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Abstract

The dynamic PLA style has become popular in
designing high performance microprocessors because of
its high speed and predictable routing delay. However, like
all other dynamic circuits, dynamic PLAs have suffered
from the crosstalk noise problem. In this paper, we
propose two techniques to alleviate crosstalk noise for
dynamic PLAs. The first technique makes use of the fact
that depending on the ordering of product lines, some
crosstalk does not cause errors in outputs. A proper
ordering can greatly reduce the number of lines affected
by crosstalk noise.  For those product lines which can be
affected by crosstalk, we attempt to reduce the parallel
length by re-ordering the input and output lines. We have
performed experiments on a large set of MCNC
benchmark circuits. The results show that after
re-ordering, 86.7% of product lines become crosstalk
immune and need not be considered for crosstalk
prevention.

1. Introduction

The wire delay has become a dominating factor in
deep sub-micron design. However, the wire delay is
difficult to predict during the logic design step when the
standard cell based design style is applied. Instead of
using the standard cell style, it is now popular to employ
the dynamic PLA style for the control logic of a high
performance processor. It is not only because a dynamic
PLA can provide high speed but also because the wire
delay is easy to predict in the logic design phase. It was
reported in literature [7] that a 1G Hz microprocessor
utilizes the dynamic PLA style. In [4], the authors also
showed that the delay of using a network of dynamic
PLAs is 15% faster than that the delay of using the
standard cell approach for some benchmark circuits. Our
experiments on 0.18 TSMC technology also showed that
a X86 controller design using a dynamic PLA style could
be twice faster than the standard cell design style.
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Dynamic PLAs [1][3][9][10] are different from
traditional static PLAs in that both the AND and OR
planes are realized by the dynamic NOR structure because
the NOR structure has smaller delay than the static
AND/OR structure. Like other dynamic circuits, dynamic
PLAs have large power consumption. Still some styles of
dynamic PLAs [1][9][10] are more efficient in power
consumption than others [3]. Figure 1 shows an example
of Blair’s dynamic PLA [1]. During the pre-charged phase,
the clock signal is high which turns on both the clocked N
transistors in the AND plane and clocked P transistors in
the OR plane. Therefore, in the pre-charged phase, all
product lines are pre-discharged to ground while all output
lines are pre-charged to high. The feature of pre-discharge
to ground is a design technique, which allows the Blair’s
PLA to have low power consumption. It is because that
the probability is high for a product line (driven by a NOR
gate) staying low in the evaluation phase.
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Figure 1 An example of Blair’'s PLA.
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Figure 2 A shorthand example of Figure 1.
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Despite high performance and predictable wiring delay,
a dynamic PLA may suffer from the crosstalk problem. A
crosstalk noise is directly proportional to the parallel
length of two adjacent lines. Since product lines of a
dynamic PLA may be parallel to the adjacent product
lines on the same layout layer for a long distance, the
noise can be large enough to cause erroneous outputs. A
shorthand example of Figure 1 is shown in Figure 2. In the
example, we have OI’'=P2+P4= (A+B)+(A’+B’)’=
A’B’+AB. Let us assume the crosstalk noise appears when
product lines P/ and P3 make transitions from low to high
while product lines P2 and P4 stay at low. The crosstalk
noise produces noise glitches on product lines P2 and P4,
which may discharge output O/. If the crosstalk noise is
large enough, it may cause functional error in O1.

To prevent the cross talk problem, Khatri [4] uses a
static weak pull-up device to prevent the crosstalk noise in
dynamic PLA. Xiao [11] prevents the cross talk noise by
increasing transistor size or spacing for a given layout.
Several efforts are proposed to reduce the crosstalk effect
in the routing [2][4][5][8][11]. In general, most crosstalk
prevention techniques may degrade performance and incur
area and power overhead.

In this paper, we propose two techniques to alleviate
the crosstalk problem for the dynamic PLAs [1][9][10],
where a product line switches from low to high. We
observe that some crosstalk, no matter how severe does
not cause errors in outputs. For example in Figure 2,
consider output line O3=(PI+P2+P3)’, which contains
two adjacent product lines P/ and P2. Assume product
line P2 switches from low to high and induces a noise
glitch on product line P/. The output line O3 will switch
from high to low anyway disregarding whether there is a
noise glitch in P/. In other words, the error or fault caused
by a noise glitch in P/ cannot propagate to O3. In this
example, product line P/ is positioned next to P2 and
output O3 is not affected by the crosstalk noise. Therefore,
by re-ordering the product lines, we may reduce the
number of lines affected by crosstalk noise. In the other
technique, we also observe that the parallel length
between two adjacent lines depends on the input and
output ordering. For those product lines which can be
affected by crosstalk, we attempt to reduce the parallel
length by re-ordering the input and output lines. Note that
our techniques cannot completely eliminate the crosstalk
problem and the protection techniques [11] are still needed
to completely eliminate the cross talk. Also, we do not
consider the crosstalk noise at the input (output) lines
because the input (output) lines can be separated by
ground or power lines as in [4][6]. We have performed
experiments on a large set of MCNC benchmark circuits.
The results show that after re-ordering, 86% of product
lines become crosstalk immune and need not be
considered for crosstalk prevention.

2. Crosstalk alleviation in dynamic PLA

In this section, we discuss two techniques to alleviate
the crosstalk noise in a dynamic PLA. A product line is
called an aggressor if its switching can induce noise on its
neighborhood lines while a product line on which noise is
induced is called a victim line. Except the two product
lines at the top and bottom positions, each product line has
two adjacent lines. Therefore, each product line may
have two aggressors and also each aggressor may have
two victim lines.

2.1. Product
crosstalk noise

lines re-ordering to alleviate

We now discuss the conditions that outputs are not
affected by the crosstalk noise in dynamic PLAs.
Consider again in Figure 2 that if aggressor P2 induces a
glitch on victim P/, output O3 is not affected. One can
find that if an aggressor and its victim are both inputs of a
NOR gate, the gate’s output is not affected by the
crosstalk noise. We have the following definitions.

Definition 1 (Output set): Assume that a dynamic
PLA consists of n product lines P/, P2, ..., Pn, and m
output lines OI, O2, ..., Om. We say the output set of a
product line Pi is the set of outputs sharing product line
Pi.

For example in Figure 2, the output set for product
line Pl is {02, O3}, for P2 is {01, 02, O3}, for P3 is
{02, 03} and for P4 is {O1, O2}.

Definition 2 (CT-immune): A victim line P/ is said to
be crosstalk immune or CT-immune to its adjacent
(aggressor) line P2 if crosstalk noise from (aggressor) P2
to (victim) PI never causes errors in the P/ 5 output set.
We also say that a product line P/ is a CT-immune line if
P1 is CT-immune to both of its adjacent lines.

The main objective in the first technique is to find a
good ordering of product lines to maximize the number of
CT-immune lines or minimize non CT-immune lines. The
reason is that a non CT-immune line may need special
cares for preventing the crosstalk to occur. Note that all
prevention methods for crosstalk incur additional
area/power/performance penalty. Therefore, by
minimizing the non CT-immune lines, we can reduce the
additional area/power/performance cost. First, let us
discuss the conditions for a product line to be a
CT-immune line.

Consider Figure 2. Since P2 s output set {O1, 02, O3}
contains P35 output set {02, O3}, we have product line
P3 CT-immune to P2. It is because that if aggressor P2
switches from low to high, P25 outputs {01, 02, O3}
will switch from high to low so a noise glitch in victim P3
does not cause errors. Also, if we re-order product lines in
Figure 2 from {P1, P2, P3, P4} to {Pl, P3, P2, P4}, line
P3 becomes CT-immune because P35 output set {02, O3}
is contained in P2% output set {OI, O2, O3} and Pl
output set {02, O3}. In such a case, we need not consider
whether P/ or P2 may induce a crosstalk noise on P3.



From the example, we can find that by properly ordering
P35 position in between P/ and P2, product line P3
becomes a CT-immune line. Therefore, different ordering
may result in different number of CT-immune lines. To
maximize the number of CT-immune lines, we first build
a graph called a CT-immune graph. The graph is a directed
graph. A node pi in the graph represents a product line Pi
in a PLA. If product line P/ is CT-immune to P2, there is
an edge from the corresponding node p2 to node p1.

Consider the example in Figure 2. Its CT-immune
graph is shown in Figure 3(a). Since the output sets of
product line P/ and P3 are the same. Therefore, product
lines P/ and P3 are CT-immune to each other and there
are directed edges from p/ to p3 and p3 to pI. Also, P3
is CT-immune to P2 because the output set of P2, {O],
02, 03} is a superset of P3 s output set {02, O3} so there
is a directed edge from p2 to p3.
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Figure 3 The CT-immune graph of Figure 1.

Basically, our algorithm is performed in two steps in
Figure 4. In the first step, we look for a set of output lines
whose output sets are the same. Those product lines with
the same output set are CT-immune to each other and the
corresponding nodes must have edges pointing to each
other in the CT-immune graph. Intuitively » product lines,
which are CT-immune to each other, should be placed
together.

Product_Lines_Re-ordering()

{
Construct CT-immune graph();
Stepl: Group the product lines(),
Step2: Find CT chains();

}

Figure 4 The algorithm of product lines re-ordering.

After grouping those lines that are CT-immune to each
other, we then reduce the CT-immune graph to a new
graph as follows. One new node replaces the
corresponding nodes of the mutual CT-immune lines.
The new node has the same incoming and outgoing edges
of the replaced nodes. For example in Figure 3(a), since
Pl and P3 have the same of output set, all outgoing or
incoming edges of p/ and p3 are the same. The new
node p(1,3) represents the grouping of product lines P/

and P3. The updated graph is shown in Figure 3(b).

In the second step, we greedily give partial ordering of
some product lines to obtain as many CT-immune lines as
possible. After the first step, the best result we can get is
to have an alternation of a CT-immune line followed by a
non CT-immune line. We called such a chain, a CT chain.
For example, in Figure 5, product lines P2, P4 and P6 are
CT-immune lines while product lines PI, P3, P5, P7 are
non CT-immune lines. Our greedy algorithm attempts to
give a partial ordering so that we can have a CT chain as
long as possible. When a CT chain cannot grow any
longer, we build another CT chain. We illustrate our
greedy algorithm by the following example.
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Figure 5 The example of a CT chain.

Consider the example in Figure 6(a) that there is no
CT-immune line. In the first step of our algorithm, we
finds that product line P4 and P6 have the same output set
so they are grouped together. After grouping P4 and P6,
the updated CT-immune graph is shown in Figure 6(b).
Then, in the second step, we attempt to build long CT
chains. In this step, we first choose a product line with
the maximum number of incoming edges in the updated
CT-immune graph, i.e., the (grouped) product lines P(4,6).
We intend to build a CT chain around product lines P(4,6).
There are two directions, the “left” and the “right”
directions, to grow a chain. Let us start to grow from the
“right” side. Among the nodes in the graph which have
an edge pointing to p(4,6), we choose one with the largest
outgoing edges which is p/. We then add P/ to the CT
chain and the chain becomes {P(4,6)<-PI} where the
arrow indicates product lines P(4,6) is CT-immune to P/.
Again among nodes to which p/ has edges pointing, we
choose one with the largest incoming degree which is p2.
The CT chain becomes {P(4,6)<-PI->P2}. The chain
growing process continues till we have
{P(4,6)<-P1->P2<-P7->P5}. After that we try to grow the
chain from the “left” side of P(4,6) using the similar
process. Finally, the chain becomes
{P3->P(4,6)<-P1->P2<-P7->P5}. One can find that this
ordering has four CT-immune lines, which are {P4, P6,
P2, P5}. The new ordering is shown in Figure 6(c). Note
that in this example, we terminate the algorithm with one
CT chain since all product lines are in the chain. In other
cases, several CT chains may be needed.

2.2. Input and output lines re-ordering to alleviate
crosstalk noise

In the previous section, we attempt to maximize the
number of CT-immune lines. In this section for those non



CT-immune lines, we propose another technique to reduce
the effect of the crosstalk noise.
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Figure 6(a) An example of a PLA (b) The
CT-immune graph (c) The result of product lines
re-ordering (d) The initial ordering of input/output line
re-ordering (e) The result of input and output lines
re-ordering.

In the PLA structure, product lines need not have the
same length. For example, product line P5 in Figure 6(c)
can end till O4. The extra length from O4 to O5 can be
removed. Therefore, the length of a product line depends
on the ordering of input/output lines. For example let us
consider the new ordering of {05, 02, O3, 04, Ol} in
Figure 6(d). After the adjustment, the length of P4 is
greatly reduced because the portion of P4 from O2 to O/
can be removed. The length reduction for P4 can ease the
crosstalk effect on its adjacent line P3 because crosstalk
noise is directly proportional to the parallel length
between P3 and P4.

In this section, we attempt to reorder the input/output
lines so that the parallel length of those non CT-immune
lines can be minimized. Since the layout of PLA is regular,
we assume the spacing between adjacent input/output
lines is 1. For each non CT-immune line, we compute the
parallel length to its adjacent lines and then the cost is
equal to the summation of all the parallel lengths of non
CT-immune lines. For example, the parallel length of a
non CT-immune line P3 is equal to 4 (three in the AND
plane and one in the OR plane).

Our output-ordering algorithm consists of two steps.
We first attempt to find a good initial ordering followed
by an improvement step. In the initial ordering step, we
order the output lines according to the number of product
lines. For example in Figure 6(c), output line O5 has the
maximum number of product terms so it is ordered at the

top of the ordering while output line O/ has one product
term so it is at the bottom of the ordering. After the first
step, the initial ordering becomes {05, 02, 03, 04, O}
as shown in Figure 6(d). The initial algorithm in general
reduces the length for all product lines. Then, we adopt an
iterative swapping algorithm to improve the results. For
the same example, if output line O3 and O4 are swapped,
the parallel length between P7 and P35, a non CT-immune
line is reduced while all other parallel lengths do not
increase. The iteratively swapping is performed until there
is no improvement. We use the same method to re-order
the inputs. Figure 6(e) shows the final result of
input/output lines re-ordering. Note that in the example
the length of a product line goes from the AND plane to
the OR plane. If inter-plane buffers are considered, the
length on the AND plane and the OR plane should be
considered separately.

3. Experimental Results

We have implemented the techniques presented in
Section 2 to minimize the non CT-immune lines in the
circuits and performed experiments on a large set of
MCNC PLA benchmark. All the example circuits are
minimized by ESPRESSO for two Ilevel Ilogic
optimization.

Table 1 shows the results of re-ordering the product
lines. The first column shows the name of a circuit, the
second column shows the number of product lines. In
the third column, we show the number of non CT-immune
lines before applying our algorithm. In the fourth column,
we show the number of non CT-immune lines after our
re-ordering algorithm. The last column shows the
computation time performed on SUN workstation Ultra 10.
For example, the number of product lines for circuit x7dn
is 538. Before the re-ordering algorithm, the number of
non CT-immune lines for circuit x7dn is 492. After the
re-ordering, the number of non CT-immune lines is
reduced to 28. On the average, the number of non
CT-immune lines is only 13.3% of that in the product
lines.

In Table 2, we also show the results of the input/output
re-ordering technique. Before re-ordering, the second
column shows the total parallel lengths of all non
CT-immune lines described in Section 2.2. After the
input/output re-ordering, the reduced cost is shown in the
third column. The last column shows the computation
time. For example the circuit x7dn, the total parallel
length of non CT-immune lines to its adjacent line is 2026.
After re-ordering, the total length becomes 776. On the
average, the total parallel length of non CT-immune lines
is reduced to 58% of that without input/output line
re-ordering but after product line re-ordering.

4. Conclusion



This paper proposes two crosstalk alleviation
techniques for dynamic PLA. We first propose the concept
of CT-immune lines, which are immune from crosstalk
noise. Then we propose a re-ordering technique for
product lines to maximize the number of CT-immune
lines. Furthermore, since the crosstalk noise is also
directly proportional to the parallel length, we propose
another input/output lines re-ordering technique so that
the parallel lengths between the non CT-immune lines and
their adjacent lines are greatly reduced. Our experiment
results show that the presented techniques are very
effective in reducing crosstalk noise in dynamic PLA.
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