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(57) ABSTRACT 

A logic element includes memory elements, multiplexers, 
and controls. The multiplexers are arranged in levels includ­
ing a highest level of multiplexers with inputs connected to 
the memory elements and outputs connected to inputs of a 
next-to-highest level of multiplexers and a first level of 
multiplexers with inputs connected to outputs of a second 
level of multiplexers and at least one output. The controls are 
connected to the multiplexers. In a first operational mode the 
controls determine a first-mode output at the at least one 
output of the first level of multiplexers, and in a second 
operational mode the controls determine a plurality of 
second-mode outputs at selected outputs of multiplexers not 
at the first level of multiplexers. 
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FRACTURABLELOOKUPTABLEAND 
LOGIC ELEMENT 

BACKGROUND OF THE INVENTION 

The present invention relates to logic elements for use 
with programmable logic devices or other similar devices. 

Programmable logic devices ("PLDs") ( also sometimes 
referred to as CPLDs, PALs, PLAs, FPLAs, EPLDs, 
EEPLDs, LCAs, FPGAs, or by other names), are well­
known integrated circuits that provide the advantages of 
fixed integrated circuits with the flexibility of custom inte­
grated circuits. Such devices are well known in the art and 
typically provide an "off the shelf' device having at least a 
portion that can be electrically programmed to meet a user's 
specific needs. Application specific integrated circuits 
("ASICs") have traditionally been fixed integrated circuits, 
however, it is possible to provide an ASIC that has a portion 
or portions that are programmable; thus, it is possible for an 
integrated circuit device to have qualities of both an ASIC 
and a PLD. The term PLD as used herein will be considered 
broad enough to include such devices. 

2 
memory elements and a 64:1 multiplexer are required. A 
given logic circuit might require one-thousand 4-LUTs, but 
only eight-hundred 6-LUTs. Under these assumptions, more 
hardware is required to construct the 6-LUT logic elements 

5 because the reduced number of LUTs is insufficient to 
compensate for the larger complexity of each LUT. 
However, the increased hardware requirements for the 
6-LUT circuitry are offset by a reduction in the delay. The 
longest path through a logic circuit might be ten 4-LUTs 

10 
versus eight 6-LUTs. Thus the 6-LUT version of the circuit 
might be larger, but faster. Further, the 6-LUT circuit would 
likely require less programmable routing in a PLD, offset­
ting some of its higher cost. 

One reason for the lack of efficiency of larger LUTs is that 
not all logic functions will use all K inputs. For the example 

15 described above, the eight-hundred 6-LUTs might actually 
include three-hundred 6-input functions, three-hundred 
5-input functions, one-hundred 4-input functions, and one­
hundred 3-input functions. Thus, the LE based on 6-LUTs is 
only being used to its fullest extent in three-hundred out of 

20 eight-hundred instances. 
Thus, there is a need for a logic element with progam­

mable structures that can be configured to implement a 
relatively large LUT or alternatively a multiplicity of smaller 
LUTs. 

SUMMARY OF THE INVENTION 

In one embodiment of the present invention, a logic 
element includes memory elements, multiplexers, and con­
trols. The multiplexers are arranged in levels including a 

PLDs typically include blocks of logic elements, which 
are sometimes referred to as logic array blocks ("LABs") or 

25 
"configurable logic blocks" ("CLBs"). Logic elements 
("LEs"), which are also referred to by other names such as 
"logic circuits" or "logic cells", may include a look-up table 
("LUT"), product term, carry-out chain, register, and other 
elements. 30 highest level of multiplexers with inputs connected to the 

memory elements and outputs connected to inputs of a 
next-to-highest level of multiplexers and a first level of 
multiplexers with inputs connected to outputs of a second 
level of multiplexers and at least one output. The controls are 

Logic elements, including LUT-based logic elements, 
typically include configurable elements holding configura­
tion data that determine the particular function or functions 
carried out by the logic element. A typical LUT circuit may 
include RAM bits that hold data (a "1" or "O"). However, 
other types of configurable elements may be used. Some 
examples may include static, magnetic, ferro-electric or 
dynamic random access memory, electrically erasable read­
only memory, flash, fuse, and anti-fuse programmable con­
nections. The programming of configuration elements could 
also be implemented through mask programming during 
fabrication of the device. While mask programming may 
have disadvantages relative to some of the field program­
mable options already listed, it may be useful in certain high 
volume applications. For purposes herein, the generic term 
"memory element" will be used to refer to any program­
mable element that may be configured to determine func­
tions implemented by a PLD. 

As discussed above, PLDs are commonly constructed 
using a lookup table (LUT) as the basic logic element. For 
example, a K-input lookup table (K-LUT) typically includes 
2K programmable memory elements, and a 2K to 1 
multiplexer, selecting one of the storage elements under the 
control of the K select inputs to the multiplexer. These K 
inputs can be considered to be the inputs to a K-input logic 
function which can implement any particular required logic 
function by setting the contents of the memory elements to 
the appropriate values. 

There is a tradeoff between cost and speed of a logic 
circuit constructed with LUTs. Typically the cost of each 
LUT grows exponentially with the choice of K, but the 
number of LUTs required to build a logic circuit decreases 
more slowly with larger values of K. However, the number 
of LUTs that are in series for a larger value of K will be 
reduced, making the logic circuit faster. For example, with 
K=4, sixteen memory elements and a 16:1 multiplexer are 
required to build a single LUT, and for K=6, sixty-four 

35 connected to the multiplexers. In a first operational mode the 
controls determine a first-mode output at the at least one 
output of the first level of multiplexers, and in a second 
operational mode the controls determine second-mode out­
puts at selected outputs of multiplexers not at the first level 

40 of multiplexers. According to one aspect of this 
embodiment, when the logic element is in the first opera­
tional mode, the first-mode output provides a complete 
function of the controls. According to another aspect, when 
the logic element is in the second operational mode, each 

45 second-mode output provides a complete function of a 
proper subset of the controls. According to another aspect, 
when the logic element is in the second operational mode, 
one or more controls are split into sub-controls so that a 
corresponding sub-control replaces each split control at each 

50 multiplexer connected to that split control. According to 
another aspect, the logic element further includes one or 
more control multiplexers with outputs connected to one or 
more of the controls of the logic element and with inputs 
determined by control-multiplexer inputs. Under some 

55 operational conditions, at least two of the control multiplex­
ers receive an identical control-multiplexer input. According 
to another aspect, the logic element further includes addi­
tional multiplexers that can be combined with flip-flops. 
According to another aspect, the logic element further 

60 includes one or more mode multiplexers connected to the 
logic element for switching between the first operational 
mode and the second operational mode. According to 
another aspect, the logic element is included in a program­
mable logic device, which itself may be included in a data 

65 processing system. 
In another embodiment of the present invention, a method 

of making a logic element includes providing memory 

Ex.1008 
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an input A 814 and an input B 813 of the 4-LUT 800. The 
output of each of these multiplexers 850 is coupled to an 
input of another 4:1 multiplexer 840 as shown. Two control 
inputs of this multiplexer 840 are coupled to, respectively, an 

5 input C 811 and an input D 812 of the 4-LUT 800. The 
output of this multiplexer 840 provides the final output 815 
of the 4-LUT 800. 

elements, providing multiplexers, and providing controls. 
The multiplexers are arranged in levels including a highest 
level of multiplexers with inputs connected to the memory 
elements and outputs connected to inputs of a next-to­
highest level of multiplexers and a first level of multiplexers 
with inputs connected to outputs of a second level of 
multiplexers and at least one output. The controls are 
connected to the multiplexers. In a first operational mode the 
controls determine a first-mode output at the at least one 
output of the first level of multiplexers, and in a second 10 

operational mode the controls determine second-mode out­
puts at selected outputs of multiplexers not at the first level 

Those skilled in the art will appreciate that a 4-LUT such 
as the 4-LUT 800 of FIG. SA can provide a complete 
function of four input signals. "Complete" in this context 
simply means that the memory elements 819 can be pro-

of multiplexers. This embodiment may include aspects 
described above with respect to other embodiments. Accord­
ing to another aspect, the method further includes adding to 15 

the logic element one or more control multiplexers with 
outputs connected to one or more of the controls of the logic 
element and with inputs determined by control-multiplexer 
inputs. According to another aspect, the method further 
includes adding to the logic element one or more mode 20 

multiplexers connected to the logic element for switching 
between the first operational mode and the second opera­
tional mode. 

grammed to configure the 4-LUT 800 to perform any 
four-input function. That is, the 4-LUT 800 can be config­
ured by programming its memory elements (e.g., loading 
values into those elements) so that the output signal Y 815 
is any one of a full range of logical functions of the input 
signalsA814, B 813, C 811 and D 812 as will be appreciated 
by those skilled in the art. Similarly, the 6-LUT of FIG. 7 
also provides a complete function of its six input signals. 

FIG. SB illustrates the "tree" of 2:1 multiplexers 841,842 
that make up the final 4:1 multiplexer 840. (The other 4:1 
multiplexers 850 can be similarly characterized.) Control 
inputs 811, 812 of the multiplexers 841, 842 correspond to 
inputs of the 4-LUT 800. An output at a higher level of BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a fracturable 6-LUT ("six-input lookup 
table" circuit) according to an embodiment of the present 
invention. 

FIG. 2 shows a fracturable (6,2)-LUT according to an 
embodiment of the present invention. 

FIG. 3 shows a fracturable (6,2)-LUT with two flip-flops 
according to an embodiment of the present invention. 

25 multiplexers 842 (i.e., closer to the memory elements 819) 
feeds into the next level 841 closer to the output 815. As will 
be appreciated by those skilled in the art, one can consider 
the "tree" of the 2:1 multiplexers 841, 842 making up the 
final 4: 1 multiplexer 840 as part of a larger 2: 1 multiplexer 

30 tree that characterizes the 4-LUT 800. More generally, a 
typical LUT circuit has a multiplexer tree that may be 
referenced by "levels" of 2: 1 multiplexers provided relative 
to the LUT circuit's output. 

FIG. 4 shows a fracturable (6,2)-LUT with support for 6 
LUT and independent register according to an embodiment 35 

of the present invention. 

For example, the multiplexer 841 closest to the output 815 
may be called a first level of multiplexers in the overall 2: 1 
multiplexer tree of the 4-LUT 800 and the next set of two 
multiplexers 842 may be called a second level in that tree. 
By extending the structure of FIG. SB to FIG. SA, there are 

FIG. 5 shows a fracturable (6,2)-LUT with support for a 
6-LUT and two independent registers according to an 
embodiment of the present invention. 

FIG. 6 shows an exemplary data processing system 
including an exemplary programmable logic device in which 
logic circuits in accordance with the present invention might 
be implemented. 

FIG. 7 shows a conventional 6-LUT. 

FIG. SA shows a conventional 4-LUT; FIG. SB shows 
further detail of the 4:1 multiplexer shown in FIG. SA 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

FIG. 7 shows a conventional 6-LUT 700 that includes 
four 4-LUTs 702. Each 4-LUT 702 includes sixteen memory 
elements and a 16:1 multiplexer that is controlled by inputs 
a, b, c, and d 704. Outputs from the 4-LUTs 702 provide 
inputs to two 2:1 multiplexers 706, each of which is con­
trolled by input e 708. Outputs from these multiplexers 
provide inputs to an additional 2:1 multiplexer 710 that is 
controlled by input f 712 to provide a final output 714. In this 
way any function of six inputs zl(a,b,c,d,e,f) can be imple­
mented. 

FIG. SA shows a conventional 4-LUT 800, which could 

40 
four levels of2:1 multiplexers in the 4-LUT 800. The 4-LUT 
800 has a third level that includes four 2: 1 multiplexers (i.e., 
one for each multiplexer 850 with control inputs coupled to 
logic input B 813, and a fourth level that includes eight 2:1 
multiplexers (i.e., two for each multiplexer 850 with control 

45 
inputs coupled to logic input A 814. 

As will be appreciated by those skilled in the art, a 4:1 
multiplexer may be implemented in a manner other than the 
illustrated multiplexer 840, which has a "tree" of three 2: 1 
multiplexers 841, 842 at two distinct levels. For example, a 

50 4:1 multiplexer might be implemented by four pass gates 
with each of the pass gates being controlled by the decoded 
output of two control signals. In such an example, the four 
pass gates themselves would not be differentiated by levels 
relative to each other, however, the 4:1 multiplexer would 

55 effectively implement two levels of 2:1 multiplexing. 

FIG. 1 shows a fracturable 6-LUT 100 according to a first 
embodiment of the present invention. Similarly as in the 
conventional 6-LUT 700, the fracturable 6-LUT 100 
includes four 4-LUTs 102. Each 4-LUT 102 includes sixteen 

60 memory elements and a 16:1 multiplexer that is controlled 
by inputs a, b, c, and d 104. Outputs from the 4-LUTs 102 
provide inputs to two 2: 1 multiplexers 106, each of which is 
controlled by input e 108. Outputs from these multiplexers 

be used as a component of the 6-LUT shown in FIG. 7. The 
4-LUT 800 includes memory elements 819, and 4:1 multi­
plexers 850, 840. Each memory element 819 can hold one 
data bit (i.e., 1 or 0) and each is coupled to provide that bit 65 

to an input of a multiplexer 850 as shown. Two control 
inputs of each multiplexer 850 are coupled to, respectively, 

106 provide inputs to an additional 2:1 multiplexer 110 that 
is controlled by input f 112 to provide a final output 114. In 
this way any function of six inputs zl(a,b,c,d,e,f) can be 
implemented. 
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As compared with the conventional 6-LUT 700, the 
fracturable 6-LUT 100 includes an additional 2:1 multi­
plexer 116 that takes inputs from two of the 4-LUTs 102 and 
is controlled by input f 112. When used as a 6-LUT (i.e., in 
a non-fractured mode of operation), the output signal zl 114 
is a complete function of all 6 inputs. When used as two 
functions (i.e., in a fractured mode of operation), the output 
z0 118 which is taken from the top half of the LUT 100 
provides a complete function of a,b,c,d,e and the output z2 
120, taken from the extra 2:1 multiplexer 116, provides a 
complete function of a,b,c,d,f. Thus the LUT can implement 
two 5-input functions that share the four inputs a, b, c, and 
d. Logic external to the fracturable LUT is used to select 
between the zl function 114 when the LUT 100 is used as 
a single 6-LUT, or the z0 118 and z2 120 outputs when the 
LUT 100 is used as two 5-LUTs. It can be appreciated that 
it is possible to continue the fracturing of the LUT further, 
so that for example a fracturable 6-LUT could be configured 
as a combination of one 5-LUT and two 4-LUTs. (This could 
be done, for example, by replacing the z0 118 output by 
corresponding outputs from the top two 4-LUTs 102.) Other 
combinations are similarly possible including a combination 
of one 5-LUT and one or two 3-LUTs, or, most directly from 
the structures shown in FIG. 1, a combination of four 
4-LUTs. 

As illustrated in FIG. 1 for the case K=6, a fracturable 
K-LUT has only K inputs, so that the two (K-1) functions 
must use a common set of K input signals. This means that 
each (K-1)-LUT has only one unique input signal, and 
shares (K-2) signals with another LUT. In order to increase 
the flexibility of using the fracturable LUT it is desirable to 
include more input signals. This can be done by splitting 
some of the common signals to the early LUT stages. This 
is denoted as a fracturable (K,M)-LUT, where M refers to 
the number of extra input signals that are added to the LUT. 

FIG. 2 shows a fracturable (6,2)-LUT according to 
another embodiment of the present invention. Similarly as in 
fracturable 6-LUT 100 of FIG. 1, the fracturable (6,2)-LUT 
200 includes four 4-LUTs 202. Each 4-LUT 202 includes 
sixteen memory elements and a 16:1 multiplexer. Outputs 
from the 4-LUTs 202 provide inputs to two 2:1 multiplexers 
206, each of which is controlled by input e 208. Outputs 
from these multiplexers 206 provide inputs to an additional 
2:1 multiplexer 210 that is controlled by input f 212 to 
provide a final output 214. An additional 2:1 multiplexer 216 
takes inputs from two of the 4-LUTs 202 and is controlled 
by input f 212. 

As compared with the fracturable 6-LUT 100, two of the 
inputs to the four 4-LUTs 202 are split. That is, two inputs 

6 
218 and z2(a,b,c2,d2,e) 220, and in a non-fractured mode of 
operation with c=cl=c2 and d=dl=d2, a complete function 
of six inputs zl(a,b,c,d,e,f) 214 can be implemented. 

Alternatively, the fracturable (6,2)-LUT 200 can imple-
5 ment any two functions that use no more than eight distinct 

input signals, such as a 3-input function and a 5-input 
function, by configuring the LUT to have no functional 
dependency on one or more of its inputs. For example, the 
( 6,2)-LUT 200 can implement functions z0( cl,dl,e) 218 and 

10 z2(a,b,c2,d2f) 220 by configuring the top half of the 4-LUTs 
202 to have no dependency on inputs a and b 204. In general 
a (K,M)-LUT can implement any two functions ofup to K-1 
inputs that have no more than K+M distinct input signals. 

The fracturable (6,2)-LUT 200 may also be used for 
15 incomplete logic functions by using the eight inputs a, b, cl, 

c2, dl, d2, e, and f 208, 222, 204, 224, 212 together with the 
output at zl 214. In this case, some set of 8-input functions 
zl(a,b,cl,c2,dl,d2,e,f) can be implemented, but, unlike a 
general LUT, not every 8-input function can be imple-

20 mented. However, this may be exploited by attempting to 
design logic circuits that contain these functions as well as 
arbitrary functions. 

Another aspect of a logic element is the ability to feed a 

25 
flip-flop from the LUT. Conventionally the LUT output may 
be used as the data input to a flip-flop contained in the same 
logic element. Also, under the control of various configu­
ration information and logic signals, the data input to the 
flip-flop may be selected to be one of the inputs to the LUT. 

30 
The present invention desirably enables combining a frac­
turable LUT with one or more flip-flops in a logic element. 

FIG. 3 shows a logic element 300 according to another 
embodiment of present invention. The logic element 300 
includes a fracturable (6,2)-LUT 302 and two flip-flops 

35 
304a, 304b. The (6,2)-LUT302 has inputs A, B, Cl, C2, D1, 
D2, E, and F, where these are fed through input lines 
LEIMA, LEIMB, LEIMCl, LEIMC2, LEIMDl, LEIMD2, 
LEIME, and LEIMF 306. Additionally two multiplexers 
308a, 308b feed inputs Cl and C2 by multiplexing LEIMCl 

40 
with a register value REGO and by multiplexing LEIMC2 
with a register value REGl. In a non-fractured mode, the 
LUT 302 provides a single output zl 310, and in a fractured 
mode the LUT 302 provides two outputs z0 312 and z2 314. 

The outputs from the LUT 302 are inputs to two multi-
45 plexers 316a, 316b. These multiplexers 316a, 316b provide 

input to another pair of multiplexers 318a, 318b that also 
take inputs from input lines LEIMCl 320a and LEIMC2 
320b combined with circuitry of inverters 322a, 322b, 

a and b 204 correspond to similar inputs 104 in the fractur­
able 6-LUT 100. However, inputs c and d 104 from the 50 
fracturable 6-LUT 100 are split into inputs cl and dl 222 for 
the upper half of the 4-LUTs 202 and inputs c2 and d2 224 

NOR-gates 324a, 324b, and NAND-gates 326a, 326b. 
Output from these latter multiplexers 318a, 318b and line 

values LEIMCl 320a and LEIMC2 320b are fed to the 
flip-flops 304a, 304b, which also receives data from a 
combination of stored values 328 and multiplexers 330a, 
330b. The structures associated with these flip-flops 304a, 

for the lower half. 
Conventionally, the inputs to the LUT are listed (i.e., a, b, 

c, d) in order from slowest to fastest, so that the d is the 
fastest input to each of the 4-LUTs 202. It is desirable to split 
the fastest inputs to the LUT so that the fastest inputs are 
independent from each other. When the LUT is used as a 
6-LUT, dl and d2 are provided with the same input signal 
(i.e., d=dl=d2) and similarly cl and c2 are provided with the 
same input signal (i.e., c=cl=c2). When the LUT is used as 
two 5-LUTs, the top two 4-LUTs form a logic function 
z0(a,b,cl,dl,e) and the bottom two 4-LUTs form a logic 
function z2(a,b,c2,d2f). Thus only two logic signals, a and 
b, must be shared between the two LUTs. 

Thus, in a fractured mode of operation, complete func­
tions of five inputs can be implemented for z0(a,b,cl,dl,e) 

55 304b are similar to those used in the Stratix logic element 
currently sold by Altera Corporation of San Jose, Calif. 

Output from the first flip-flop 304a together with LUT 
outputs z0 312 and zl 310 go to a first set of three 
multiplexers 332a to determine a first set of outputs 

60 LOCAL0, LEOUT0, and LEOUTl 334a. Output from the 
second flip-flop 304b together with LUT outputs zl 310 and 
z2 314 go to a second set of three multiplexers 332b to 
determine a second set of outputs LOCALl, LEOUT2, and 
LEOUT3 334b. 

65 This logic element 300 desirably includes multiplexing 
structures for driving up to four signals out of the LE (i.e., 
LEOUT0, LEOUTl, LEOUT2, and LEOUT3) and two 

Ex.1008 
CISCO SYSTEMS, INC. / Page 11 of 15



US 6,943,580 B2 
7 

signals to internal routing (i.e., LOCAL0 and LOCALl). In 
this diagram the line signals LEIMx 306 refer to the sources 
of the logic signals connected to the inputs of the logic 
element. The embodiment of FIG. 3 desirably includes two 
flip-flops 304a, 304b. The LUT 302 can now generate two 5 

logic functions, so it is desirable to have two flip-flops that 
can load data from the non-fractured K-LUT, or from either 

8 
the 6-LUT to bring the C signal on a single pin Cl and 
connect it to both Cl and C2 in the LUT 402. As a 
consequence, input pin C2 can now be used for another 
purpose, in this case to bring a data signal into a completely 
independent flip-flop 404b. This allows the logic element to 
support a 6 LUT that may optionally feed a flip-flop 404a, 
together with an independent flip-flop 404b. 

of the fractured LUTs. 

As discussed above, the flip-flop connectivity shown in 
FIG. 3 can be generalized. A variety of alternative embodi­
ments are possible where the relevant flip-flop data input 
may be either the LUT output or in common with one of the 
LUT inputs. In the embodiment shown in FIG. 3, the 
arrangement of logic is similar to the Stratix logic element 
currently sold by Altera Corporation of San Jose, Calif. 

In the embodiment of FIG. 4, the 6-LUT can be used with 
quick feedback of the registers to the input of the LUT by 

10 using both flip-flops to load the identical data, so the result 
can be fed back to both Cl and C2. In an alternative 
embodiment both REGO and REGl are input to either one 
or both of the multiplexers 408a, 408b feeding Cl and C2. 
This allows a single flip-flop to be used to store the data, and 

15 be fed back to both Cl and C2. The various alternatives 
differ in the choice of which flip-flops 404a, 404b can be 
used for quick feedback mode in the 6-LUT 402, and the 
optimal choice will depend on the logic circuits to be 

In the embodiment of FIG. 3, each of the flip-flops 304a, 
304b can load from the 6-LUT output zl 310 or from one of 
the two 5-LUT outputs z0 312 and z2 314. Each output can 
select from the 6-LUToutput, a 5-LUToutput, or a flip-flop. 
Multiplexers are also provided to feed the flip-flop outputs 20 

back into the LUT to provide quick-feedback as in the 
Stratix device. Using this structure, the 6-LUT can feed one 
or both flip-flops, each 5-LUT can feed a flip-flop, or 
independent flip-flops may be combined with a 5-LUT that 
shares one input or a 4-LUT that does not share an input. 25 

However, this structure has a limitation in that it is not 
possible to combine a 6-LUT with an independent flip-flop 
unless it shares an input, even though a total of eight inputs 
are available. This is because in non-fractured 6-LUT mode, 
both Cl and C2, as well as D1 and D2, must both supply the 30 

same input signal to the LUT (i.e., C=Cl=C2, D=Dl=D2). 
The embodiment of FIG. 4 addresses this issue. 

FIG. 4 shows a logic element 400 according to another 
embodiment of present invention. This logic element 400 is 

35 
similar to the logic element 300 of FIG. 3 but includes 
additional multiplexing at the inputs to the LUT 402. Input 
line LEIMCl 406 and register value REGO are inputs to a 
multiplexer 408a that feeds the Cl input of the LUT 402, 
and input lines LEIMCl and LEIMC2 406 together with 

40 
register value REGl are inputs to a multiplexer 408b that 
feeds the C2 input of the LUT 402. 

The logic element 400 includes a fracturable (6,2)-LUT 
402 and two flip-flops 404a, 404b. The (6,2)-LUT 402 has 
inputs A, B, Cl, C2, D1, D2, E, and F, where these are fed 45 
through input lines LEIMA, LEIMB, LEIMCl, LEIMC2, 
LEIMDl, LEIMD2, LEIME, and LEIMF 406. Additionally 
two multiplexers 408a, 408b feed inputs Cl and C2 by 
multiplexing LEIMCl with a register value REGO and by 
multiplexing LEIMC2 with a register value REGl. As 50 
distinct from the embodiment of FIG. 3, the second multi­
plexer 408b, which feeds input C2, receives input from input 
line LEIMCl, input line LEIMC2 and register value REGl. 

implemented and the flexibility of the routing structures 
provided in the PLD. Although it is generally preferable to 
feed the flip-flop with the slowest of the split inputs to the 
LUT, other inputs may be used as well. 

FIG. 5 shows a logic element 500 according to another 
embodiment of present invention. This logic element 500 is 
similar to the logic element 300 of FIG. 3 but includes 
additional multiplexing at the inputs to the LUT 502. Input 
line LEIMCl 506 feeds the Cl input of the LUT 502, and 
input lines LEIMCl and LEIMC2 506 together with register 
value REGO are inputs to a multiplexer 508a that feeds the 
C2 input of the LUT 502. Input line LEIMD2 506 feeds the 
D2 input of the LUT 502, and input lines LEIMDl and 
LEIMD2 506 together with register value REGl are inputs 
to a multiplexer 508b that feeds the D1 input of the LUT 
502. 

The logic element 500 includes a fracturable (6,2)-LUT 
502 and two flip-flops 504a, 504b. The (6,2)-LUT 502 has 
inputs A, B, Cl, C2, D1, D2, E, and F, where these are fed 
through input lines LEIMA, LEIMB, LEIMCl, LEIMC2, 
LEIMDl, LEIMD2, LEIME, and LEIMF 506. Additionally 
two multiplexers 508a, 508b feed inputs C2 and D1 by 
multiplexing LEIMCl and LEIMC2 with REGO and by 
multiplexing LEIMEl and LEIMD2 with REGl. As distinct 
from the embodiment of FIG. 3, the first multiplexer 508a, 
which feeds input C2, receives input from input line 
LEIMCl, input line LEIMC2 and register value REGl, and 
the second multiplexer 408b, which feeds input D1, receives 
input from input line LEIMDl, input line LEIMD2 and 
register value REGl. 

Similarly as in the embodiment of FIG. 3, the LUT 502 
provides a single output zl 510 in a non-fractured mode and 
two outputs, z0 512 and z2 514, in a fractured mode. Also 
as in the previous embodiment the circuitry includes addi­
tional lines for LEMCl 520a and LEMC2 520b, multiplex-

55 ers 516a, 516b, 518a, 518b, 530a, 530b, 532a, 532b, invert­
ers 522a, 522b, NOR-gates 524a, 524b, NAND-gates 526a, 
526b, stored values 528, and outputs 534a, 534b. 

Similarly as in the previous embodiment 300, the LUT 
402 provides a single output zl 410 in a non-fractured mode 
and two outputs, z0 412 and z2 414, in a fractured mode. 
Also as in the previous embodiment the circuitry includes 
additional lines for LEMCl 420a and LEMC2 420b, mul­
tiplexers 416a, 416b, 418a, 418b, 430a, 430b, 432a, 432b, 
inverters 422a, NOR-gates 424a, 424b, NAND-gates 426a, 60 
426b, stored values 428, and outputs 434a, 434b. 

The embodiment of FIG. 4 advantageously exploits the 
additional input signals when the LUT 402 operates in the 
non-fractured mode. In this structure one of the extra inputs 
that resulted from splitting the original inputs (in this case 
Cl) may be connected to its corresponding split input (in this 
case C2) at a corresponding multiplexer 408b. This allows 

The embodiment of FIG. 5 enables increased flexibility 
by combining flip-flops 504a, 504b with LUTs so as to allow 
the 6-LUT 502 to be combined with two independent 
registers (REGl at the first multiplexer 508a and REG 1 at 
the second multiplexer 508b). By allowing either of Cl/2 or 
D1/2 to be driven onto the corresponding pin, a single signal 
may be used for each of C and D. In the embodiment of FIG. 

65 5, Cl can be used as a LUT input and C2 as a data input to 
a flip-flop 504b, while D2 is used as another input to the 
LUT, and D1 as a data input to a flip-flop 504a. The exact 
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choice of which input is used for which flip-flop, and which 
input signal is used as LUT input or flip-flop data will 
depend on the properties of the logic circuit being built. 
Further, the choice of which inputs should be split may vary 
depending on the amount of flip-flop packing flexibility that 5 

is included. As more multiplexers are included to increase 
the flip-flop packing flexibility, the added delay may cause 

10 
in a first operational mode the controls determine a 

first-mode output at the at least one output of the first 
level of multiplexer, and 

in a second operational mode the controls determine a 
plurality of second-mode outputs at selected outputs of 
multiplexers not at the first level of multiplexers. 

2. A logic element as claimed in claim 1, wherein in the 
first operational mode, the first-mode output provides a 
complete function of the controls. 

it to be preferable to split slower inputs rather than the fastest 
ones. The best choice will depend on the logic circuits to be 
implemented as well as the tradeoffs in delay in the design 10 

of the LUT. 
3. A logic element as claimed in claim 2, wherein in the 

second operational mode, each second-mode output pro­
vides a complete function of a proper subset of the controls. 

4. A logic element as claimed in claim 3, wherein in the 
second operational mode each control belongs to at least one 

15 of the proper subsets for which the second-mode outputs 
provide complete functions. 

In the embodiment of FIG. 5, quick feedback is only 
supported with a single flip-flop used in the logic element. 
As discussed above, alternative embodiments result from 
adding extra inputs to the multiplexers to support two quick 
feedbacks. 

FIG. 6 shows a data processing system 600 with a PLD 
610 that may include embodiments of the present invention 

5. A logic element as claimed in claim 1, wherein in the 
second operational mode, one or more controls are split into 
a plurality of sub-controls so that a corresponding sub-

20 control replaces each split control at each multiplexer con­
nected to that split control. 

as discussed above. The PLD 610 includes a plurality of 
logic array blocks (LABs) such as the illustrated LAB 612. 
(Only one LAB is shown to avoid overcomplicating the 
drawing.) The LAB 612 includes a plurality of logic ele­
ments such as the illustrated logic element 611. (Only one 
logic element is shown to avoid overcomplicating the 
drawing.) The data processing system 600 may include one 25 

or more of the following components: a processor 640; 
memory 650; 1/0 circuitry 620; and peripheral devices 630. 
These components are coupled together by a system bus 665 
and are populated on a circuit board 660 which is contained 
in an end-user system 670. 30 

6. A logic element as claimed in claim 1, further com-
prising: 

one or more control multiplexers with outputs connected 
to one or more of the controls and with inputs deter­
mined by a plurality of control-multiplexer inputs. 

7. A logic element as claimed in claim 6, further com­
prising 

one or more input-output multiplexers with inputs con­
nected to one or more input, of the multiplexers and one 
or more outputs of the multiplexers arranged in levels. The system 600 can be used in a wide variety of 

applications, such as computer networking, data networking, 
instrumentation, video processing, digital signal processing, 
or any other application where the advantage of using 
programmable or reprogrammable logic is desirable. The 
PLD 610 can be used to perform a variety of different logic 
functions. For example, the PLD 610 can be configured as 

8. A logic element as claimed in claim 7, wherein at least 
two of the control-multiplexers receive an identical control-

35 multiplexer input. 
9. A logic element as claimed in claim 7, further com-

a processor or controller that works in cooperation with 
processor 640 ( or, in alternative embodiments, a PLD might 

40 itself act as the sole system processor). The PLD 610 may 
also be used as an arbiter for arbitrating access to shared 
resources in the system 600. In yet another example, the 
PLD 610 can be configured as an interface between the 
processor 640 and one of the other components in system 

45 600. It should be noted that system 600 is only exemplary. 
Although only certain exemplary embodiments of this 

invention have been described in detail above, those skilled 
in the art will readily appreciate that many modifications are 
possible in the exemplary embodiments without materially 

50 
departing from the novel teachings and advantages of this 
invention. Accordingly, all such modifications are intended 
to be included within the scope of this invention. 

prising: 

one or more flip-flops with inputs connected to one or 
more inputs of the control multiplexers. 

10. A logic element as claimed in claim 7, further com­
prising: 

one or more flip-flops with inputs connected to one or 
more outputs of the input-output multiplexers. 

11. A logic element as claimed in claim 1, further com­
prising: 

one or more mode multiplexers connected to the logic 
element for switching between the first operational 
mode and the second operational mode. 

12. A programmable logic device, comprising: 

a logic element according to claim 1. 
13. A data processing system, comprising: 

a programmable logic device according to claim 12. 
What is claimed is: 
1. A logic element comprising: 
a plurality of memory elements; 

14. A logic element as claimed in claim 1, wherein the 

55 
common control connects to each multiplexer in the highest 
level of multiplexers. 

a plurality of multiplexers arranged in a plurality of levels 
including a highest level of multiplexers with inputs 
connected to the memory elements and outputs con­
nected to inputs of a next-to-highest level of multiplex- 60 

ers and a first level of multiplexers with inputs con­
nected to outputs of a second level of multiplexers and 
at least one output, at least two same-level multiplexers 
having inputs that are connected to a shared output of 
a higher-level multiplexer; and 

a plurality of controls connected to the multiplexers, 
wherein 

65 

15. A logic element as claimed in claim 1, wherein the 
controls include at least one common control connected to 
each multiplexer in a level that includes plural multiplexers. 

16. A method of making a logic element, comprising: 

providing a plurality of memory elements; 

providing a plurality of multiplexers, the multiplexers 
being arranged in a plurality of levels including a 
highest level of multiplexes with inputs connected to 
the memory elements and outputs connected to inputs 
of a next-to-highest level of multiplexers and a first 
level of multiplexers with inputs connected to outputs 
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of a second level of multiplexers and at least one 
output, and at least two same-level multiplexers having 
inputs that are connected to a shared output of a 
higher-level multiplexer; and 

providing a plurality of controls, the controls being con- 5 

nected to the multiplexers, including at least one com­
mon control connected to each multiplexer in a level 
that includes plural multiplexers, wherein 
in a first operational mode the controls determine a 

first-mode output at the at least one output of the first 10 

level of multiplexers, and 
in a second operational mode the controls determine a 

plurality of second-mode outputs at selected outputs 
of multiplexers not at the first level of multiplexers. 

17. A method an claimed in claim 16, wherein in the first 15 

operational mode, the first-mode output provides a complete 
function of the controls. 

18. A method as claimed in claim 17, wherein in the 
second operational mode, each second-mode output pro­
vides a complete function of a proper subset of the controls. 20 

19. A method as claimed in claim 18, wherein in the 
second operational mode each control belongs to at least one 
of the proper subsets for which the second-mode outputs 
provide complete functions. 

20. A method as claimed in claim 16, wherein in the 25 

second operational mode, one or more controls are split into 
a plurality of sub-controls so that a corresponding sub­
control replaces each split control at each multiplexer con­
nected to that split control. 

21. A method as claimed in claim 16, further comprising: 30 

adding to the logic element one or more control multi­
plexers with outputs connected to one or more of the 
controls of the logic element and with inputs deter­
mined by a plurality of control-multiplexer inputs. 

22. A method as claimed in claim 21, further comprising: 35 

adding to the logic element one or more input-output a 
multiplexers with inputs connected to one or more 
inputs of the control multiplexers and one or more 
outputs of the multiplexers arranged in levels. 

40 23. A method as claimed in claim 22, wherein at least two 
of the control-multiplexers receive an identical control­
multiplexer input. 

24. A method as claimed in claim 22, further comprising: 
adding to the logic element one or more flip-flops with 

45 
inputs connected to one or more inputs of the control 
multiplexers. 

25. A method an claimed in claim 22, farther comprising: 
adding to the logic element one or more flip-flops with 

inputs connected to one or more outputs of the input- 50 
output multiplexers. 

26. A method as claimed in claim 16, further comprising: 
adding to the logic element one or more mode multiplex­

ers connected to the logic element for switching 
between the first operational mode and the second 55 
operational mode. 

27. A method as claimed in claim 16, wherein the com­
mon control connects to each multiplexer in the highest level 
of multiplexers. 

28. A method as claimed in claim 16, wherein at least two 60 
same-level multiplexers have inputs that are connected to a 
shared output of a higher-level multiplexer. 

29. A logic element comprising; 
a plurality of memory elements; 
a plurality of multiplexers arranged in a plurality of levels 65 

including a highest level of multiplexers with inputs 
connected to the memory elements and outputs con-

12 
nected to inputs of a next-to-highest level of multiplex­
ers and a first level of multiplexers with inputs con­
nected to outputs of a second level of multiplexers and 
at least one output at least two same-level multiplexers 
having inputs that are connected to a shared output of 
a higher-level multiplexer and 

a plurality of controls connected to the multiplexers, 
including at least one common control connected to 
each multiplexer in a level that includes plural multi­
plexers; 

one or more control multiplexers with outputs connected 
to one or more of the controls and with inputs deter­
mined by a plurality of control-multiplexer inputs; and 

one or more mode multiplexers for switching between the 
first operational mode and the second operational 
mode, wherein 

in a first operational mode the controls determine a 
first-mode, output at the at least one output of the first 
level of multiplexers, and 

in a second operational mode the controls determine a 
plurality of second-mode outputs at selected outputs of 
multiplexers not at the first level of multiplexers. 

30. A programmable logic device, comprising: 
a logic element according to claim 29. 
31. A data processing system, comprising: 
a programmable logic device according to claim 30. 
32. A logic element comprising: 
a plurality of memory elements; 
a plurality of multiplexers arranged in a plurality of levels 

including a highest level of multiplexers with inputs 
connected to the memory elements and outputs con­
nected to inputs of a next-to-highest level of multiplex­
ers and a first level of multiplexers with inputs con­
nected to outputs of a second level of multiplexers and 
at least one output, at least two same-level multiplexers 
having inputs that are connected to shared outputs of 
higher-level multiplexers so that each input of the at 
least two same-level multiplexers is connected to a 
shared output; and 

a plurality of controls connected to the multiplexers, 
wherein 

in a first operational mode the controls determine a 
first-mode output at the at least one output of the first 
level of multiplexers, and 

in a second operational mode the controls determine a 
plurality of second-mode outputs at selected outputs of 
multiplexers not at the first level of multiplexers. 

33. A logic element comprising: 
a plurality of memory elements; 
a plurality of multiplexers arranged in a plurality of levels 

including a highest level of multiplexers with inputs 
connected to the memory elements and outputs con­
nected to inputs of a next-to-highest level of multiplex­
ers and a first level of multiplexers with inputs con­
nected to outputs of a second level of multiplexers and 
at least one output, multiplexers of a shared-output 
level having inputs that are connected to shared outputs 
of higher-level multiplexers so that each input of the 
multiplexers of the shared-output level is connected to 
a shared output; and 

a plurality of controls connected to the multiplexers, 
wherein 

in a first operational mode the controls determine a 
first-mode output at the at least one output of the first 
level of multiplexers, and 
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in a second operational made the controls determine a 
plurality of second-mode outputs at selected outputs of 
multiplexers not at the first level of multiplexers. 

34. A method of making a logic element, comprising: 
providing a plurality of memory elements; 

providing a plurality of multiplexers, the multiplexers 
being arranged in a plurality of levels including a 
highest level of multiplexers with inputs connected to 
the memory elements and outputs connected to inputs 
oh next-to-highest level of multiplexers and a first level 10 

of multiplexers with inputs connected to outputs of a 
second level of multiplexers and at least one output, 
and at least two same-level multiplexers having inputs 
that are connected to shared outputs of higher-level 
multiplexers so that each input of the at least two 15 

same-level multiplexers is connected to a shared out­
put; and 

providing a plurality of controls, the controls being con­
nected to the multiplexers, 

wherein 
in a first operational mode the controls determine a 

first-mode output at the at least one output of the first 
level of multiplexers, and 

20 

in a second operational mode the controls determine a 
25 

plurality of second-mode outputs at selected, outputs 
of multiplexers not at the first level of multiplexers. 

14 
35. A method of making a logic element, comprising: 

providing a plurality of memory element; 

providing a plurality of multiplexers, the multiplexers 
being arranged in a plurality of levels including a 
highest level of multiplexers with inputs connected to 
the memory elements and outputs connected to inputs 
of a next-to-higher level of multiplexers and a first level 
of multiplexers with inputs connected to outputs of a 
second level of multiplexers and at least one output, 
multiplexers of a shared-output level having inputs that 
are connected to shared outputs of higher-level multi­
plexers so that each input of the multiplexers of the 
shared-output level is connected to a shared output; and 

providing a plurality of controls, the controls being con­
nected to the multiplexers, 

wherein 

in a first operational mode the controls determine a 
first-mode output at the at least one output of the first 
level of multiplexers, and 

in a second operational mode the controls determine a 
plurality of second-mode outputs at selected outputs 
of multiplexers not at the first level of multiplexers. 

* * * * * 
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