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ABSTRACT 
Laser-programmed gate arrays (LPGAs) represent a new 
approach to application specific integrated circuit 
prototyping and implementation. This paper proposes a new 
LPGA logic block architecture called a fola!able PLA-style 
logic block The proposed logic block architecture is similar 
to that found in commercially available CPLDs. The term 
foldable means that the granularity of the logic block can be 
varied. This is achieved using the LPGA laser disconnect 
methodology. A custom %hD tool has been developed to map 
circuits into the new logic block architecture. An 
experimental study shows that LPGAs with foldable logic 
blocks are more area-ejj?cient than those based on normal 
unfoldable logic blocks. 

1. INTRODUCTION 
Laser-programmed gate arrays (LPGAs) are becoming a 
popular choice for ASIC prototyping and implementation 
because of their short programming time, high speed, and 
high logic density. An LPGA is a VLSI chip consisting of a 
two-dimensional array of logic blocks and a configurable 
interconnection network. Similar to field-programmable gate 
arrays (FPGAs) and complex programmable logic devices 
(CPLDs), all of the mask layers in an LPGA are pre-defined 
by the manufacturer. An unprogrammed LPGA has all 
possible metal connections between logic blocks. The LPGA 
is programmed by using a laser to permanently cut away 
some of the pre-defined metal links according to a user’s 
design specifications. LPGA laser programmers may 
eventually be available to ASIC designers, thus allowing 
LPGAs to be labelled as “field-programmable devices.” 

In recent years, the issue of what type or size of logic block 
provides the best area-efficiency has been an active area of 
research and development for a number of different types of 
chips. For MPGAs, logic blocks have traditionally been 
relatively fine-grained [29][12][16][13]. For FPGAs, logic 
blocks are usually based on look-up-tables (LJJTs) 
[28][2][ 191, or multiplexers [ 11. In CPLDs, PLA-style blocks 
are used [3][21][17][9].. These blocks have relatively high 
granularity, having a large number of inputs per block. 
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Exi$ing LPGAs have fin?grained logic blocks. For 
example, the Chip Express CX2001 LPGA [8] has small, 
multiplexer-based blocks. It is an open research question as 
to what type of logic block is best for an LPGA. The 
architectural issues for LPGAs are similar to those for 
FPGAs and CPLDs, since in all of these technologies a fixed 
amount of interconnect and logic is pre-fabricated on a chip. 
However, the capability in LPGA technology to cut metal 
lines with little area overhead introduces new architectural 
possibilities. The focus of this paper is to investigate the 
benefits of using coarsegrained logic blocks in LPGAs in a 
way that leverages the ability to cut metal lines. We 
introduce a new logic block architecture called a foldable 
PLA-style logic block. It is a variation on the logic blocks 
found in CPLDs. The term foldable refers to the fact that the 
granularity of the logic block can be varied, by using the 
laser disconnect methodology. 

A significant advantage of variable logic block granularity is 
that it facilitates “packing” additional logic into each Iogic 
block. This reduces the number of logic blocks needed to 
implement circuits and can increase area-efficiency. Coarse- 
grained blocks often suffer from under-utilization. For 
example, when circuits are mapped into traditional PLA- 
style logic blocks, a portion of some of the logic blocks is 
left unused and, therefore, wabted. In the proposed foldable 
logic blocks, the unused portion of a block may be separated 
from the used portion, and logic may then be implemented in 
the unused portion. Figure 1 is an abstract illustration of how 
additional logic is packed into foldable logic blocks. The 
figure shows two implementations of an arbitrary digital 
circuit. The left side of the figure depicts the circuit after it 
has been mapped into normal unfoldable logic blocks. The 
shaded portion of each logic block represents the used 
portion of the block, while the unshaded portion represents 
wasted area. The right side of the figure shows the same 
circuit after it has been mapped into foldable logic blocks. In 
the folded implementation, the logic blocks are better 
utilized. Furthermore, fewer logic blocks are needed in the 
folded implementation. Section 4 shows the effect of folding 
on reducing the overall silicon area needed for the circuit. 

This paper is organized as follows: Section 2 elaborates on 
the architecture of the proposed logic blocks. Section 3 
discusses a custom CAD tool that has been developed to map 
circuits into LPGA architectures with foldable PLA-style 
logic blocks. Section 4 presents the results of an 
experimental study on the area-efficiency of the proposed 
architectures. Final remarks and suggestions for future work 
are offered in Section 5. 
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Figure 1. Packing additional logic into foldable logic blocks. 

2. ARCHITECTURE OF FOLDABLE PLA- 
STYLE LOGIC BLOCKS 
A PLA is characterized by its number of inputs, product 
terms, and outputs. The logic function implemented by a 
PLA can be described using a personality matrix [27]. A 
personality matrix for two combinational functions is shown 
in Figure 2. The rows of the personality matrix correspond 
to product terms, while the columns correspond to inputs 
and outputs. A ‘1’ in an input column indicates that an input 
is present in its ‘true’ form in a product term; a ‘0’ indicates 
that an input is present in its complemented form; a ‘-’ 
represents a “don’t care” and indicates that an input is not 
used in a product term. The ‘l’, ‘O’, and ‘-’ have similar 
meanings when used in an output column, indicating 
whether or not a product term is present in the sum-of- 
products form of the function corresponding to the output. 

PLA folding was first introduced as a method for reducing 
the silicon area consumed by PLAs in custom VLSI. A 
PLA’s area is proportional to the number of columns in its 
personality matrix multiplied by the number of rows in its 
personality matrix [10][20]. Folding leverages the high 
percentage of “don’t cares” in personality matrices and 
reduces area by allowing two columns of a personality 
matrix to reside on a single physical column (column 
folding), or by allowing two rows of a personality matrix to 
reside on a single physical row (row folding). Column 
folding is illustrated in Figure 3. A normal unfolded PLA is 
shown in part a of the figure. To keep the figure simple, a 
single column is used to represent both the true and 
complemented versions of each input signal. A folded PLA 
in which three cohmm pairs are folded onto single physical 
columns is shown in part b of the figure. Notice the “breaks” 
that occur on the folded columns. Column folding 
eliminates columns from a PLA; row folding eliminates 
product term rows from a PLA. It is also possible to 
combine row and column folding. Combined folding can be 
applied to eliminate both rows and columns from a PLA; a 
combined folded PLA has breaks on both its columns and 
its rows. The amount of folding in a PLA is quantified by a 
parameter called the siz,e of the folding [lo]. This parameter 
is equal to the number of cohmms or rows eliminated from 
the original PLA. The size of the column folding in Figure 3 
is three. 

Inputs 
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Figure 2. An example of a PLA 
personality matrix. 

PLAs can be folded by cutting either physical input columns 
or physical product term rows. These structures can be 
implemented using the metalization layers in a VLSI chip. 
Since metal lines can be cut in LPGA technology, it is 
possible to build an LPGA with foldable PLA-style logic 
blocks. In such an architecture, each PLA-style logic block 
in the array has a fixed number of physical input columns, 
product term rows, and. outputs. Folding is applied to 
facilitate packing additional logic into each logic block. As 
an example, consider the PLA and logic block shown in the 
top portion of Figure 4. The logic block has five input 
columns, five product term rows, and two outputs. Each X 
in the figure represents a programmable switch; switches are 
programmed to realize product terms and logical sums of 
product terms. Clearly, the PLA shown in the figure does 
not fit into the logic block, because it needs six product term 
rows and seven input columns. However, it is easy to fit the 
PLA into the block by using folding. The bottom part of 
Figure 4 shows how two columns and one row can be folded 
to accommodate the PLA. The notion of an array of foldable 
PLA-style logic blocks in an LPGA represents an entirely 
new application for PLA folding, since it has previously 
been applied only for a single custom-fabricated PLA. 

The architecture of a foldable PLA-style logic block is 
summarized in Figure 5. It is characterized by the number of 
input columns (Z), product term rows (P), and outputs (0), 
along with the type of folding that is permitted for the block. 
A PLA-style logic block may be unfoldable, row foldable, 
column foldable, or combined foldable. The parameters of a 
PLA-style block are expressed using the tuple, (Z, P, 0). 
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Figure 3. PLA column folding. 
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Figure 4. Combined folding to pack additional logic into a foldable PLA-style logic block. 

Row and combined foldable logic blocks have two OR- a folded PLA is allowed to have at most one break. Bipartite 
planes; hence, in these blocks, the outputs are divided such folding [15] requires that all of the breaks in the folded PLA 
that there is an equal number in each OR-plane. Column and occur at the same level - same vertical level for column 
combined foldable logic blocks allow signals to enter the folding, same horizontal level for row folding. 
PLA from both the top and bottom of the AND-plane. Note 
that a column foldable PLA-style block with Z input 3. SYNTHESIS TECHNIQUES FOR 
columns actually has 2 x Z inputs, whereas an unfoldable FOLDABLE PLA-STYLE LOGIC BLOCKS 
PLA-style block with Z input columns has Z inputs. Figure 5 The following CAD flow is used to implement circuits in 
shows the laser cut points that are necessary to make the foldable PLA-style blocks. First, the circuits are synthesized 
logic block row, column, or combined foldable. Although using the Synopsys Design Compiler. This results in an 
not shown in Figure 5, we assume that each output of the . optimized netlist of gates from an intermediate library. The 
block has an associated flip-flop, which can either be used 
or by-passed. 

There are many ways in which the block in Figure 5 can be 
folded. In this paper, we consider only simple bipartite 
folding. In simple PLA folding [27], each column or row of 

intermediate library consists of elements suitable for 
mapping circuits into PLA-based architectures. The netlist 
specifies the logic functions in the circuit, which may be 
two-level or multi-level functions. The netlist can be 
represented by a directed acyclic graph (DAG). Each node 
in the DAG represents a single logic function in the circuit, 
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Figure 5. Foldable PLA-style logic block. 
The netlist is technology mapped in@ the PLA-style logic 
blocks, using a custom-developed tool. 

PLA-style blocks are referred to as coarse-grained logic 
blocks because they have a large number of inputs, and 
hence can realize logic functions of many inputs. 
Traditional technology mapping, in which a library 
represents all possible logic functions that are to be used, is 
not feasible for PLA-based architectures because the library 
would be too large to be repetitively searched during 
technology mapping. Several CAD tool vendors offer 
products that can perform technology mapping for PLA- 
style blocks. However, the tools use proprietary algorithms, 
which are not publicized. One of the few publicized 
approaches for mapping circuits into PLA-style blocks is 
found in [14]. It first uses a LUTbased technology mapper 
and sets the number of LUT-inputs to the number of PLA- 
style block inputs. Then, nodes whose number of product 
terms is too large for the PLA-style blocks are decomposed 
into smaller nodes. Another approach to technology 
mapping is to collapse circuits completely into two-level 
form, thus creating some nodes with more inputs or product 
terms than allowable in the PLA-style blocks. These large 
infeasible nodes can then be partitioned into smaller feasible 
ones and packed into multi-output logic blocks. 

We have developed a new technology mapping CAD tool 
for PLA-based architectures. We believe that it provides 
excellent results in comparison to other approaches, as 
mentioned above. There is insufficient space in this paper to 
describe the technology mapping in detail, but we will give 
the reader an idea of the approach used. Our algorithm 
works in three phases. The first phase breaks up the DAG 
representing a circuit into a forest of trees and then maps 
each tree into-a new tree possessing the minimum number of 
PLA-feasible nodes; PLA-feasible nodes possess a number 
of inputs and a number of product terms that allow them to 
fit into the targeted logic blocks. Ph&e II is a partial 
collapsing step that attempts to eliminate multi-fanout nodes 
from the network by collapsing them into their successors; 
that is, we attempt to collapse nodes across tree boundaries. 

Phase III is a bin packing step in which the nodes in a circuit . 
are packed into the targeted multi-output logic blocks. Our 
tool attempts to minimize the number of logic blocks in the 
final mapped circuit. 

Egan and Liu showed that the problem of finding an optimal 
size bipartite folding is Nl-complete [lo]. Furthermore, 
previous work has focused on using folding to reduce the 
area of a single PLA, rather than using folding to pack 
additional logic into PLA-style logic blocks. We have 
integrated a heuristic folding algorithm into phases II and III 
of our technology mapper. When the target logic blocks are 
column or combined foldable, folding is used in phase II to 
allow more nodes to be collapsed into their successors and 
eliminated from the network. In this case, a node can be 
collapsed into its successors as long as the resultant nodes 
after collapsing have less than or equal to P product terms, 
and less than or equal to F inputs. F may be larger than Z as 
long as a column folding can be found such that F minus the 
size of the folding is less than or equal to I. In phase III of 
our algorithm, we use folding to pack additional nodes into 
each multi-output block in an attempt to utilize all of a logic 
block’s outputs. The folding algorithm we use is similar to 
that developed by Liu and Wei [18], which involves 
transforming the folding problem into an equivalent min-cut 
graph partitioning problem. Specifically, we have adapted 
the algorithm in [18] to be able to perform combined 
folding. Our algorithm is described in detail in [4]. 

4. EXPERIMENTAL STUDY OF LPGAs 
WITH FOLDABLE PLA-STYLE LOGIC 
BLOCKS 
An empirical approach is used to study the benefits of the 
proposed foldable logic block architectures. Experiments 
.consist of mapping a set of 30 benchmark circuits into 
experimental LPGA architectures. Architectural parameters 
are varied to study the effect they have on the mapping 
solutions. The parameters Z, P, and 0 are varied, and the 
effects of row folding, column folding, and combined 
folding are investigated. A total of 19 of the 30 circuits used 
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in this study are large MCNC benchmarks [30]. Ten circuits 
are HDL specifications developed at the University of 
Toronto. The last circuit is a processor benchmark from the 
PREP synthesis suite [22]. 

4.1 Area Models 
To determine the relative area-efficiencies of the foldable 
architectures, area models are used. The models assume that 
silicon area is consumed by a combination of logic and 
routing, with the possibility that some routing may be 
placed in metalization layers directly on top of active logic. 
Routing on top of active logic is feasible in LPGA 
technology because the routing circuitry present in LPGAs 
is entirely metal. 

Since the amount of routing resources that may be placed on 
top of active logic is limited by the area of each logic block 
and the laser cut points needed to configure the logic 
circuitry, two area models are used: one pessimistic, the 
other optimistic. These two models are depicted in Figure 6. 
The pessimistic model assumes that only vertical routing 
tracks may be placed on top of active logic. The optimistic 
model assumes that it is possible for both horizontal and 
vertical routing resources to be located on top of logic. 

A basic tile is defined to be the area of a single logic block 
and its adjacent routing circuitry. The basic tile structure is 
shown in Figure 6. Using the pessimistic area model, the 
area of a basic tile is: 

TileAreapess = height x width = (1) 
(.&i + W - R,,) x max(,& W - R,,) 

where W is the number of tracks in a routing channel, R is 
the routing pitch, and LA is the area of a logic block. !?or 
simplicity, logic blocks are assumed to be square. The max 
function reflects the notion that a vertical routing channel 
may be wider than a logic block. If the optimistic model is 
applied, then the area of a basic tile is: 

TileAreaOp, = max(LA, (W - RJ2) (2) 

The total area needed to implement a circuit is equal to the 
number of logic blocks needed multiplied by the tile area. 
The models assume that there are equal amounts of 
horizontal, and vertical routing resources. An empirical 
study by Betz showed that this routing architecture leads to 

ILA 

the smallest possible routing resource area in FPGAs [5]. 
We measure both routing and logic area in terms of the 
technology independent parameter h [20], which is equal to 
half the minimum feature size in a given technology. In 
typical LPGA technology, accounting for the overhead 
needed for laser cut-points, R, is approximately equal to 11 
h. s 
4.1.1 Chip Area of Foldable PLA-Style Logic Blocks 
A chip area model for foldable PLA-style logic blocks was 
de&loped using a layout automatically generated by the 
PLA-layout-generation program MPLA [24]. The PLA 
layout is for a dynamic NOR/NOR PLA [20][25]. The logic 
block area models in this section were produced using the 
generated MPLA layout, and by estimating how the layout 
would need to be modified so that it could be configured 
using the laser disconnect methodology. 

The area of an unfoldable PLA-style logic block is 
estimated as: 

LA=(24-Z+19.0+58)-(16.P+44)+ 

1000 - z + 13500 - 0 + 1000 X2 
(3) 

The term (24 - Z + 19 - 0 + 58) is the combined width of 
the PLA’s AND and OR-planes. The next term, 
(16 - P + 44)) is the height of the PLA’s AND-plane. The 
1000 - Z term accounts for the area consumed by the input 
buffers. The 13500 - 0 term includes the area consumed by 
the latch (-3500 X2), flip-flop (-8000 h2 [23]), and output 
driver (-2000 X2) that are present for each logic block 
output. The latch is needed for the PLA-style block to have 
zero stand-by power [26]. The final constant, 1000, 
represents the area needed to buffer and invert the signal 
used to clock the pull-up transistors in the AND and OR- 
planes. Row foldable PLAs have an OR-AND-OR structure 
and thus, require pull-up transistors on both sides of the 
AND-plane. The logic area of a row foldable logic block is 
estimated as: 

.LA=(24-Z+19-0+84).(16*P+44)+ 

1000 - z + 13500: 0 + 1000 X2 
(4) 

Column foldable PLAs have extra inputs, and therefore, 
require additional input buffers. The logic area of a column 
foldable PLA-style logic block is estimated as: 

Pessimistic model Optimistic model 

Basic tile 
(pessimistic 
model) 

Basic tile 
(optimistic 
model) 

Figure 6. Pessimistic and optimistic area models. 
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LA=(24.Z+19.0+58).(16.P+44)+ 

1000~Z~2+13500~O+1000h2 
(5) 

Finally, the area of a combined foldable PLA-style logic 
block is: 

LA=(24.Z+19.0+84).(16.P+44)+ 

1000.1.2+ 13500+0+ 1000 X2 
(6) 

Low power is an important consideration in many LPGA 
applications. The PLA that was used to generate the models 
above is very similar to the zero stand-by power PLA 
described in [26], with the main difference being that it 
contains no input transition detection circuitry. However, 
this circuitry is relatively small in comparison with the other 
circuit structures internal to the PLA. 

4.1.2 Estimation of Routing Resource Area 
We do not currently have a routing tool that can use the pins 
on foldable logic blocks effectively, and therefore we use 
theoretical results to predict routing resource area. In [ll], 
El Gamal showed that the average number of used tracks in 
any channel of a gate array with equal amounts of horizontal 
and vertical routing resources is given by: 

W $GJ _ 
a?? 2 

where gains is the average number of connected input pins 
per lcglc block for circuits implemented in the gate array, 
and R is the average manhattan length of two-point routing 
connections (measured in the number of blocks). The 
parameter hpins is known after technology mapping is 
complete; however, placement and routing must be 
completed to ascertain R . In this study, the value of Wavg 
for a circuit implemented in a foldable architecture IS 
estimated using equation (7) above, and the fF value that 
results from performing placement and global routing for 
the circuit in the unfoldable architecture with the same 
parameters, (Z, P, 0). Placement and routing is done using 
the CAD system, VPR [6]. We assume that the clock, set, 
and reset signals feeding the flip-flops in each logic block 
are routed on dedicated tracks, and that the pins on logic 
blocks are distributed, with some pins being accessible to 
horizontal routing resources, and some being accessible to 
vertical routing resources. 

It is assumed that the maximum number of used tracks in 
any routing channel, W, is greater than the average number 
of used tracks, W,, . When each circuit is placed lind 
routed in an unfoldable architecture, the ratio of W to W 
can be computed. This ratio is then used to compute “ti;ge 
number of ticks, W, needed to route the circuit in a 
foldable architecture; the ratio is used by multiplying it by 
the value of Wnyg that is computed using equation (7) after 
the circuit is mapped into the foldable architecture. 

4.2 Experimental Results 
The results of this experimental study are presented in two 
ways: 1) as a reduction in the number of blocks needed to 
implement circuits, and 2) an area is presented for each 
experimental architecture; the area is computed using the 
area models described in the previous sections. 

The left-hand column of plots in Figure 7 depicts the results 
for row folding. The top, centre, and bottom plots in the 
column give the results for architectures with 3, 4, and 5 
outputs, respectively. The vertical axis indicates the average 
percentage reduction in the number of logic blocks needed 
to implement a circuit when logic blocks are row foldable in 
comparison with the number of logic blocks needed when 
logic blocks are unfoldable. This was computed by 
determining a percentage reduction for each of the 
benchmark circuits and then averaging these percentages. 
Thus, each benchmark (whether small or large) was treated 
equally. The figure indicates that row folding holds the most 
benefit for blocks that have very few product term rows and 
large numbers of input columns and outputs. Recall that row 
folding allows two product terms to be placed onto the same 
physical product term row. This sharing of physical product 
term rows is tantamount to increasing the number of product 
terms that may be placed into a logic block, which helps 
alleviate the effect of having relatively few product term 
rows. 

The centre column of Figure 7 illustrates the benefits of 
column folding. It shows that in comparison to row folding, 
column folding is superior at reducing the number of blocks 
needed to implement circuits. Opposite to the results 
observed for row folding, column folding performs best 
when logic blocks have relatively few input columns in 
comparison with product term rows and outputs; that is, 
column folding is most useful when inputs are scarce. The 
maximum reduction of 43.1% occurs when column folding 
is permitted in architectures with 8 input columns, 24 
product term rows, and 5 outputs. 

One reason why column folding provides a greater 
reduction in the number of blocks than row folding is 
related to how choices are made with regard to which inputs 
are permitted to share a single physical input column, and 
which product terms are permitted to share a single physical 
product term row. In row folding, physical product term 
rows can only be shared by product terms belonging to 
outputs in different OR-planes. This is due to the OR-AND- 
OR structure of row foldable PLA-style logic blocks as 
shown in Figure 5. This restricts the number of pairs of 
product terms that may share a physical product term row. 
On the other hand, in column folding, no restrictions are 
placed on which inputs may share a physical column. Thus, 
it is even possible for two inputs to the same function to 
share a physical input column. Clearly, there are more 
degrees of freedom available in column folding than row 
folding, accounting for the more significant gains of column 
folding. 
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The right-hand column of plots in Figure 7 depicts the gains 
of combined folding. The architecture with the largest gain 
is the same as that for the case of column folding. The main 
difference between the results for column and combined 
folding is that combined folding provides more significant 
gains for architectures with 16 and 24 input columns and 
architectures with 8 product term rows. For example, 
column folding alone provides only small benefits for 
architectures with 16 input columns, 8 product term rows, 
and 3 outputs; however, combined folding allows the 
number of blocks to be reduced by 16.6%. The figure shows 
that combined folding provides the benefits of both row and 
column folding. 

Figure 8 shows the normalized area results for architectures 
with unfoldable PLA-style logic blocks. The three graphs 
give the results for architectures with 3, 4, and 5 outputs, 
respectively. The area consumed by each circuit in each 
architecture was normalized to the area consumed by the 
same circuit in an architecture containing combined 
foldable logic blocks with 8 input columns, 8 product term 
rows, and 4 outputs. These normalized area values for each 
circuit were then averaged and the results are shown in the 
figure. The combined foldable (8, 8, 4) architecture was 
determined to be the most area-efficient of all the foldable 
and unfoldable architectures considered. Figure 8 shows 
that the unfoldable architecture with the best area-efficiency 
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I Figure 7. The benefits of PLA folding - percentage reduction in number of logic blocks. 

has the parameters (8, 8, 3). Other good architectures 
include the (16,8,3) architecture, the (16,8,4) architecture, 
and the (16, 16, 5) architecture. These architectures are 
reasonably similar to the architecture with lo-12 inputs, 12- 
13 product terms, and 3-4 outputs that was identified as the 
most area-efficient in [ 141. 

Figure 9 depicts the normalized area results for architectures 
with foldable PLA-style logic blocks. The data points in the 
figure reflect the best folded, area for each combination of 
parameters (Z, P, 0). Thus, some of the values shown are the 
areas of combined foldable architectures, whereas others are 
area values for column or row foldable architectures. The 
data points in Figure 9 correspond with the data points in 
Figure 8. For example, the unfoldable architecture with the 
parameters (8, 24, 3) has an area of 2.20, and the 
corresponding foldable architecture has an area of 1.55. 
Notice that for most of the architectures considered, the 
folded area is significantly less than the unfolded area. 
Folding is particularly helpful at reducing area in 
architectures with 8 input columns and in architectures with 
5 outputs. 

Table 1 summarizes the area results for all of the 
architectures considered. It shows the best folded area 
achievable for each of the architectures, the type of folding 
used to achieve that area, and the unfolded area for each of 
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Figure 8. Area results for unfoldable PLA-style logic block architectures (Optimistic Model). 
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Figure 9. Area results for foldable PLA-style logic block architectures (Optimistic Model). 

the architectures. Each cell of the table gives the area that 
results from applying the optimistic area model, and the 
area that results from applying the pessimistic area model 
(shown in parentheses). In the table cells describing folded 
area, RF is used to indicate row folding, CF is used to 
indicate cohmm folding, and BF is used to indicate 
combined folding. As already mentioned, the combined 
foldable (8, 8, 4) architecture is the most area-efficient 
architecture. Other architectures with good area-efficiencies 
include the combined foldable architecture with the 
parameters (8,8,3), and the combined foldable architecture 
with the parameters (8,8,5). It is interesting to note that no 
single type of folding is best for all architectures< the best 
type of folding can be any of row, column, or combined 
folding depending on the parameters, (Z, P, 0). The best 
unfoldable logic block architecture, with 8 input columns, 8 
product term rows, and 3 outputs consumes 27% more area 
than the (8, 8, 4) combined foldable architecture (or 19% 
more area using the pessimistic area model). Thus, the 
results show that foldable PLA-style logic block 
architectures use significantly less area than the most area- 
efficient unfoldable architectures. c 

5. FINAL REMARKS AND FU’I’URE WORK 
The experimental study described in the previous section 
showed that architectures based on the proposed foldable 
PLA-style logic blocks are significantly more area-efficient 
than normal PLA-based architectures. The notion of an 
array of foldable PLA-style logic blocks represents a new 
application for PLA folding, which has previously been 
used only in custom VLSI. Another advantage of the 

proposed logic blocks is that they are coarse-grained in 
comparison with the logic blocks in traditional MPGAs or 
existing LPGAs. Designs implemented using coarse-grained 
blocks have fewer logic levels on their critical paths. This is 
advantageous because logic blocks on the critical path are 
connected using the programmable interconnection 
network, and as feature sizes shrink in VLSI technology, 
interconnect delay is becoming a more significant portion of 
total delay. Hence, using coarse-grained logic blocks may 
improve speed-performance, without reducing area- 
efficiency. 

In the future, we will investigate whether the proposed logic 
blocks are more area-efficient than the logic blocks in 
existing state-of-the-art LPGAs, like the Chip Express 
cx2001. 
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