two logic levels. At the
first level is an OR gate 142 and an AND gate 144. At the
second level is an OR gate 146 and a XOR gate 148. Te
next step associated with the processing of Figure 5 is to
create a logic table for each logic level (block 74).
Figure 9 depicts logic tables corresponding to the circuit
of Figure 8. At the first level, a logic table is
provided for the "G" output and the "H" output. In
reference to the logic table for the "G" output, note that
there are eight addressable values (23), corresponding to

' the three input values ("a", Wb%, ucw), The logic
associated with the various input values is provided in
column *G", That is, for the OR gate 142, the output will
be "1" unless all input values are zero. The logic table
for the "H" output only hés'two input values. Therefore,
the most significant input bit may be viewed as a "“don't
care" condition. Consequently, the logic for the first
four values is the same as the logic for the next four
values. In any event, the "H" output for the AND gate 144
will be "1" only when "d" and "e" are "i".

The second level of Figure 9 includes logic tables
for the “x" output and the "“y" output. The logic table
- for the "x" output describes the logic for the XOR gate
148, while the logic table for the "y" output describes
the logic for the OR gate 146. Note once again that each
table only has two inputs so there is a "“don't care"
condition, resulting in a repeated output pattexrn.

In accordance with step 76 of Figure 5, PI/Buffer
controller logic may now be generated. In this example,
at the first level of the circuit, the PI/Buffer select
controller 56 would generate select signals so that all
input values ("“a", "p", "c", "d", “e") from input latch 32
are passed through multiplexer 54. At the second level of
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received directly fromthe dynam c | ogic nodul e 24A. The crosspoi nt 238
routes the value "b", which was a previously buffered value. Figure 18
depicts the continued processing associated with the circuit of Figure 14.
The Figure depicts the second | evel |ogic values |oaded into | atches 28.
The figure also depicts the outputs fromtl3e-executi on of the | ogic. The
figure al so shows how t hese outputs are reprocessed in accordance wth

the inventi For ;g@gqfa# tgehilQUuide tgefe ae aorwyadlwowa
ggﬂganﬂ §5 o) at t & 18 48 geherate

Crosspoi nts Subse uegh e As [ nputs to
dynami ¢ | ogi dwHtered !ﬂlﬂ&nHCQ4G° Pas throu e’ muitiplexer 54,

The B-Cross controller logic associated with step 78
of Figure 5 may also be derived at this juncture. 1In this
example, the B~Cross Dynamic Configuration Controller must
provide logic to route the value "c" received at the first
logic level. No operation is required at the second logic
level.

The 1L~Cross controller logic associated with step 80

- of Figure 5 may be defined as follows. At the first logic
level, the L-Cross Bar Dynamic configuration controller 42
must route input wvalues "a%", "b", Ye", "d4q%¥, and "Ye".
These values are subsequently latched into the dynamic
logic core 22. At the second logic level, input values
wgh, ", and Yc" are stored.

After the foregoing logic is downloaded in accordance
with step 82 of Figure 5, execution of the apparatus of
the invention may commence, as characterized in Figure 7.

Figures 10 through 13 demonstrate the architecture
and operation of the invention in relation to the
foregoing example. These figures will be described in the
context of the processing steps described in Figure 7.

Figure 10 depicts a FPLD 20A which may be used to
implement the circuit of Figure 8. The apparatus 202
generally corresponds with the apparatus of Figure 2.
Note that the L-Cross bar 40 and the B-Cross bar 58 are
depicted as a grid of crosspoints 150. Figure 10 does
not depict a PI/Buffer Select Controller 56. The
remaining <figures will not depict the 1L-Cross bar

-. 'controller 42 or the B-Cross bar controller 60.

Figure 11 depicts the results after the performance
of steps 120, 122, and 124 of Figure 7. Recall that some
of these steps may be performed in parallel. However, for
the purpose of clearly illustrating the invention, the
steps will frequently be described as being performed in
a sequential manner.

The flgure depicts that input values "a", "b", "“c",
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during execution of the third logic level. Figure 18 al so depicts that
values "F', "0O', and "B" are routed at crosspoints 254, 256, and 258 in
B-Cross bar 58 for subsequent processing (values "F' and "O' are used at
logic level 3 and value "b" is used at logic level 4). Finally, Figure 18
depicts that previously buffered val uesigre routed through the L-Cross bar
40. For exanpl e, crossp0|nt 260 routes the previously buffered value "O

and cr05Spoi 262 LPUGS 02 PhEhaHSHERY petlcte 37 (stp! 201 ofhese

val ues serve ynam c gic nndu%%h&gc d”éﬂ“L éﬁ& E :
Figure 19 demmqm-tmmm 6@9&%&1%@%5&9 fg Wi £ cifele]

that a buffer value "c" is routed through the B-Cross bar
58 (step 122 of Figure 7). The figure also depicts that
input values "a", "b", "c", "d" and "e" are routed through
1-Cross bar 40 (step 124 of Figure 7).

Figure 12 depicts the results after the performance
of steps 126, 128, 130, and 120 of Figure 7. The figure
depicts that the values from the L-Cross bar 40 and the B-
Cross bar 58 were loaded into latches 28. Thereafter, the
L-Cross bar values were conveyed to dynamic logic modules
242 and 24B, corresponding to the "G" logic table and the
wH" logic table of level 1. Dynamic logic module 24A
yielded value G and dynamic logic module 24B yvielded value
H (Step 126 of Figure 7). Concurrent with the execution
of this logic, the counter 44 (of Figure 3, not shown in
Figure 12) increments the logic level (block 128 in Figure
7). 1In this example, only the first logic level has been
processed, therefore one more logic 1level must be
processed.

Since the second logic level is the final 1logic
level, buffer values do not have to be routed (block 122
in Figure 7). On the other hand, logic values must be
routed through the L-Cross bar 40 (block 124 in Figure 7).
Note that in Figure 12, the "G" output is directly routed
from the dynamic logic module 24A through the L-Cross bar
at crosspoint 152. Similarly, the "H" output is directly
routed from the dynamic logic module 24B through the L~
Cross bar at crosspoints 154 and 156. Finally, the
buffered value "c" is routed through the L-Cross bar at
crosspoint 158.

The L~Cross bar controller 42 enables “wrltes“ to
these locations. In defining the L-Cross controller logic
(block 80 in Figure 5), it is known, for instance, that at
the second logic level, inputs "G" and "H" are required
for the "x" logic table which is implemented by dynamic
logic module 24A. Therefore, two inputs to the dynamic
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associated wth the invention. The third logic | evel input values are
shown as being in latches 28. The third logic | evel output values are shown
as out put signals of the dynam c | ogic nodul es 24. The figure depicts the
|l ogic values "N', "J" and "Q" having been conveyed through the L-Cross bar
40. Logic value "N' is conveyed throug,h]_%r_osspoi nt 280, logic value "J"

I s conveyed through crosspoints 282 and 284, and logic value "Q' is

e e il S3ARRT 3 Sard LA £ KAV Mot G o
values. More particularly, rows 160 and 162 are enabled
so as to receive data from the output of the dynamic logic
modules 24. Implementation options for the cross bar
structures of the invention are discussed below.

Figure 13 depicts the processing associated with
steps 126, 128 and 130 of Figure 7. Figure 13 shows that
the second level input values "G" and "H" are latched in'
latches 28. These values are then conveyed to logic table
wy" which is implemented by dynamic logic module 24A.
Second level input values "H" and "c" are similarly
latched into logic table "y" which is implemented by
dynamic logic module 24B.

The logic modules then execute their respective logic
(step 126 in Figure 7) and the counter (not shown) is
incremented (step 128 in Figure 7). Since the second
level has been processed, the "x" and "y" output values
are conveyed to output latch 34.

The apparatus 20A may now process another set of
input values (step 120 in Figure 7). Figure 13 depicts a
new set of input values at input latch 32. Processing of
these values proceeds in the manner previously described.

Figure 14 depicts another circuit 178 which may be
implemented in accordance with the invention. Analysis of
the circuit 178 reveals that there are four logic levels.
The first logic level processes the input signals and does
not rely upon output from another level. The £irst logic
level includes XOR gates 180, 182, 184, AND gate 186, and
AND gate 188. The second logic level processes the input
signals and signals generated at the first logic level.
The gates at the second logic level include XOR gate 190,
AND gate 192, AND gate 194, OR gate 196 (which is coupled
to three AND gates 1972, 197B, 197C), and AND gate 198.
The third logic level processes the signals generated at
the first logic level and the second logic level; it may
also process the input signals, but it does not in this
case. The third logic level in this example includes OR
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- 20 - "F". is conveyed through crossbar 290, value "G' is conveyed through
crossbar 292, value "H' is conveyed through crossbar 294, value "K" is
conveyed t hrough crossbar 296, and value "b" is conveyed through crossbar
298. Note that there are no values in the B-Cross bar 58 because the final
logic level is about to be executed. Twmeng now to Figure 20, the fourth
| evel logic inputs are shown in | atches 28. Figure 20 al so shows dynam c

00ic mocul e B he X s k€ b2/ ana IR GAEL 208 (A1EA%Es! BBl
to OR gate 205). The fourth logic level, the last logic
level in this example, produces the output values. The
fourth logic level includes AND gate 206, XOR gate 208,
and OR gate 210 (which is coupled to AND gate 212). For
more complex circuits, Directed Acyclic Graphs, known to
those skilled in the art, may be used to simplify the
levelization process. '
Thus, Figure 14 represents a circuit description
(step 70 of 'iigur.e-é) . The foregoing paragraph identifies
the logic levels associated with the circuit (step 72 of
Figure 5). Figure 15 depicts logic tables for each level
(step 74 of Figure 5). Note that table "HO" at level 1
produces two output values. Ooutput wvalue "O" requires
three inputs "b%, %c", and "d" (going to XOR gate 184 and
AND gate 186). On the other hand, value "H" requires only
two inputs "c" and "d", thus a "don't care" state exists
for the input value "b". Combinations of this type may be
' made to form efficient dynamic logic modules 24. Table
"KI" in level 2 is another example of an instance in which
resources can be shared. |
The next processing steps associated with designing
an FPID in accordance with the invention relate to
generating the appropriate 1logic for <the various
controllers. For the present example, the PI/Buffer
controller 56 needs to select all the input values at the
first logic 1level. At the second 1logic 1level, the
PI/Buffer controller 56 will allow all of the initial
input values to pass through the multiplexer(s) 54 for
further processing. At the ¢third logic 1level, the
PI/Buffer controller 56 will allow the intermediate
signals "F", "H", %“o%, and the input signal "b" to pass
through. At the fourth 1logic 1level, the PI/Buffer
controller 56 will allow the final stage input values "H",
wBn, WFe, ®G", and "K" to pass through for processing.
The B-Cross Bar Dynamic Configuration Controller 60
will utilize four stages of logic to implement the circuit
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the output latch 34. The figure also depicts the next stage of input
entering the <circuit 20B. This configuration is the sane as that of
Figure 16, which has been previously discussed. Attention now turns to

sone

i mpl enent ati on considerations. Assune that a given FPLD has L |evels

and C dynam c | ogic nodul es 24, each hawng m outputs. Assune that the
| ogi c network being inplenented is a feasible network (i.e., each node in

the network h g‘ﬁfé‘pi'&s angk Gehe rfi%tpuié)rel off regs.ckﬁmw booi-ess |
synt hesi s techni can bhe slefi to t ormit mtg nq: é
conbi nat i onal opkFplleg; 6 I’fé- L fePRbrRSS,PAr to Foutd‘all of

the input values because they will all be need for
subsequent processing. At the second logic level, the B-
Cross controller 60 will enable the B-Cross bar to route
only the "b" value, which will be needed at the fourth
logic level. At the third logic level, the B-Cross
controller 60 will enable the B-Cross bar to route the
values "F", WH", and "b", which are required for fourth
logic level processing. At the final logic level, the B-
Cross controller 60 does not have to initiate any routing
control. _

The L-Cross Bar Dynamic Configuration Controller 42
logic must enable the appropriate input, at various logic
levels, for the dynamic logic modules 24. At the first
‘logic level, the L-Cross controller 42 enables the L-Cross
Bar 40 to route values "a" and "e" for dynamic logic
module 24A; "b", %"c", and "d" for dynamic logic module
24B; and "c" and "d" for dynamic logic module 24C. At the
second logic level, the L~Cross controller 42 enables the
L-Cross Bar 40 to route values “HY, “F" and “b" for
dynamic log"ic module 24A:‘ "a® and "e" for dynamic logic
module 24B; and "c", "b", and "d" for dynamic logic module
24C. At the third logic level, the L-Cross controller 42
enables the L-Cross Bar 40 to route values "G", "M" and
"K" for dynamic logic module 24A; "F", “HY and "“I" for
dynamic logic module 24B; and "G", Wp", and "O" for
dynamic logic module 24C. At the fourth logic level, the
L~Cross controller 42 enables the L-Cross Bar 40 to route
values "J", “N" and "Q" for dynamic logic module 242; “Hv,
"F" and "b" for dynamic logic module 24B; and "“G", “Jv,
and "K" for dynamic logic module 24C.

Returning to Figure 5, appropriate logic for the
logic tables, PI/Buffer Controller, B-Cross Controller,
and L-Cross Controller has now been described. This logic
may now be downloaded to non-volatile memory (block 82).

The processing of input signals associated with the
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topologically levelized. Let p be the nunber of levels, and r be the
maxi mum nunber of nodules in any level for the circuit. If p <=L and D <=
C, (e.g. Figure 9, p=2, [err] =2 L=4, C=3; Figure 15, p=4, r=3, L-4, C=3)
then the mapping is straightforward, with one | evel of the circuit being
eval uated in every internal cycle. If po3g.-or r > C, then it may be
possible to inplenent the circuit by groupi ng toget her nodul es across

several levelsg degide ﬁSﬁ'béeﬂeb&ffﬁéat&EEhCE@Eéﬁéﬂéaa
cycle, before smn |ng over to fhe next group. \Wen a §§3|2g$ 0es _not f|

on a single chte, ﬂﬂ§§¥Qi%34&§|§%9%ﬁ§§ b6 EBFPPQBbﬁﬁbs 16 gepict Ff
the processing steps 120, 122 and 124 of Figure 7. In

particular, the figure depicts that input values are fed

- to an input latch 32 (block 120 of Figure 7). The Figure
also shows that buffer values are routed through the B-
Cross bar 58 at crosspoints 220 through 228 (block 122 of
Figure 7). Figure 16 also depicts the logic values routed
through the 1~Cross bar 40. For instance, note that
crosspoint 230 routes value "a" and crosspoint 232 routes
value "e"., Each of these values is subsequently conveyed
to a latch 28 and is then executed by dynamic logic module
24A. _ '

Figure 17 depicts, in a sequential manner, processing
steps 126, 120, 122, and 124 associated with Figure 7
(recall that several of these steps may be performed in
parallel). The figure depicts latches 28 1loading the
dynamic logic modules 24 for logic execution (step 126 in
Figure 7). The figure also depicts latches 28 loading
buffers 31. As shown in Figure 7, the next processing
steps are to increment the logic level (block 128) and to
query whether all levels have been processed (decision
block 130). The logic 1level is not shown being
incremented in Figure 17, but circuitry disclosed for this
purpose was disclosed in Figure 3. Since all logic levels
have not been processed at this juncture, new input is
obtained (block 120 of Figure 7). Thus, at this point, as
previously stated, the PI/Buffer Controller 56 would allow
all of the buffered values to pass through multiplexers

» 54. Then, appropriate buffer values would be loaded in
the B-Cross Bar 58 (block 122 of Figure 7). Figure 17
depicts that at crosspoint 234 the value "b" is routed,
which is the only value at this processing juncture which
must be subsequently utilized.

Finally, Figure 17 depicts loaded logic values for
the second logic level (block 124 of Figure 7). For
example, note that at crosspoint 236 the output value “F%
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partitions are independent (i.e., they do not share any conmon signals),

then the split does not pose any probl ens. -21- Consider the case where
there are p (p > L) levels of conbinational logic, with C nodul es per
level. In this case, one requires p/L chips, and a nechanism- to
synchroni ze their level counting circuitygy.-. Figure 3 shows two signals,

"To Next Chip" and "From Previ ous
is loaded into .the L-Cross bar 40. This value was
obtained directly from the dynamic logic module 24A. The
crosspoint 238 routes the output value "H", which was also
received directly from the dynamic logic module 24A. The
crosspoint 238 routes the value "b", which was a
previously buffered value.

Figure 18 depicts the continued processing associated
with the circuit of Figure 14. The Figure depicts the.
second level logic values loaded into latches 28. The
figure also depicts the outputs from the execution of the
logic. The figure also shows how these outputs are
reprocessed in accordance with the invention. For
example, note that output "G" is conveyed through
crosspoints 250 and 252 so that they may subsequently
.serve as inputs to dynamic logic modules 24A and 24C
during execution of the third logic level. Figure 18 also
depicts that wvalues “F®, wO®" and “B"™ are routed at
crosspoints 254, 256, and 258 in B-Cross bar 58 for
subsequent processing (values "F" and "o are used at

-. logic level 3 and value "b" is used at logic level 4).
Finally, Figure 18 depicts that previously buffered values
are routed through the I~Cross bar 40. For example,
crosspoint 260 routes the previously buffered value "O"
and crosspoint 262 routes the previously buffered value
npw, Both of these values serve as inputs to dynamic
logic module 24C during logic level 3. -

Figure 19 depicts the third logic level processing
associated with the invention. The third logic 1level
input values are shown as being in latches 28. The third
logic ievel output values are shown as output signals of
the dynamic logic modules 24. The figure depicts the
logic values "N", "J" and "Q" having been conveyed through
the L-Cross bar 40. Logic value "N" is conveyed through
crosspoint 280, logic wvalue "“J" is conveyed through
-cfbsspoints 282 and 284, and logic value "Q" is conveyed
through crosspoint 286. The remaining values in the L~

Cross bar 40 were obtained from buffers 31. Buffer value
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Chi p". These signals are connected in daisy chain fashion, so that chip
Clerr] connected after chip (Jerr] begins its |evel counter only after chip
Clerr] has reached its maximumlevel. |f the design is such that [err] >
c, then splitting across chips could necessitate duplication of logic. As
stated above, the dynam c |ogic nodul e-20may be any re-configurable

|l ogic structure which can be repetitively changed to inpl enent

different fumgtorks Qdisreypedsithroughi ccrodsbari ngborenvaliuens “atc| ude:

(1) 2 PR SRHP Al Sna g LR WA " Emies
through crossbar 294, value "K" 1s conveyed through
crossbar 296, and value "b" is conveyed through crossbar
298. Note that there are no values in the B-Cross bar 58
because the final logic level is about to be executed.

Turning now to Figure 20, the fourth 1level 1logic
inputs are shown in latches 28. Figure 20 also shows
dynamic logic module outputs "x", "y", and ®z", Since
this is the last logic level, the values are conveyed to
the output latch 34. The figure also depicts the next
stage of input entering the circuit 20B. This
configuration is the same as that of Figure 16, which has
been previously discussed. _

Attention now turns to some implementation .
considerations. Assume that a given FPLD has L levels and
C dynanmic logic modules 24, each having m outputs. Assume
that the logic network being implemented is a feasible
network (i.e., each node in the network has <= K inputs
and C <= m outputs). If pot, known logic synthesis
techniques can be used to transform it into one. 1let the
combinational part of +the feasible network be
topologically levelized. Let p be the number of levels,
and T be the maximum number of modules in any level for
the circuit. If p <=L and I <= C, (e.g. Figure 9, p=2,
I'=2, I=4, C=3; Figure 15, p=4, I'=3, I=4, C=3) then the
mapping is straightforward, with one level of the circuit
being evaluated in every internal cycle. If p > LorT >
C, then it may be possible to implement the circuit by
grouping together modules across several levels. Each
group can then be realized in more than one internal
cycle, before switching over to the next group.

When a design does not f£it on a single chip, then the
design must be split across several chips. If the

. partitions are independent (i.e., they do not share any
common signals), then the split does not pose any
problens.
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with 1 or -nore outputs, and having either varying or sane nunber of inputs,
(3) nmultiplexer based | ogic nodules, (4) two |l evel AND-OR | ogic plane, and
variations thereof, with the AND and OR i nputs controlled by progranmabl e
read/ wite nenory bits, and (5) heteroge%)us dynam ¢ | ogi ¢ nodul es

enpl oyi ng a conbi nation of |ogic inplere Litions. The dynami c

i nterconnection array 26 also has a |large nunber of variations ﬁgssibl e,
both in terms of t@ensidex Ith@ré’ﬁ‘ist%(‘!{h#%, There IRXecl ubP T ) chBWEASi BF of

the architectuss;dheibabhovidgidpswith i©ommeatdieks pux e18ee2. In this

| mplenentati ons.  FACh SV oSSRoI ke BIE CANTE "ENaPCa "ASEMEIn to
synchronize their level counting circuitry. Figure 3
shows two signals, "“To Next Chip" and "“From Previous
Chip". These signals are connected in daisy chain
fashion, so that chip C; connected after chip C,, begins
its level counter only after chip C;, has reached its .
maximum level. ' If the design is such that I > C, then
splitting across chips could necessitate duplication of
logic. _

As stated above, the dynamic logic module 24 may be
any re-configurable 1logic structure which can be
repetitively changed to implement different <functions.
Other possible logic module implementations include: (1)
a K-input, m-output look-up table, where X and m are
integers, (2) interconnection of many look-up tables, each
with 1 or more outputs, and having - either varying or same
number of inputs, (3) multiplexer based logic médules, (4)
two level AND-OR logic plane, and variations thereof, with
the AND and OR inputs controlled by programmable
read/write memory bits, and (5) heterogenous dynamic logic
modules employing a combination of logic implementations.

The dynamic interconnection array 26 also has a large
number of variations possible, both in terms of the
overall architecture, and the actual implementation of the
architecture. The following description details alternate
implementations. -

Each crosspoint of the crossbar may be implemented
with a transistor. "For example, the source of a
transistor may be coupled to an output line from the
buffer array 30 or from the logic core 22. The drain of
the transistor may be coupled to an appropriate dynamic
logic module 24. The L-Cross bar controller 42 or the B-
Cross bar controller 60 may then be used to provide a gate
signal when a signal is to be conveyed to a given dynamic
-logic module.
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with a transistor. For exanple, the source of a transistor may be
coupled to an output line fromthe buffer array 30 or fromthe |ogic core
22. The drain of the transistor may be coupled to an appropriate dynam c

| ogi ¢ nodul e 24. The L-Cross bar controller 42 or the B- Cross bar

controller 60 may then be used to provide 22gate signal when a signal is to
be conveyed to a given dynam c | ogi c nodul e. -22-

_ Another approach for implementing the cross bar
structures of the invention is to use shift registers.
Each crosspoint of the crossbar has L bits of memory, a
bit being used per level. These bits could be arranged in
the manner of a shift register so that the change of level
would just mean shifting one bit. The disadvantage in
such an implementation would be that the entire L bits
will have to shift through before returning to the first
level, and hence only circuits with ) levels, where ] is
a perfect divisor of L can be implemented. A Dbetter
design is to have L rows of memory, each row consisting of
memory on all the crosspoints, and to choose the row in
use by means of the level counter.

The cross bar structures may also be implemented
using multiplexers. For example, a multiplexer would be
used for each row of the crossbar. The inputs to the
multiplexer would be the signals from the buffer array 30
and the signals from the dynam_ic' logic core 22. The
outputs from each multiplexer would be coupled to a
dynamic logic module 22. The L~Cross controller 42 or B-
Cross controller 60 would be used to generate appropriate
select signals for each multiplexer.

Since there are (MC + B)KC crosspoints in the I~
crossbar, (MC + B)KCL memory bits are required. However,
each of the K-inputs of a logic module are identical, and
it does not matter to which one a signal is assigned. 1In
other words, the (MC + B) signals need to connect to only
one of the K inputs per dynamic 1ogic module 24. This
means that the K bits can be reduced to 1log,K bits per
signal, reducing the total bits to log,RCL(MC+B). However,
this would warrant a decoder at each 1level. It is
preferable to recognize that at each dynamic logic module
24 input a (MC + B)-to-K multiplexer is required, not a
(MC + B)-to-K crossbar. A (MC + B)=-to-1 multiplexer
requires log,(MC + B) select lines and K multiplexers.
Each select line needs a bit per level, therefore one
requires KCLlog,(MC + B) bits and KC(MC + B)-to-1 decoders.
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Anot her approach for inplenenting the cross bar structures of the invention
Is to use shift registers. Each crosspoint of the crossbar has L bits of
menory, a bit being used per level. These bits could be arranged in the
manner of a shift register so that the change of |evel would just nean
shifting one bit. The di sadvantage i n-g3ch an T npl ementati on woul d be t hat
the entire L bits will have to shift through before returning to the first

| evel , and hemie wouwldcibeumbreniared eSfdicientheif KAlslagx(MG ettt Bli v sor

cach row coTCIEnE RIS, < MEPRUC of 8Py WRerl o I Ehe BISAMIRIG o
in of a decoder and gate. Since the dynamic logic modules 24
and interconnections both require decoders, there could be
. a sharing of decoders. This would require that extra
latches be placed at the dynamic logic module outputs.

A further decrease in the number of crosspoints can
be achieved through hardwired connections. Each dynamic
logic module can have a hard-wired connection to K dynamic
logic modules, and each dynamic logic modules will have
inputs coming from K dynamic logic modules, preferably
those that are adjacent to it. This would imply that the
crossbar (or multiplexer, as the case may be) would then
be reduced to a (MC - K + B)KC crosspoints, and there
would be KC additional 2-input multiplexers (one at each
input), with associated KCIL select bits. This
interconnection scheme would decrease the number of fanout
points from the dynamic logic module output to (MC - K)K
+ K, instead of the earlier KC. ' |

A different type of interconnection strategy can be
adopted by recoghizing that all dynamic logic module
inputs are equivalent. Hence, the interconnection switch
at the inputs is, by circuit switching terminology, a (MC
+ B)-to-K concentrator. In other words, one nmust select
any K of the (MC + B) signals. This can be achieved by
using a two-level sparsely connected crossbar, known in
the art as a binomial concentrator. The chief advantage
of using such an interconnection strategy is that all the
number of crosspoints are reduced and as a result the
number of bits used for storage are red_uéed. The
disadvantage is that the signals now have to pass through
two crosspoints in series. This could increase the
interconnect delay. :

An alternate way is to treat the routing as a "“copy"
function. For example, consider one DIM input. It can be
connected to any one of the (MC + B) signals coming from
the previous level. That is, its value should be set to -
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use by neans of the | evel counter. The cross bar structures may al so be
| npl emented using nultiplexers. For exanple, a multiplexer woul d be used

for each row of the crossbar. The inputs to the multiplexer would be the
signals fromthe buffer array 30 and the signals fromthe dynam c |ogic

core 22. The out puts from each nul tiplg e?gr woul d be coupled to a dynam c
| ogi ¢ nodul e 22. The L-Cross controller 4 B- Cross controller 60 would

Chere are (V0 ) VoRAY 0BE ?ﬁ?i?ﬁc"“ﬁ g?ﬁ%foﬁsggeaﬁ?wﬂfl@;’g%ﬁm

bits are requﬁ@&l"%ﬁﬁveﬂ:" memory read opera oh, ere e f&
consists of (MC + B) bits, and one of them has to be read
onto the switch output. Therefore, the selection can be
performed by using precharge circuitry and sense
amplifiers. The (MC + B) signals correspond to one column
of memory, and one of the cell select transistors is
chosen by means of a decoder or local memory bit. There
are both area and speed advantages in using this style of
implementation. The cell select transistors are of
minimum size as opposed to the large pass transistors that
would have been required if a direct connection between
switch input and output were regquired. And using the
sense amp, the read operation can be performed fast.
Further, the precharge time of the memory can be
interleaved with the dynamic logic module look-up time,
thus shortening the interconnect delay even further. This
would mean that the interconnect delay would be of the
same magnitude as the logic module delay, and could be
even smaller.

In another embodiment, one can assume .that' there are
C dynamic logic modules 24, each with K inputs and 1
output. If the dynamic logic modules are divided into K
classes, with C/K modules per class. A module in class j,
J=1... K, is connected to the jth input of each dynamic
logic module (instead of to every input). This will
decrease the number of crosspoints and memory bit by a
factor of K. It is possible to combine one or more of the
foregoing approaches to develop a hybrid dynamic
interconnection array 26.

In sum, it will be appreciated that the an improved
architecture for a field programmable logic device has
been disclosed. The dynamically changing logic core and
interconnection array of the invention facilitates the
sharing of silicon resources, while simplifying the
circuit implementation process since placement and routing
of the circuit is straightforward. Another benefit
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each of the K-inputs of a logic nodule are identical, and it does not
matter to which one a signal is assigned. In other words, the (MC + B)
signals need to connect to only one of the K inputs per dynam c | ogic
modul e 24." This neans that the K bits can be reduced to | 0g2K bits per
signal, reducing the total bits to log[err] KCL(MC+B). However, this would

warrant a decoder at each |evel. It is_preferable to recognize that at
each dynamic logic nodule 24 input a (MC“? B)-to-K nultiplexer is required,
not a (MC + B)-to-K crossbhar. A (MC + B)-to-I multiplexer requires

| 0g2( MC + B) aeiciatedewittl Khall tinventtion H=hthe edmprovededidmingi t
per level, thpeerre:goorrn?ar(x)gg and the associated benefit of being able to
accurately predict timing performance.

The foregoing descriptions of specific embodiments of
the présent invention are presented for purposes of
illustration and description. They are not intended to be
exhaustive or to limit the invention to the precise forms
disclosed, obviously many modifications and variations are
possible in view of the above teachings. The embodiments
were chosen and descrihéd in order to best explain the
principles of the invention and its practical applica-
tions, to thereby enable others skilled in the art to best
utilize the invention and various embodiments with various
modifications as are suited to the particular use con-
templated. It is intended that the scope of the invention

be defined by the following Claims and their equivalents.
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requires KCLI og2(MC + B) bits and KC(MC + B)-to-1 decoders. -23- This
woul d"be nore area efficient if KCLIog[err](MC + B) + KC(MC + B)[err] <
KCL(MC muﬁuﬂmm is the bit-equival ent of a decoder and gate. Since
t he dynmmn“ s 24 and interconnections both require decoders,
there” cotl & bé a®shérihg of decoders. This would require that extra

| at ches be placed at the dynam c | ogic rrp%l e outputs. A further decrease
in the nunber of crosspoints can T

IN THE CLAIMS:l .
1. A field programmable logic device, comprising:
' a dynamic logic core including
means for executing a first logical operation on
a set of input signals to generate a plurality of internal
signals, and ' ' _
means for performing a second logical operation
on a set of selected internal signals, said first logical
operation corresponding to a first logic level of a
circuit, said second logical operation corresponding to a
second logic level of a circuit; and
a dynamic interconnection array coupled to said
dynamic logic core, said dynamic interconnection array
including o
means for identifying said selected internal
signals from said plurality of intermal signals, and
means for routing said selected internal signals
to said dynamic logic core.

2. The field programmable logic device of claim 1
wherein said dynamic interconnection array further
comprises: :

means for buffering a set of said input signals to
generate a corresponding set of buffered signals, said
buffered signals forming a portion of said internal
signals. '

3. The field programmable logic device of claim 2
wherein said buffering means includes a buffer crossbar
interconnect structure for buffering said input signals.

4. The field programmable logic device of claim 3
wherein said buffering means includes a buffer crossbar
controller coupled to said buffer crossbar interconnect
structure, said buffer crossbar controller executing a set
of 1ogica1' commands to select said buffered signals.
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be achieved t hrough hardw red connections. Each dynam c | ogi c nodul e can

have a ' tion to K dynam c | ogic nodul es, and each dynam c
| ogi c r”l“ﬂllﬂ"“ﬂl"“lmu i nputs com ng from K dynam ¢ | ogi ¢ nodul es,
preferabl y¢t hbse"thiat *are adjacent to it. This would inply that the

crossbar (or nultiplexer, as the case nay2Me) would then be reduced to a
(MC - K + B)KC crosspoi nts and there woul d be KC additional 2-input

_rlpﬁl tipl texers gone Qheeaﬁhellu)ut;l):d;ggmmmabhegatogied d&@iicaeselai:t Ch:;:é‘ f2
is interconpection sche eggﬁ %Egiqﬁ agp‘ 1fd om
the dynam c | ﬁﬁdﬁpgpgﬁt% ?ﬁ/ﬁ ) % e ea
KC. and said buffered signals to said dynam.c xnterconnection
' array. '

6. The field programmable logic device of claim 5
wherein said directing means includes an input/buffer
controller for selecting said input signals and said-
buffered signals.

7. The field programmable logic device of claim 1
wherein said routing means of said dynamic interconnection

array includes a logic crossbar structure for routing said
selected intermal signals.

8. The field programmable logic device of claim 8
wherein said identifying means of said dynamic
interconnection array includes a logic crossbar controller
which executes a set of logical commands to identify said
selected internal signals.

9. The field programmable 1logic device of claim 1
wherein said dynamic logic core is a look-up table, said
first logical operation corresponding to a first set of
values in said look-up table and said second 1logical
operation corresponding to a second set of values in said
look-up table. '

©10. The field programmable logic device of claim 1
wherein dynamic logic core includes a counter for
selecting said first logical operation and said second
logical operation. '

11. 2 method of implementing a circuit on a field
programmable logic device, said method comprising the
steps of: -
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A dmterconnection strategy can be adopted by recogni zi ng
t hat Jﬂ!’ : 1.6 | ogi c nodul e inputs are equival ent. Hence, the

i nt ery WM h at the inputs is, by circuit switching term nol ogy,
a (MC +°B) Lt on ntrator. In other words, one nust select any K of the
(MC + B) signals. This can be achieved by using a two-level sparsely

connected crossbar, known in the art as & BBriomi al concentrator. The chi ef

advant age. of using such an interconnection strategy is that all the nunber
of crosspoints are (ajucaeceiying 2 rget| oft ABPMFNIFIIALSN t s used for

storage are reduced.(B) Thi s Y3 NI géPectelnakighRls I idn NBa{dVeihfut

pass through
signals when said selected signals are required at a
subsequent logic level, said buffering step generating
buffered signals:; _

(C) executing a primary set of logic on said input
signals to generate a set of internal signals;

(D) selecting a set of intermediate signals from
said buffered signals and. said internal signals:;

(E) buffering designated signals from said
intermediate signals when said designated signals are
required at a subsequent logic level:;

(E) performing a preselected set of logic on said
intermediate signals to generate a new set of internal
signals; and
' (F) repeating steps (D) through (E) until a
predetermined set of logic is executed, said predetermined
set of logic corresponding to a plurality of logic levels
in a circuit.

12. The method of claim 11 wherein said preselected set
of logic of said performing set is designated by defining
a logic level within said plurality of logic levels.

13. The method of claim 12 wherein said logic level of
said defining step is incremented after each performing
step.
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two crosspoints in series. This could increase the.interconnect delay. An
alternate way is to treat .the routing as a "copy" function. For exanple,
consider one DLMinput. It can be connected to any one of the (MC + B)
signals comng fromthe previous level. That is, its value should be set to
- 24 - the value of one of the (MC + B) signals. This is equivalent to a
menory read operation, where the nenory 29 -

ABSTRACT
FIELD PROGRAMMABLE LOGIC DEVICE WITH DYNAMIC
INTERCONNECTIONS TO A DYNAMIC LOGIC CORE

The architecture, operation and design of a novel
Field Programmable Logic Device is described. The
device (20) implements a circuit by using a dynamic
logic core (22) that executes staged logic
corresponding to the logic levels of the implemented
circuit. Logic inputs to the dynamic logic core are
cbtained from a dynamic interconnection array (26).
Appropriate logic inputs for a given logic level are
dynamically selected and routed by the dynamic
interconnection array (26). When necessary, the
dynamic interconnection array (26) buffers signals
which are required at subsequent logic levels. The
dynamic interconnection array (26) selects logic
inputs for a given logic level from circuit input
signals, buffered signals and dynamic logic core
output signals. '

FIGURE 1.
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consists of (MC + B) bits, and one of themhas to be read onto the switch
out put. Therefore, the selection can be perforned by using precharge
circuitry and sense anplifiers. The (MC + B) signal:s:correspond to one

colum of nenory, and one of the cell select transistors is chosen by means

of a decoder or local nenory bit. There are both area and speed advant ages
in using this style of inplenentation. JThe cell select transistors are
of m ninmum size as opposed to the | arge pass transistors that woul d have

been required if a direct connection between switch input and out put were

required. And using the sense anp, the read operation can be perforned
fast. : : :
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Further, the precharge tinme of the nenory can be interleaved with the
dynam c | ogic nodul e | ook-up tinme, thus shortening the interconnect delay
even further. This would nean that the interconnect delay would be of the
sanme nmagni tude as the | ogic nodul e delay, and could be even smaller. In
anot her enbodi nent, one can assune that there are C dynam c | ogi ¢ nodul es
24, each with Kinputs and 1 output. If th& dynamic |ogic nodules are

di vi ded |nto K classes, with K nodules per class. A nodule in class j, |
=1 ... K is connecte to the jth input of each dynam c |ogic nDduIe

(instead of to every i ThIS wi ||
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decrease the nunber of crosspoints and nenory bit by a factor of K It is
possi ble to conbi ne one or nore of the foregoing approaches to devel op

a hybrid dynamc interconnection array 26. In sum it will be appreciated
that the an inproved architecture for a field programmable |ogic device has
been di scl osed. The dynamically changing | ogic core and interconnection
array of the invention facilitates the sharg ng of silicon resources, while
simplifying the circuit inplenentation process since placenment and routing
of the circuit is straightforward. Anot her benefit
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-25- associated with the invention is the inproved tim ng performance and
the associ ated benefit of being able to accurately predict timng
performance. The foregoi ng descriptions of specific enbodiments of the
present invention are presented for purposes of illustration and
description. They are not intended to be exhaustive or to limt the .
I nvention to the precise forns disclosed obviously many nodifications and
variations are possible in view of the above teachings. The enbodi nents
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were chosen and described in order to best explain the principles of the
I nvention and its practical applica- tions, to thereby enabl e others

skilled in the art to best utilize the invention and various enbodi nents
with various nodifications as are suited to the particul ar use con-

tenplated. It is intended that the scope of the invention be defined by the
followng Cains and their equival ents. Phis is the repl acenent sheet Date:
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- 26 - INTHE CLAIMS: 1. A field programmabl e | ogic device, conprising: a
dynam c logic core including neans for executing a first |ogical operation
on a set of input signals to generate a plurality of internal signals, and
means for performng a second | ogical operation on a set of selected

I nternal signals, said first |ogical operation corresponding to a first
logic level of a circuit, said second | ogjcal operation corresponding to a
- second logic level of a circuit; and
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a dynam c interconnection array coupled to said dynamc logic core, said
dynam c interconnection array including neans for identifying said selected
internal signals fromsaid plurality of internal signals, and neans for .
routing said selected internal signals to said dynamc |ogic core. 2. The
field programmabl e | ogic device of claim 1 wherein said dynamc

i nterconnection array further conprises: nmeans for buffering a set of said
i nput signals to generate a correspondi ng7set of buffered signals, said
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buffered signals formng a portion of said internal signals. 3. The field
programmabl e | ogi ¢ device of claim2 wherein said buffering nmeans i ncludes
a buffer crossbar interconnect structure for buffering said input signals.

4. The field programmable |ogic device of claim3 wherein said buffering
means includes a buffer crossbar controller coupled to said buffer crossbar
I nterconnect structure, said buffer crosgbar controller executing a set of

| ogi cal commands to sel ect said buffered $ignals.
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- 27 - 5. The field programmbl e |ogic device of claim2 further conprising
means for directing said input signals and said buffered signals to said
dynam c interconnection array. 6. The field programmabl e | ogic device of
claim5 wherein said directing nmeans includes an input/buffer controller
for selecting said input signals and said buffered signals. 7. The field
programabl e | ogi ¢ device of claim1 wherein said routing neans of said
dynam ¢ interconnection )
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array includes a logic crossbar structure for routing said selected
internal signals. 8.  The field programmabl e | ogic device of claim$8
wherein said identifying neans of said dynamc interconnection array
includes a | ogic crossbar controller which executes a set of |ogical
commands to identify said selected internal signals. 9. The field
programabl e | ogi ¢ device of claim1l wher et sai d dynamc logic core is a

| ook-up table, said first |ogical operation corresponding to a first set of
val ues in said | ook-up table and said second | ogi cal operation
corresponding to a second set of values in said
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| ook-up table. 10. The field programmabl e | ogi c device of claim 1 wherein
dynam c logic core-includes a counter for selecting said first |ogical
operation and said second | ogical operation. 11. A method of .inplenmenting a
circuit on a field progranmabl e |ogic device, said nethod conprising the
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(A) receiving a set of input signals; (B) buffering selected signals from
sai d input signals when said selected signals are required at a subsequent
|l ogic level, said buffering step generating buffered signals; (O

executing a.primary set of logic on said input signals to generate a set of
internal signals; (D) selecting a set of in]t_ rmedi ate signals fromsaid
buffered signals and said internal signals; fE) buf fering desi gnat ed

signals from said internediate signals when said designated signals are
requi red at a subsequent |ogic |evel;
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(E) performng a preselected set of logic on said internediate signals to
generate a new set of internal signals; and (F) repeating steps (D) through
(E) until a predeterm ned set of logic is executed, said predeterm ned set
of logic corresponding to a plurality of logic levels in a circuit. 12. The
met hod of claim 11 wherein said preselected set of |ogic of said performng
set is designated by defining a logic level within said plurality of logic
| evel s. 13. The nethod of claim 12 whereipzsaid |ogic |evel of said
defining step is increnmented after each performng
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