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Abstract

This paper deals ‘with the three-level PLA constructed by EXCLUSIVE-OR, AND, and OR.

(abbreviated as EXANOR).

Most PLA circuits have constraints on minimum chip area and minimal input lines.

Thus,

the reduction of PLA chip area is an important factor in design of logic circuits.
In this paper, newly constructed architecture of PLA is proposed and then, its reduction effect is
proved theoretically and some of selected examples are illustrated for designing three-level PLA circuits.

1. Introduction

Programmable logic arrays (PLA’s) are known as
an approach to implement logic circuits having low
production potential [1]-[3]. In this paper, two
types of PLA is discussed; two-level PLA and three-
level PLA,

First of all, the problem to implement PLA are;

1) the number of inputs

2} the number of outputs

3) the number of product term lines

4) the number of NOT gates

5) logic time delay

In this paper, 3) and 4) are discussed for reduc-
tion of PLA size, The three-level PLA using
EXANOR is shown in Fig. 1.

In section 2, two types of three-level PLA
structures are introduced, in section 3, how the
three-level PLA is implemented is introduced, and in
section 4, implementation of three-level PLA
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circuits is introduced. And then in section 5, the
PLA sizes of two types of PLA are compared with the
conventional PLA,

INPUT
EX~OR array| . AND array
OR array :> OUTPUT

Fig. 1. Three-level PLA using EXANOR

2. Two Types of Three-Level PLA

(EXCLUSIVE OR-AND-OR)
Three-level PLA which is treated in this paper,
is divided into the following two types.

TYPE 1:First type of three-level PLA implementa-
tion is shown in Fig. 2. and its MOS struc-
ture in Fig. 3.
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As shown in Fig. 2, inputs and their inverted

inputs are used. So, the number of input
lines is 2n. (where n is the number of input
vuriables)

TYPE 2:Second type of three-level PLA implementa-

tion is shown in Fig. 4. and its MOS struc-

ture is in Fig. 5.

The number of input lines is n+2.

In this case, NOT gates is needless to be used.
Instead, X and X is implemented by X(0O and X® 1,
respectively, In every row, EX-OR gate which has
MOS elements is located to the first part of PLA. So,
the number of MOS’s required for circuit design can

be reduced.

3. How to implement The Three-level PLA

In this section, some definitions and theorems
are derived and two methods to implement three-level
PLA are introduced.
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Fig. 5, The structure of Ex-OR array

A. Definitions for implementing three-level PLA
An ordinary function f (X, X,,. .., X ) B"-»
B, B = {0, 1) , can be represented by a Boolean

expression of two-valued variables X; (i=1,2,...,n).

Definition 1) An element of a Bolean algebra B
is called a constant on B,

Definition 2) A symbol that may represent any

one of the elements of B is called a

(Boolean) variable on B.

There are 22" different mappings

which map from the Cartesian Product

set {O, e into{O, 1}.

A literal is defined to be a constant,

variable or complemented variable,

Let a= (al, Ay, an) be a constant

in B".

Definition 3)

Definition 4)

Definition 5)

f(xl,xo,...,xn an)

5 )=f(a],az,...,
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a3 ap
VxR xg

where x.%t = X; if a; = 1
! Proof.
ii otherwise

is called the canonical sum-of-product
form.

B. First method to implement three-level PLA of
Boolean function

First of all, two theorems necessary to imple-
nent first method are derived as follows;

Theorem 1] Any AND-OR minterms can be con-
verted into EX-OR-AND-OR min-
terms;

f(xl, Xyy oo Xy 4, .) = f(xl, L A ) )

>roof, Let a switching function be f(xl, S

xn), first n variables are divided into two
parts such that f((xl), (x2, Ko oo xn)) =f
(p,,?,) :

Thus f(Pl’ Pz) = f(rl, r2)P1r1. P2 2 where
(r1 ) L ) is element of P1 X P'2 and x denotes
Cartesian Product.

The term Pil 'P2 T2 can be replaced by

J— 15__

Theorem 2] Any two minterms can be combined and

reduced to one term.

Let X = (al, ay, . .o an) and Y = (bl,
bz’ . bn) be the binary representation of
two terms of f.

al 82 an

Two terms such that X" X, Xy
b1 b2 bn
and )(1 X2 "'Xn

be supposed to be identical term except for
two bit position i, j (14i orj £n).

And then two terms are reduced to one term
by using EX-OR and EX-NOR operation,

x,! x22 .xaii x:j ox "
+ xbl xb2 xPi. xb’ X n
1 i j
xj‘ x 2 x:“ (x:ii x;" + xbii x?j)
xj‘ xzz .. x:“ X, ® xj)ai ©s;

By theorem 1 and 2, it is proved that any

Boolean function expressed by sum-of-products can

"1 .p "2 [T PO
P1 (P1 F’2 +P1 .P2 ) =
T

r, ®
PI'I (P, @Pz)l 2

overall variables,
be expressed as
without loss of

Applying this rule to
switching function can
EX-OR-AND-OR forms

generality.

3IXAMPLE 1. If a switching function is f (x, x,) =
X, X,, it can be represented
f(x,x,)=(1,0) , : . x g by theorem

D).
From here,
X ! X 0 = X 1 ! 0 0 !
. = +
) , (X%, X Xy )

(15)

EXAMPLE 2 Suppose that x = x x_x_x

EXAMPLE 3,

be converted into EX-OR-AND-OR three-level form.

1¥2%3%4% 5%

Y = x1x2x3x4x5x6A

4 OX X XX XX

X+Y = X XpXgXXs¥e 1¥2%3%4%5%6

X XX Xe ()(3x5 + x3x5)

it

= x1x2x4x6(x3 @® Xg )

by theorem 2), any two-minterms can
be reduced one ex-or or ex-nor form.

In case of realizing three-level PLA
from two-level PLA, suppose that a
AND array part of two-level PLA is
constructed the form shown in Fig. 6.
To minimize the AND array part,
theorem 2 can be applied to Fig. 6.
Product terms (= AND array part of
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two-level PLA) shown in Fig, 6. can EXAMPLE 4. In the Fig. 8, 9, 10, and 11, example

be converted EX-OR-AND terms using which is the case of changing binary
first method code into gray code, is shown
(applying method)
{
X . ¥ *
B3 B2 B1 B0 G3 G2 G1 GO
Xy X 0jfo o o 00 0 0 o0
: : 1jo o o 1|0 o o o1
X, =¥ ¥ 2/0 0 1 oo o 1 1
3o 0o 1 1|0 o 1 o
% X % K 410 1 0o oo 1 1 o
E 510 1 0 1 0 1 1 1
X : Ry S
3 6 | N 1 1 0 0 1 0 1
_ 7,0 1 1 1|0 1 o 1
L %
= O _ L . 8 11 0 0 0 1 1 0 0
XXXy Xy XpXy X XXy XyXoXy X XoXy XXXy st o o 1l1 1 o 1
) 10 /1 0 1 0
Fig. 6 The AND array of iwo-evel PLA 1 1 1 1
11 |1 0 1 1 1 1 1 0
1)  From lst and 2nd column; By theorem 2 3 12 11 1 0 0 1 0 1 0
X X X4 X, X, X, o= (X 3>X?)X3
*po X Xy (A ! 13t 1 0 1 1 0 1 1
; ; By theorem 2
2}  From 3rd and 4th~culu~mn 'Y o x 14 |1 i 1 0 1 0 0 !
X, X, X, ot X X, Xy= (X0 %)%
1 2 - 3 = x )X 15 |1 1 1 1 1 0 0 0
=X @ XXy 7 (R DX Xy
3) From 5th and 6th column; By theorem 2 Fig. 8. Truth-table for Changing binary code intc
- - gray code
Xl XZ }\3 + X] X2 X3
= (X, WXy (X, WX §°°
0
Binary ;";
Fig, 6. can be converted as Fig. 7. f:::" 8o AND ROM
8
Bro-
8,0
(XI$X2) + )L— T3 11I3t11t11trrere-
- G°
(X 8X3) ;( O(Zo
R ROM &
% ° 5 | o
)_(3 * 5: ovputs
ga
(X, 8X5 ) >
2% T 0 123456780101112131418
IOIinnvmcimal
outputs

Fig. 7. The EX-OR and AND array of three-level
PLA Fig. 9. The canonical sum-of-products for chang-

ing binary code into gray code
{(16)
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oo
B0
Binary E';
code v
oo 810 AND ROM
B0
Bl
8
y
o Go
L"l>"""°"3e
0 G,
OR ROM L—-Do—-aé. Gray
© G, | code
outputs
L—-D)—oa,
o G,
- ~ "
o | | 1 | e l D: =
& | el el G
m @ @
AT T

Fig. 10. The standard sum-of-products for two-level
PLA

Lpo—dg
Lbo—a

The Binary-to-Gray code converter using
EXANOR PLA

Fig. 11.

Fig. 8. is for truth table, fig. 9. for canonical
sum-of-products form, fig, 10. for standard sum-of-
products form, and fig. 11. for three-level PLA.

C. Second method to implement three-level PLA
of Boolean Function

In this case, MASK [9] method, which is com-
puter-aided method, is used. Using MASK method,
two MASK tables can be made. One is made using
given variables, and another is using new varables
which consists of EX-OR forms, From two MASK
tables, a new MASK table, which is called modified

(1

[

MASK table, is made and PI’s are selected with
optimal cost in that table.

Theorems necessary to implement second me-
thod are derived as follows;

Expressions of switching functions for
three-level PLA by the linked vari-
ables;

Theroem 3]

3,

f(xl,xz,...,xn) = Zf(al.az,...,a“)xl (x1 +

3., oy,

+ X )

al+ a2
: n-1

xz) .. (xn_2

3n-1 ®an

(xn-l * xn)

Proof. Applying theorem 1] to the each two vari-

ables, theorem 3] can be proved.

Theorem 4] Expressions of switching functions for
three-level PLA by the partitioned

variables;

=2
..,xn) f(al,az,..,

a a, ©a,

N CCE Y
a3 2,
(X3 @ X4)
a“-1 Oan
(xn-l @ xn)

Applying theorem 1)} to the partitioned

variables,

Proof.

1 3 n-1

=2 f(al.az,...,an)x1 Xyt axoy



— 18— BREARGE H32E F1W 19834 15

1 ® 3,
17727732

S, are assigned to each position and

new truth table is generated as shown

x @ x )t P in Fig. 12.b).

o " From Fig. 12.b), the following 4

prime implicants are obtained;

a,®Pa, Then new varables such as s_,s_,s

a
x, ® x,) T3 @ xy)

EXAMPLE 5. Of theorem 4], the term x1§‘2*3x4,

can be expressed as EX-OR-AND S 5.5.% §1§35456’ Slss-4§6’ $,5,5,5,

formf(xl,xz, X3.%,) = X X, X %,

X X,
_ X1 X2 %3 5%
=x1(x1@x2)x3(x3@ x4) 000 001 011 010 .110 111 101 100
000 1 1 1 1
X X5(X, @ x,) (x3 D x,) 001
1 1 1
Theorem 5] Terms such as X0 (x1 o) xz), N 01l !
(xn_l &) xn) can be substituted for 010
newly generate.d.vanables; S, s2-, RN 110 1 1 1 1
S, So, the original truth table is con-
verted to the new truth table of n 111
variables, 101 1 1 1 1
The following two examples are taken for ap- 100
plication of the second method.
a) tor variables xi
EXAMPLE 6. Suppose that any Karnaugh map of
Boolean function is given in Fig.
12. a). It can be converted using 5455 Sg
i 51858
second method.  From Fig. 12. a), 1%2°3 000 001 011 010 110 111 101 100
if two-level PLA is used, there are the
following 16 prime implicants; 000 1 1 111
. 001
x1x2x3x4x5x6, x1x1x3x4x5x6,
______ o - - 011
XX XX, X _ X X X X, X, X_X X, X, XX, X_X
2%3%4 , > a ,
_1 __5_6 _123_456 —123 -56 010 1 1 L N
*1¥2%3%a*s%e, *1¥2¥3%4¥s¥e X1 % X3%5%5%e
— - - = - - - - 110
X1X2X3X4X5X6, x1x2x3x4x5x6, X1X2X3X4XSX6,
X, X X X, X_X X X X X, X_X X X X X, XX 111 1 1 L L
17273747576 T172%3%a% 5% X 1%2%3%3%s5%6
101 -1 1 1 1
x1x2x3x4x5x6, 100
X X XX, X X, b) for variables si
X X X X,X_X
1*2%3%4%s5%¢ .
_ - Fig. 12. The Karnaugh maps for example 4
X1X2X3X4X5X6,
EXAMPLE 7. Suppose that any Karnaugh map of
And by the theorem 3], Boolean function is given in Fig. 13,
a). It can be converted using second
= method. From Fig, . a),
$,5,5,5,5:5, X % (,@%3 )%, x5 (g B ) od. From Fig. 13, a), there are

15 prime implicant;

(18)
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X X, X, X X X X

XXX 3K X 1X2%a%e’ 1*2%3%4% 5%
X X,X g% XpXgXgXsXe, X XpXgx xg,
xli2x4x6, x1x3;‘4~5_6 x1;2x3x4x5’
X)X, X X5, X XX3¥XgXer X XXX XX
;3x4;5x6’ ;2x3§4x5x6, §1x3§4x5x6
From Fig, 13. b), following 11 prime
implicants are obtained;
$,5,58,8 5,5,5,858¢,  §,5,5,5,5,,
$15,545556>  8,835,5, $18,8,5¢
$1535,5,. §,5,5,5, 5,5,5,5,5,,
$,8,5,5,5,, §,5,5,548
X4 X5 %g
1%2X3 000 001 011 010 110 111 101 100
000 111 1 1
001 1 1
011 1 1 1 1 1
010 1 1
110 1 1 1 1 1
111 1§ 1
101 1 1 1] 141
100 111
a) for variables xi
$455S¢
*15253™\ 000 001 011 010 110 111101 100
000 101 1 111
001 1 1
011 1 1
0l0 1 1 1 1
110 1|1
111 1 1 1 1 1
101 1 1 1 1 1
100 1 1

b) for variables si

Fig. 13. The Karnaugh maps for example 5

(19)

4. Impiementation of three-level PLA circuits

In section 3, two design methods are discussed

for three-level PLA, The first method which use the
direct conversion approach to generate the EXANOR
PLA is simple but tedious. And the second method
which treats the switching function more genral in
all the design phase, is more applicable to practical

implementations.

Thus, in this section three-level

PLA circuit design is realized based on the second
method.

Before discussing the procedure, the termino-

logies are defined;
Definition 6) The prime implicant generated from

Definition 7)

Definition 8)

original switching function, whose
variables are x. (i = 1,2,.,n), is
defined as XPIi, where i designates
the order of genrating PI’s.

The prime implicant generated from
new switching function, whose vari-
ables are determined by the parti-
tioned variables s, (i = 1,2,..., n),
is defined as SPIi, where i denotes the
order of generating PI’s,

The table which consists of XPIi
and SPIi is called the mixed PI table,

Next, procedure for implementation of three-

level PLA circuit is as follows:
Procedure:

D

2)

Generate XPIi whose variables are X (i=1,2,
n) using MASK method.

Generate SP~Ii whose variables are s, (i=1.2,..,n)
using MASK method.

sary

3) Make the mixed PI table,

4) From the mixed PI table, count the number of
the checks in each row and let it be the original
cost.

5) Select the PI which has the maximum value of
cost. If PI is more than one, then PI in SPI has
priority.

6) Arrange the new cost, and if all the minterms are
covered, go to step 7). Otherwise, go to step 5).

7) Stop.

Example 8  In example 6, choose the PI’s using

the procedure.

By the procedure, mixed PI table is
made. And from the mixed Pl table,
4 PI’s are selected as follows;
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Cost: the number of minterms covered by the

§,8,8,5,, §,8,5,8,,
prime implicant.
Ynterm Selected
XPI or SPI 1 2 34 56 78 9 10111213 14 15 16 | Cost PI's
)(PI1 X 1
XPL, X .
)(I-’I3 X 1
XPI 4 X 1
XPL x 1
XPI, x 1
XPL, x 1
Xl’]8 X 1
XPY . 1
XP]1 0 x 1
XPL | x 1
XP[l a X 1
XPI1 3 X 1
XPl14 X 1
XPIl 5 X 1
XPI16 X 1
SPI1 X X X X 4 +
SP12 X X X X 4 +
SPI3 X X X X 4 +
sp 14 X X X X 4 +

o1

Fig. 14. The mixed P1 table for example 8

k4

X X3 % X5 Xg

0 1 XXXy XX Xg

ki

Fig. 14-1.

£

Circuit for example 6 and example 8

( 20)
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Example 9. In example 7, choose the PI's using 8 PI’s are selected as follows:
the procedure. X XXX e X XoX Xgy X X XX, §,8:8,S
By the procedure, mixed PI table is - - - -
made. And from the mixed PI table, 51835486 515,585 51535456 51535456

interm Selected

XPI or SPI 1 2 3 4 5 6 7 8 9 1011121314151617 1819 20 21 22 23 24 25 26 27 28|Cost PI’s

XPl1 X X 2

XPI2 X X X X 4 +

XP[3 X 1

XPI4 X X X X 4 +

XPI5 X X ‘; 1

XPI6 X X 2

XPI7 X X X X 4 +

XPI8 X X 2

XPI9 X X 2

Xl’I10 X X X X1 4

)(PI11 X X 2

XPI12 X 1

XPI13 X X X X 4

)(PI14 X 2

XPI15 X X 2

Minterm Selected
_XP[ or SPI 1 2 3 4 5 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24 25 26 27 28(Cost PI’s

SPII X* X* X*X* A

SP12 X* X* )

SPI3 X* xX* 5

SPI4 X* X* 3

SPIS X*X* X* X* 4

SPI6 X* X* X*X*| 4

SPI7 X*X* X*X* 4

SPIS X* X* X*X* 4

SP19 X * X* )

SPllo X* X * 5

SPl“ X * X* )

Fig. 15. The mixed P1 table for example 9

(21)
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a1 X5 X3Xg Xe

Fig. 15-1. Circuit for example 7 and example 9

5. Size Comprison with Two-Level PLA and
Three-Level PLA

In this section, comparison with two-level PLA
size and three-level PLA size is discussed. In the case
of physical design, MOS array size plays an important
role in estimating overall chip size.

In Fig 16. and Fig. 17, their sizes S(n) are
evaluated as follows;

Two-level PLA: Sz(n) = (2n +m)W

Three-level PLA: S3(n) =(n+2+W)H+Wm

e w ~
X 5] T
*2 Tpod  awp armay In
g
T
m OR ARRAY :%’
-1

Fig. 16. The dimension of two .levelPLA

Without loss of generality, output function is re-
garded as simple output switching function.

Theorem 6] In two-level PLA, W is 2®'!* and in
three-level PLA, W is 2*2. The W
sizes of two-level and three-level PLA

are 2°! and 2™2, respectively.

Ax
X1%4
£
0 1¥%; Xy
Ll | o W ey
|| T
EX-OR ARRAY[~] AND ARRAY | H
e I 110
T fo
m OR ARRAY [T~ f1
i [ fn

Fig. 17. The dimension of three-level PLA

Proof. In two-level PLA, if the number of input is
n, then in worst case, W is 2" But the
number of columns are 2"/2 because of
duality of switching function.
And by theorem 2], the number of columns
of two-level PLA is divided by 2. So W of
three-level PLA leads to 2™°1 /2.

By theorem 6], sizes of two types of PLA are
evaluated as follows;

Size of two-level PLA: S_(n) = (2n+1)2""!

Size of three-level PLA:

S, (n) = (n+2+2™?) 2n+2"-2
= (2n+1)2" 2+2n%+4n

And let the ratio of reduction R, be

S,

$,(n)

(22)
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Ratio of reduction is

(2n+1)2" %4202 40
R =1~ =

= 0.5
(2n+1)2™!

So, using three-level PLA | a half of size is reduced.

6. Conclusion

In this paper the new design methodology of
PLA is considered and evaluated by using PLA
chip size. Some of problems encountered in design
of PLA are the reduction of input lines and product
terms. To reduce the product terms and input lines,
the architecture of three-level PLA is proposed in
this paper.

This architecture is composed of the three-
level PLA such as EX-OR, AND and OR. By theorem
1] - 3], all the switching functions are expressed
as EX-OR, AND and OR. And there are two types
of expressing the given switching functions., Some
examples are introduced for the clarity of theorems,
finally, ratio of size reduction is considered and
its reduction ratio results in a half time as much as
the conventional two-level PLA size.
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