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Abstract

Easily testable two-level AND-EXOR circuits have
been investigated by many researchers. However, two-
level AND/EXOR circuits (i.ee ESOP) can be area-
consuming and slow; therefore they should be factorized.
In this paper, a new AND-EXOR factorization method
based on rectangle covering is presented. A factorized
multi-level AND/EXOR circuit can be partitioned into
planes of ESOP circuits, which can be tested separately
using the scheme given in [10]. Therefore, in this paper
we also show a new scan-based easily testable realiza-
tion that uses a universal test set, and that suggests a
deterministic Built-in Salf Test (BIST).

1. INTRODUCTION

The transformation from a two-level form (i.e. SOR,
POS) into a multi-level form can lead to very substantial
reductions in area, complexity, and delay. Also, many
logic gates have a certain fan-in limit, so it is not always
practical to implement circuits using two-level expres-
sions despite their high testability, ease of minimization,
and regular layout realizationsin programmable logic ar-
rays (PLAS). Thus, multilevel circuits are used in prac-
tice, and one of the most often used ways to obtain them
in industrial CAD systems is the iterated factorization
methods[1, 2, 3, 6, 19, 20, 21, 27].

Itiswell-known that AND/EXOR circuitsare in gen-
eral more easily testable than AND/OR circuits [10, 13,
15, 16, 17]. However, there is not much work on multi-
level AND/EXOR synthesisthat targets area and testabil -
ity optimization. Several researchers developed toolsfor
multi-level logic synthesis based on EXOR gates. Saul
gives an algorithm for multi-level synthesis of Reed-
Muller representations in [19, 21]. His algorithm is
based on a simple factorizer without much optimiza-
tion. Chattopadhyay (et al.) created a tool for multi-
level AND/EXOR design [6], but they did not use factor-
ization and did not consider testability. Rajski (et a.)
showed that the factorization of AND/OR expressions
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preserves tests, which means that the factorized logic
network can be tested with the same set of tests as the
origina network [14]. Tsai (et a.) showed that a very
simple and restricted factorization of AND/EXOR ex-
pressions preserves some testsand isuseful in realization
of arithmetic functions[27]. However, the authors admit
the poor quality of their factorization algorithm. Lee (et
al.) discussed testability of multi-level AND/EXOR cir-
cuits [11], but these circuits are a very specia case of
circuitsdiscussed by us here. Steinbach (et a.) proposed
amethod to design multi-level AND/OR/EXOR circuits
that are fully testable [23], but their test set is not univer-
sal.

Other methods were proposed to increase the testa-
bility of a multi-level network during logic optimization
by checking for a special type of Boolean resubstitution
[4, 5, 7, 8], or after optimization by test point insertion
[24, 25]. Touba (et a.) also proposed a test point in-
sertion that is performed during thelogic optimizationin
[26]. However, none of the above methods specifically
considered AND/EXOR designs, or they targeted only
random pattern testability.

The goa of this paper* is to present a complete
method to solve the problem of quasi-optimum factor-
ization of AND/EXOR expressions, and propose a scan-
based testing scheme which requires a minimal and uni-
versal test set. Brayton (et al.) solved the factorization
problem for Sum-of-Products (SOP) expressions by us-
ing a rectangle covering technique [3]. They utilized the
concept of overlapping rectangles to come up with op-
timal solutions. Overlapping rectangle techniques can
also be used for EXOR-Sum-of-Products (ESOP) factor-
ization. Therefore, in this paper we will define a rect-
angle covering approach, Even-Odd Rectangle Covering
for the factorization of ESOPs. Thisisthefirst time that
the rectangle covering approach has been used for ESOP
circuits factorization.

In section 2, the basic information on factorizing SOP

*Thisresearch has been partially funded by Oregon Board of Higher
Education.



and ESOP formsis given. Section 3 presents our method
for efficiently factorizing ESOPs using rectangle covers.
Section 4 discusses the testability of factorized ESOP
forms. Conclusions and future directions are given in
Section 5.

2. PRELIMINARIES
2.1. Basic Definitions

A Boolean variable is any variable whose domain is
the set {0,1}. A literal is a Boolean variable or its com-
plement (eg. « or @). A cubeis simply a product of
literals. However, it cannot consist of a literal and its
negation (i.e. aba isnot acube). An expression isasum
or EXOR-sum of cubes, eg. F = abc + bd f + gh or
F = abe @ abe.

The support of an expression isthe set of al variables
that occur inal literals of the expression, for instance for
the expression ab + b¢, the support set is {a,b,c}. Two or
more expressions are said to be digoint when they have
no common elements in their support sets. For example,
if ' = (a+b) and G = (¢+d), then sup(F)Nsup(G) =
0.

2.2. Factorization

A factorized form is an efficient representation of an
equivalent Sum-of-Products (SOP) or EXOR-Sum-of-
Products (ESOP) expression. It contains a smaller num-
ber of literals than the original SOP (ESOP) expression.

An algebraic factorization of a SOP (ESOP) expres-
sion can be obtained by simply factoring out (parenthe-
sizing) the common literals, cubes, or higher-order SOP
(ESOP) expressions in the original expression. For ex-
ample, given the ESOP function

EF=acPbcPadDbdPaf Dbf,
an algebraic factorizationis

E = alcod)@blcdd)® fladb)
= (a®b)(cdd) ® fladb).

An optimum algebraic factorization of an expression is
the one with the least number of literals [9]. By defini-
tion, an optimum factorization is the product of digoint
SOPs (ESOPs), and/or Sum-of (EXOR-Sum-of) these
products [3]. The factorized ESOP expression above is
not optimal because it can be factorized further into a
fewer number of literals, to give,

[E] = (a®b)(cpdad f).

As our notation, the function name of an optimally fac-
torized expression iswritten in brackets.

In some cases, other axioms of Boolean logic can be
incorporated into simple algebraic factorization to obtain
better factorizations. Theidentity law allowsthefollow-
ing substitutionsin an expression:

a+1=1,
a+1=1,
a®l=na,
ad®l=a.

Example 1: Given the SOP function
F = ab+ bd + ac + abe,
the factorized expression is

F— b(a—i—d)—i—ac(l—l—g)
= bla+d)+ ac.

Example 2: Given the ESOP function
F = ab® bd & ac & abe
the factorized expression is

[E] = b(a
= ¥
= b(a
= ¥
= b(a @d).

Notice that the non-factorized ESOP function of Ex-
ample 2, £, has the same product terms as the non-
factorized SOP function of Example 1, F'. Yet, we see
that £ has been reduced to fewer literals than F. In
this example, the differencein literal countsis only one.
However, in larger functions the difference may be quite
dramatic.

Another algebraic rule that we can use along with
simple algebraic factorization is the idempotence law,
which can be interpreted as adding more terms to the
original expression. The addition of terms is accept-
able as long as the new terms do not change the log-
ical function implemented by the original expression.
For AND/OR functions, better factorizations may be ob-
tained by repeating one or more existing termsin the ex-
pression;

z=y+x+ x+ - +x=y + =z
additional terms



Example 3: Given the SOP function
F = gd4+gb+ fd+bf +ec+ cf + be,

after simple algebraic factorization,
Fo=(g+/)(d+0b)+cle+ )+ be,

which has 9 literals. Next, we add an extraterm, “bf”,
and then factorize the expanded expression,

r gd+gb+ fd+bf+bf +betectcf
[Fl = (g+)d+b)+(e+ f){b+ec),

which has 8 literals. Thus, using the idempotence law
we saved one literal and obtained the optimal factorized
form.

For AND/EXOR expressions, we may al so obtain bet-
ter factorizations by repeating one or more existing or
non-existing terms in the expression, provided that the
terms are added in even sets only;

r=ydbrdrd - Dr=y>da,
additional existing terms
z=ydDrdzd - bDz=y D x.

additional non-existing terms

Example4: Given the ESOP function
EF = 2@ ghdxfDyf Dyz @ xh,
after simple algebraic factorization,
E=zgoy) @ flroy dhlgo ),

which has a cost of 9 literals. However, after we add an
extra non-existing term (“zz") twice to the function,

EFE=xz:02f Pyzdyf Daz®ah®gz P gh,

isfactorized to
[E] = (z®y) (2 @ f) ® (zDg)(2 D h),

which has a cost of 8 literals.

As shown in the above examples, SOP (ESOP) mini-
mization rules (i.e. identity, idempotence) can be a part
of the factorization procedure. In the next section, we
will see how these laws can be applied to the rectangle
covering method modified for ESOP factorization.

3. ESOP FACTORIZATION USING RECTAN-
GLE COVERS

In this section the Even-Odd Rectangle Covering
method is presented. First, some fundamentals to our
approach will be given.

3.1. Further Definitions

A cube free expression is the one that cannot be di-
vided evenly by a cube [9]. For example, zy & z is
cube-freg, but xy @ zy is not cube-free because it can
be evenly divided by the cube y. Also, for an expression
to be cube-free, it must consist of at least two cubes (e.g.
xyz is never cube-free because it can be divided evenly
by any subset of itsliterals).

A kernel is defined as the cube-free quotient, K, of
any expression, F, divided by a cube, C, such that, K =
F/C [9]. For example, if ' = 2yz @ zywv @ tzv and
C =zy, thenK = F/azy = z®wv, whichisacube-free
guotient, and therefore a kernel. Also, note that a kernel
must consist of at least two cubes due to the cube-free
criterium. For completeness, we denote the cube C' as
the co-kernel, which dividesthe function /' to obtain the
kernel K.

We define the level of a kernel, such that akernd is of
level-0 if it has no kernels except itself, and a kerndl is
of level-n if it has at least one kernel of level-(n-1), but
no kernels (except itself) of level-n or greater [9]. For
example, for afactorized function

F=cb(foe)ogb)@debsa)dgsf),
the kernels of different levels are:

K(f)y = fope (level-0 kernel)
KNy =b(f@e)Dgb (level-1 kernel)
K2(fy =F (level-2 kernel),

where K°(f) C K'(f) C K*(f).

A CoKernel-Cube matrix, M, is a matrix such that
each row corresponds to a unique co-kernel of the ex-
pression and each column corresponds to a unique cube
of the kernels found from the expression. A cell in the
matrix, Mg, is k if the cube C exist in the co-kernel
R, where k represents a unique number of a term in
the original expression; otherwise, the cell M g is left
empty. A rectangle is simply a covering of any num-
ber of different combinations of rows and columns con-
taining non-empty cells. A prime rectangle is a rect-
angle such that none of its cubes are covered by other
rectangles. A redundant rectangle is a rectangle such
that all of its cubes are covered by other rectangles.
Figure 1 illustrates different rectangles in a CoKernel-
Cube matrix. Prime rectangles, non-prime rectangles,
and redundant rectangles are denoted in the figure by
‘A', ‘B’, and ‘C’, respectively. Notice that a rectangle
is not necessarily formed by only the elements on its
corners. Therefore, al the elements of a rectangle are
circled and the circles are connected with lines. This
can be observed in the rectangle formed by the elements
{Mgz, M33, M42, M43, M52, M53} in Figure 1.
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Figure 1. Rectangles in a CoKernel-Cube matrix.
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Example5: Forthefunction & = ab®ac®adBbcPHbd,
numbering each term we obtain: ab =1, ac = 2, ad = 3,
bc = 4, bd = 5. The CoKernel-Cube matrix is shown in
Figure 2.

o @ 6 @
a b

®

(3 c| 2 4

@D a

@ bl 1

@d| 3 | 5

Figure 2. The CoKernel-Cube matrix for Example 5.

CoKernels Cubes Kernels

a c,d c®d
b c,d c®d
c a,b ad®b
d a,b ad®b

For the rectangle covers connected with dashed lines, we
obtain the non-optimal factorized form,

E=ab®dcdd) ®blcdd).

For the rectangle covers connected with solid lines, we
obtain the optimal factorized form,

[E] = (¢®b)(ckd) P ab.

Notice that we did not form the rectangle { M2, Mi3}
to find the optimal factorized form, rather we created a

single-cube rectangle, {}12}. However, in the case of
Figure 1 the non-prime rectangles shown are necessary
to obtain the optimal solution.

3.2. Odd Rectangle Covering

Odd rectangle covering isanatural consequence of al-
lowing an existing term of an ESOP expression to be re-
peated in odd sets, which occurs when an existingtermis
added even number of times. Therefore, inthe CoKernel-
Cubematrix, the repeated term is overlapped odd number
of times. Thefollowingexampleillustratesodd rectangle
covering.

Example6: For the expression given below
E =

acPbcDadDbdPedPdeBaePBeePafPef,
12 3 4 5 6 7 8 9 10

the CoKernel-Cube matrix is shown in Figure 3. In the
figure, term M., (ad), denoted by ‘3, is overlapped
three times (odd covering), which also means that it is
added twice to the original expression.

“m @ & @ 6 ©
a b c d e f

(1) a 1 3 7 9
@ b 2 4

@) c 5 | 8

4 d — (5 @

5 e 6 10

Figure 3. The CoKernel-Cube matrix for Example 6.

The factorized form obtained without odd rectangle cov-
ering (dashed lines),

E = (adb)(chpd)@dlchde)Be(ade)d flade),

has 13 literals. The factorized form with odd rectangle
covering (solid lines),

[E] = (aDb)(cpd)D(aPc)(dPe)P(ade)(dd f),

has 12 literals. Hence, thereisaliteral savings of one, by
overlapping the term “ad” three times.



3.3. Even Rectangle Covering

Even rectangle covering is a natural consequence of
allowing a non-existing term to be added to the original
ESOP expression in even sets (z & = = 0).

Example 7: For the expression given below

E = behad®bdBeedafPef,

12 3 4 5 6

the CoKernel-Cube matrix is shown in Figure 4. The
non-existingterm Ms; (ac), denoted by ‘7', isadded and
overlapped twice (even covering). The factorized form

M) a 21 .
@ b 1|3

3 c @)

@ d

(5 e 4 5

Figure 4. The CoKernel-Cube matrix for Example 7.

without even rectangle covering (dashed lines) is:
E=cbde)dladbd)d flade),

which has 9 literals. The optimal factorized form with
even rectangle covering (solid lines) is:

[E] = (a@b)(c®d) D (c® [)(a®e),

which has 8 literals, and saves one literal. Note that the
non-existing addition technique of AND/EXOR expres-
sionsdoesnot exist for AND/OR expressions. If the orig-
inal expression in the above example was a SOP with the
same product terms, the factorized expression would be,

F =clb+e)+d(a+bd)+ flate),

with 9 literals. The next example has cubes larger than
only single-literal cubes for the rows and columns of the
CoKernel-Cube matrix.

Example 8: Given the expression

F—
1 2 3 4 5 6

abryz ®cdryz D abfgdnmedDnmuvPuvfg

CoKernels  Kernels
ab zyz @ fyg
cd xyz ® nm
xyz ab @ cd
fy ab B uv
nm cd B uv,

the CoKernel-Cube Matrix is shown in Figure 5.

ab cd Xyz fg uv nm

ab 1 3

@2
0 GO ©

uv 6 5

Figure 5. The CoKernel-Cube matrix for Example 8.

Term “cdf ¢”, denoted by 7, is added twice to obtain the
optimal factorized form below,

[E] = (ab® ed)(zyz ® fg) & (fg & nm)(cd & uv).

3.4. Even-Odd Rectangle Covering with Tautol-
ogy Test

In the examples given above, we have dedt with
ESOP expressions including only positive polarity (non-
negated) variables. In addition, only the idempotence
law (adding terms) has been adopted. However, theiden-
tity law isalso important when factorizing mixed polarity
ESOP expressions.

Example 9: Given the ESOP function

ac®bedad®dbd
1 2 3 4

F =

the even-odd rectangle covering shown in Figure 6
yields,

- D@
‘ OO

Figure 6. The CoKernel-Cube matrix for Example 9.




E=cla®b)®d@ob),

which is not optimal. If we use the identity law and re-
factorize the expression algebraicaly,

E = c@aclh)edel))odadhd)
= c@spbelal)adasd)
= c( @b)@d(a@b)

[E] = (@®b)(cdd),

a
a

which is optimal. First time we tried factorization we
could not perform further factorization because we did
not recognize that (a @ b) = (@ @ b), an identity. It may
be even harder to determine on which variable to apply
the identity law when there are larger and more complex
termsin the expression. For example, @B ab®ed = @
ab® cd isnot easy to observe. However if we apply iden-
tity to all variables to convert them into positive polarity,
we obtain a unique (canonical) representation, Positive
Polarity Reed Muller (PPRM) [18], and we can easily
determine the cubes that have common co-kernels. The
equality of the two expressionsin the above example can
then be shown as:

@ abPed
(col)dabde(dd 1)
cPlPabPedde
ab® cd P 1.

GG abPed =
(adl)@albdl)Ded =
aPlPabPaded =
ab®eddl =

Therefore, to be able to use even-odd rectangle covering
for the mixed polarity ESOP functions, we need to ap-
ply identity law (# & 1 = «) to the negated variables
to obtain the PPRM form, and include the cube ‘1’ in
the CoKernel-Cube matrix. The following example il-
lustrates this process.

Example 10: Given the ESOP function
E = acd® aef § bef @ bed § at & be,

the even-odd rectangle covering without applying the
identity law gives:

E=ac@ed®ef) DbEdef ®ecd),

whichisnot optimal. If we apply identity before the rect-
angle covering, we obtain the PPRM form,

EF = 10adbPed®efPacd®acf BbedDbef,

123 4 5 6 7 8 9

and according to the rectangle covering shown in Figure
7, we obtain the factorized form,

[E] = (adb)(cdDef D),

ool
NoIGo

Figure 7. The CoKernel-Cube matrix for Example 10.

which is the optimal positive polarity factorized form.
We can obtain a mixed polarity factorized form as

[E] = (a@b)(cd®ef)
= (a@b)((c+d)Def)
= (a®bEDcdDef).

Notice that we obtained the optima mixed polarity fac-
tored form by applyingtheidentity law again (x &1 = 7)
to the final factored form found from the rectangle cov-
ering. However, the kernels obtained by this process
may not be minimal ESOPs. Therefore, an ESOP mini-
mizer such as given in [22] can be used on these cubes.
Since the minimized kernels may not be cube-free, afur-
ther even-odd rectangle covering should be performed.
Thisloop of even-odd rectangle covering and ESOP min-
imization should be performed until an optimally factor-
ized form with minimal kernelsis obtained.

3.5. Nested Iterations of Rectangle Covering

From the definition, we know that after we factor out
(parenthesize) the co-kernels in the original expression,
the kernels are cube-free. However, the factored out co-
kernels may not be cube-free once they are combined in
a factor term. In this case, the even-odd rectangle cov-
ering should be performed on the non-cube-free factor
terms iteratively. Thisis also the case where multiple-
level kernelsare formed inthe factorized expression. The
following example shows the iterative process.

Example 11: Given the ESOP function below,

h®adf Daef Dbdf Dbef®bfg P cdf Dcef,
1 2 3 4 5 6 7 8

F =

we obtain the following factorized form from the first
iteration of rectangle covering shown in Figure 8.

E = he(af ®bf®ef)d®e)dbfy.
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Figure 8. The rectangle covering in the first iteration.

Notice that the factorized form is not optimal because it
has the non-cube-free term,

E = af®dbfdecf,
1 2 3

on which the second iteration is performed. We obtain
the following factorized form for the non-cube-free term
according to the rectangle covering shown in Figure 9.

E'= fladbdo).

a b c

1OE®

Figure 9. The rectangle covering in the second iteration.

The third iteration is performed again on the entire ex-
pression,

E = hdfladbde)(dde)dbfy.

1 2 3

We obtain the following factorized form according to the
rectangle covering shown in Figure 10.

[E] = ha f((a®b@c)(dDe) @ bg).

1 (a®b@c)(dDe) bg
@
' O—®

Figure 10. The rectangle covering in the third iteration.

The iterations stop at this point since there is no non-
cube-free factor terms remaining. Notice in the fi-
na form that (« & b & ¢) is a level-O kernel, and
((a®bDc)(dde) bg) isalevel-1kernel.

3.6. Rectangle Covering for Multi-Output Func-
tions

The following example generalizes the Even-Odd
Matrix Covering method for multi-output functions.

Example 12: Given the multi-output ESOP function

X = af ®bded bf ®cde®cg®ayg

1 2 3 4 5 6
Y = ace® af ®beced bf

7 8 9 10
Z = ade® cde,

11 12

CoKernels Kernels

de b D c forX

f a @b forX

g ¢ ® a forX

ce a ® b fory

f a @b forY

de a ® c forZ,

the combined CoKernel-Cube matrix is shown in Figure
11.

a b c ce de f g
a 13 1 6
b 2 3

c 4 5
a 7 8
b 9 10

e 0]o
f

z de@ @

Figure 11. The combined CoKernel-Cube matrix for Ex-
ample 12.




Term “ade”, denoted by 13, is added twice for optimum
factorized formfor function X. Theentirefactorized net-
work theniis:

[X] = U(ded f)®V(de®g)
Y] = Ulced f)

[Z] = Vde

U = adb

V = a®e,

with atotal of 19 literals. Although each functionisfac-
torized separately, creating a combined CoKernel-Cube
meatrix helps recognize common factors (U and V) for
further reduction of the literal count.

4. TESTABILITY OF FACTORIZED ESOPS

In this section, a scan-based multi-level AND/EXOR
testing scheme that requires a minimal and universal test
set is presented. Remember that an optimal factorized
AND/EXOR expression consists of products of disjoint
ESOPs and/or EXOR-sums of these products. There-
fore, if the disjoint ESOPs in the factorized expression
are identified, they can be separated during synthesis as
individual ESOP planes with scan registers inserted be-
tween them. As a result, they can be tested separately
since each ESOP plane will have total controllability on
itsinputs, and total observability on its output.

4.1. |dentification of ESOP Planes

By definition, each kernel is in fact an ESOP plane.
Different levels of kernels (ESOPS) can then be identified
as shown in the following example.

Example 13: If thefactorized functionis given as below,
[F] = I((a®b2)(dDef@gh)©kmn @ kmn) Oprdst,
the level-0 ESOPs are:

EY =
Ey

a@bE_
doef dgh,

where £/ representsthe i’ kernel of level-j. Thelevel-1
ESOPis:

Ef = EVEY® kmn g kmn,
and the level-2 ESOPis:

IEY & pr @ st.

4.2. Implementation of an ESOP Plane

An easily testable ESOP redlization with increased
controllability and observability with a few additional
logic gates, and a minimal-universal test set for the re-
alization were introduced in [10]. The testing scheme
requires only (n+6) test patterns to detect a single stuck-
at fault in the internal lines or the primary inputs/outputs
of the circuit, where n is the number of primary inputs.
Figure 12 showsthe generic highly testable ESOP imple-
mentation and the universal test set as was given in[10].
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\ |
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1 1 1 1 1 1
o - O 1 1 1
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o - 1 1 1 0

Figure 12. Highly testable generic ESOP implementation
and the universal test set as presented in [10].

The redlization requires a cascade implementation of
the EXOR level in order to be able to obtain a universa
test set. As aso illustrated in [10], regular (universal)
and a minimal number of test patterns allow generating
them internally with a special ESOP Deterministic Pat-
tern Generator, EDPG. In the complete BIST (Built-in
Self Test) circuitry proposed in [10], EDPG applies the
(n+6) tests to the highly testable ESOP circuit, and the
results are collected and compacted in a multiple-input
signatureregister for the final signature analysis.
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Figure 14. Highly testable multi-level AND/EXOR implementation.

The literal part implements the complements of the
input variables as ¢; isset to’1’. During testing ¢, is
set to ‘0" for some tests and ‘1’ for others. The AND
part and the linear part implements the realized ESOP
function when ¢; = 1. The additional EXOR cascade
in the check part, the AND gate “A’, and the EXOR
gate “B” are added for improved testability of the real-
ization. Notice that the implementation requires a min-
imal number of controllability inputs and observability
outputs(cy, co, 01, 02), which is one of the main goals of
scan-based design.

4.3. Multi-Level Testing with Scan Registers

Scan registers (SR;_5) are inserted at the outputs of
ESOP planes (E;_s) —unless it is a primary output— to
control the logic value applied to the next level, and to
observe the output value of each ESOP planeviathe scan
chain. Figure 13 shows the implementation of a scan
block.

The physical separation of levels by means of insert-
ing scan blocks allowsthe ESOP planes of the same level
to be tested together, in parallel. The test patterns are ap-
plied to the ESOP planes from the primary circuit inputs
in parallel by an EDPG, and also applied from the scan
blocks by shifting them serialy into the scan chain. Sim-

Scan Register
to next
scan block
from prev.
scan block

Read/shift  Clk
Figure 13. Scan block implementation.

Normal/Test

ilarly, the results are collected at a multiple-input signa-
ture register, from the primary circuit outputs and from
the scan blocks by shifting them out serially. The testing
of the scan block are performed separately by shiftingin
another set of test patterns through the scan chain.

Example 14: Figure 14 shows the proposed highly
testable multi-level AND/EXOR redlization for the
multi-output function given below.

[X] = UV(efg @77 @ W]
Y] = bgoaefqV

Z] = jUW

U = adb

V = cad

W = hidd.



ESOP planes are identified as follows. The level-0
ESOPs are:

E? = cad

EY = efg®efg

Eg = hi®d

Eg = a®P Ea

the level-1 ESOPs are:

El = EYEY®jE}
By = [V] = bg@aefghby
Ey = [7] = JE3EY,

and the level-2 ESOP is:

E} = [X] = EJE}L.

The major advantages of our scan-based multi-level
AND/EXOR implementation over the traditiona scan-
based multi-level AND/OR design are:

1. The minimal number of test patterns, (n + 6), can
be generated internally and inexpensively [10].

2. The universal test patterns can be shared by the
ESOP planes at each level. This alows simple
shifting of the patterns through the scan chain with
the identification of the ESOP planes.

3. To reduce the area overhead, primary circuit in-
putsand outputsare not included in the scan-chain.
Also note that scan blocks are inserted only at the
outputs of the ESOP planes, not at arbitrary nodes
inthe entire realization.

A delay analysis can be performed on the exampl e cir-
cuit by referring to the below set of library components
produced by LS| Logic Corporation[12].

Component Delay(ns)
AN D2 0.15 + ~ 0.04/Output Load
AND-3 0.21 + ~ 0.04/OutputLoad
EXOR-2 0.3 + ~ 0.04/Output Load
mur2x1 026 + ~ 0.03/Output Load

Notice that during normal mode of operation the only
extra delay added to the original multi-level AND/EXOR
circuit is caused by mux2 of the scan block, and by the
single EXOR gate used in the literal part as an inverter.
Today’s technology makes it possible to implement a
2 x 1 multiplexer slower than an AND gate but faster
than an EXOR gate. In the redlization in Figure 14, a
critical delay path ishighlighted as bold lines. The delay
of the path is calculated as 2.95 ns.

To show the delay improvement of our multi-level
implementation over the 2-level cascaded-EXOR imple-
mentation givenin [10], wefirst obtain the ESOP expres-
sion for function X, which has the critical delay path,

E = acefg® acefg P adefg ® adefg ® ajhid

ajd @ beefqg @ beefg & bdefg & bdefgd
bjhi @ bjd.

The expression has 12 product terms. Therefore, thereal -
ization given in[10] requires 12 cascaded EXOR-2 gates
in the linear part. The critical delay path, in this case,
one AND-3 gate in the AND part and 12 EXOR-2 gates
in the linear part; giving a total delay of 4.33 ns. This
shows a significant improvement of our multi-level im-
plementation over two-level implementations.

5. CONCLUSIONSAND FUTURE WORK

We defined the Even-Odd Rectangle Covering
method that allows to obtain efficiently factorized multi-
level AND/EXOR circuits. We showed that such cir-
cuits, when redlized as partitioned ESOP planes with
cascaded EXORs and scan registersinserted between the
levels, can be upgraded to highly testable multi-level
AND/EXOR redlizations with universal test sets. As a
result, adeterministic BIST circuit can be utilized to per-
form the entire testing of the circuit internally, as de-
scribed in[10].

In terms of area, the effectiveness of the scan block
insertion of our method depends on the size of the ESOP
planes. Therefore, the factorization method can be opti-
mized to obtain larger ESOP planes. This also involves
the modification of the AND/EXOR minimizer that is
used on the ESOP expression before the factorization, or
that is used on each ESOP plane after the factorization.

As an dternative, not discussed in this paper, the
EXOR gates in each ESOP plane can be redlized as a
tree[17], instead of acascade [10]. Thismay yield faster
circuits. However, the advantage of universal test set will
be logt, leading to more complex BIST circuits, or to ex-
ternally controlled scan-designs.

As our future work, a software tool will be devel-
oped to compare the performance of the factorization
method presented in this paper with the methods given
in[6, 19, 21, 23, 27]. Another direction of our future
work will be to perform some measurements on several
benchmark circuitsto compare our easily testable multi-
level AND/EXOR redlization in terms of area, delay,
power, and especially testahility, to other test and imple-
mentation schemes. Such schemes involve multi-level
arbitrary logic realizations with externally controlled or
BIST-based scan test designs.
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