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Abstract

Level-testability of multi-operand adders consisting of
carry save adders is shown by showing test design for them.
A multi-operand adder is a main part of a multiplier. 6L+ 2
patterns are sufficient to test a multi-operand adder under
cell fault model, where L denotes the depth of the multi-
operand adder. A test method of the multi-operand adder
used as a partial product compressor in a multiplier is also
shown. This result gives an upper bound of the number of
required test patterns for a multi-operand adder in any mul-
tiplier.

1. Introduction

Growth of the number of logic gates integrated in a VLSI
chip has made a test of a chip harder. In order to reduce the
cost of a test of a VLSI chip, it is important to study test of
its component circuits, such as arithmetic circuits.

In this paper, we consider test of multi-operand adders
consisting of carry save adders. A multi-operand adder
is a main part of a multiplier. We will show that any
multi-operand adder consisting of carry save adders is level-
testable, by showing test design for it. A circuit is said to be
level-testable if it can be tested by a test set whose number
of patterns grows linearly with its depth. We will also show
a test method of a multi-operand adder in a multiplier.

We can define the level of each carry save adder in a
multi-operand adder. We let L denote the largest level of
carry save adders in the multi-operand adder. We will show
that 6L + 2 patterns are sufficient to test the multi-operand
adder under the cell fault model[1] with treating FAs in
carry save adders as cells. We will also show that we can
feed the 6L + 2 patterns to a multi-operand adder in any
multiplier through the partial product generators.

In [2, 3, 4], and [5], C-testable designs of array multi-
pliers were shown. An array multiplier contains a multi-
operand adder consisting of serial connection of carry save
adders. An arithmetic circuit is said to be C-testable if it
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can be tested by a test set whose number of patterns is con-
stant independent of its operand size. In [6] and [7], level-
testable designs of 4-2 adder trees (also known as 4-2 re-
duction trees) for high-speed multipliers were shown, A
4-2 adder tree is a multi-operand adder which has regular
tree-type structure. In [8] and [9], C-testable designs of 4-2
adder trees for high-speed multipliers were shown. How-

- ever, testability of multipliers of the other types such as a
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Wallace multilier[10], which has irregular tree-type struc-
ture with reconvergence, has not been shown. This paper
gives an upper bound of the number of required test pat-
terns for a multi-operand adder in any multiplier. This up-
per bound will be useful as a criterion in test design of a
multiplier.

This paper is organized as follows. In the next section,
we will describe multi-operand adders and the cell fault
model. In Section 3, we will show level-testability of multi-
operand adders. In Section 4, we will show test design for
a multi-operand adder in a multiplier. In Section 5, we will
conclude this paper.

2. Preliminaries
2.1. Multi-operand Adders

We consider multi-operand adders consisting of carry
save adders(CSAs). As shown in Fig. 1(a), a CSA con-
sists of full adders(FAs). It sums up three input numbers
and generates a sum and a carry. We represent the CSA
simply as shown in Fig. 1(b). Fig. 2 shows an example of a
multi-operand adder consisting of CSAs.

For each FA in a CSA, we name the input terminals as
u, v and w, and the output terminals as ¢ and s as shown
in Fig. 1 (a). We name the input terminals of a CSA as U,
V and W, and the output terminals as C and .S as shown
in Fig. 1 (b). The terminals U, V, W, C and S consist
of the terminals u, v, w, ¢ and s of FAs in the CSA, re-
spectively. For a multi-operand adder, we name inputs as
Io, ..., Ipr—1, where M is the number of operands.
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Figure 1. A carry save adder
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Figure 2. An example of a multi-operand
adder

We define a level of each CSA in a multi-operand adder.
We let the level of the CSA at the output of the multi-
operand adder be 1. For each of the other CSAs, we
let its level be one larger than the maximum level of the
CSAs connected with its output terminals. We represent the
largest level of a multi-operand adder by L. In Fig. 2, the
largest level L is four.

2.2. The Cell Fault Model

We adopt the ‘cell fault model’ [1] as the fault model. In
the model, it is assumed that the considered circuit consists
of cells. We treat full adders as cells.

In the model, the followings hold.

e At most one cell can be faulty in the circuit.

o The faulty cell is memoryless. Namely, the faulty cell
works as a combinational circuit, and only its present
input determines its output.

o There is at least one input pattern of the faulty cell that
makes the output of the cell incorrect.

A test set with respect to this model must satisfy the fol-
lowing two conditions. Note that the test set is independent
of gate-level implementations of cells.
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¢ Each cell in the circuit must receive exhaustive input
patterns when we apply all test patterns in the test set
to the circuit.

o The effect of a faulty cell must propagate to at least
one of the primary outputs of the circuit.

3. Level-testability of Multi-operand Adders

We show level-testability of multi-operand adders by
showing test design for them. For a test of a multi-operand
adder, we need a test set by which we can apply all input
patterns 000, . . ., 111 to input terminals u, v and w of each
FA.

‘We use test patterns by which we can feed the same pat-
terns to all FAs in each CSA. We represent an input pattern
of a CSA by input bits of its FAs in bold face. For example,
we represent the input pattern of a CSA as 011 when any
FA in it receives 0,1, and 1 at input terminals u, v, and w,
respectively, We also represent an input to a terminal of a
CSA by 0 and 1. For example, when the input pattern to
a CSA is 100, we represent the input of terminal U in the
CSA as 1, the input of V' as 0 and the input of W as 0.
‘We represent each input pattern of inputs Ig, ..., a1 by
0 and 1 similar to an input to a terminal of a CSA.

Applying 0 and 1 to all inputs of a multi-operand adder
is sufficient to feed 000 and 111 to any CSA, respectively.
Therefore, we can feed 000 and 111 to any FA in the multi-
operand adder by the two patterns.

‘We must feed the other patterns, i.e., 6 patterns 001, 010,
011, 100, 101 and 110, to any CSA in the multi-operand
adder. To show how to construct a pattern, we construct
a pattern to feed 001 to any CSA in level [ as an example.
There is at least one input pattern for each CSA in level [+1
feeding 001 to any CSA in level [, because the function of an
FA is surjective. By using this property recursively, we can
obtain an input pattern of the multi-operand adder which
feeds 001 to any CSA in level [.

Fig. 3 shows an example of pattern construction. In this
figure, we construct a test pattern to feed 001 to the CSA
in level 2(CSA2). To construct a pattern for feeding 001 to
CSA2, we obtain input patterns 000 and 101 for CSA3 and
CSAd4, respectively. Then, we obtain input patterns 000 and
001 for CSAS and CSAG, respectively. Thus, we obtain the
test pattern 00000101 for feeding input pattern 001 to the
CSA in level 2.

As aresult, L test patterns are sufficient for feeding 001
to any CSA in the multi-operand adder, The same as the
application of input pattern 001, L test patterns are suffi-
cient for feeding each of 010, 011, 100, 101 and 110 to any
CSA. Therefore, 6L + 2 test patterns suffice for test of the
multi-operand adder.

Effects of an faulty cell at any bit position propagates the
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Figure 3. An example of test pattern con-
struction for a multi-operand adder
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Figure 4. A partial product generator

output of the multi-operand adder. When the faulty cell lo-
cates at bit position with weight 2%, we will observe output
value which differs 2%, £2.2% or 4-3.2% from the correct
output value.

4. Test of the partial product compressor in a
multiplier

In a multiplier, a multi-operand adder is used as the par-
tial product compressor which is a main part of a multiplier.
We show a test method of the multi-operand adder in a mul-
tiplier.

We consider an /N-bit unsigned multiplier. We let the
multiplicand and the multiplier be X = [xnx-12n—2 - - z0]
andY = [yny—1yn—2 - o], respectively.

In general, a parallel multiplier consists of three parts:
partial product generators (PPGs), a partial product com-
pressor, and a final adder. The PPGs generate partial prod-
ucts P; = X -y; -2 forj = 0,1,-++ , N — 1. We consider
each PPG consists of N PG cells as shown in Fig. 4, We
can compose each PG cell with an AND gate.

The partial product compressor adds up the partial prod-
ucts by catry-save additions. It is carried out by a multi-
operand adder. Fig. 5 shows an example of a partial product
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Figure 5. Examples of a partial product com-
pressor in an 8-bit multiplier

compressor in an 8-bit multiplier. Note that the input termi-
nals of the partial product compressor are connected with

" the partial product generators.
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The PPG generates an input vatue for an input terminal
of the partial product compressor. The output value of the
PPG is all O or all 1 if X is all 1. In this case, we can
represent the output value of the PPG by 0 or 1. By a test
pattern, X being all 1 and y; being 0/1, the PPG generates
0/1 as the partial product P;. Therefore, 6L+ 2 test patterns
are sufficient to test the partial product compressor.

As an example, we show an input pattern for feeding
001 to the CSA in level 2 of Fig. 5. From Fig. 3,
we need to obtain a pattern which generates partial prod-
ucts (Pr,...,Py) = (0,0,0,0,0,1,0,1). The pattern, X =
11111111 and Y = 00000101, generates these partial prod-
ucts,

Next, we consider test of PPGs. We need test patterns
to feed four input patterns to each PG cell. The PG cell,
which we connect with 2; and y;, must receive input bits
(xi,95) = (0,0),(0,1),(1,0), (1, 1). In the test of the par-
tial product compressor shown above, any PG cell receives
the latter two patterns. We use two more patterns to feed the
former two patterns. One is X being all O and Y being all
0, and the other is X being all 0 and Y being all 1.

Thus, the partial product compressor with PPGs is
testable with 6L + 4 test patterns. We will observe effects
of a faulty cell at the outputs of the final adder because the
result of multiplication is corrupted by the faulty cell.

By this result, we can show that a partial product com-
pressor with PPGs of a Wallace multiplier is testable with
the number of test patterns growing linearly with logarithm
of bit width IV, because the number of levels of a multi-
operand adder used as the partial product compressor is pro-
portional to the logarithm of bit width N.
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Figure 6. A design with a high-speed carry
propagate adder

We have shown level-testability of the partial product
compressor with PPGs in any multiplier. If we use a rip-
ple carry adder in [7] as the final adder, we can test the final
adder with constant patterns. We can use one of the previ-
ously proposed high-speed easily testable carry propagate
adders such as [11, 12, 13, 14] as the final adder when we
separate the final adder from the multiplier as shown in Fig.
6. In Fig. 6, we use a multiplexer and a selection signal d
(controlling externally) to separate the final adder,

5. Conclusion

We have shown level-testability of any multi-operand
adder consisting of CSAs by showing test design for it. We
have shown 61, 4 2 patterns are sufficient to test any multi-
operand adder, where L denotes the depth of it. We have
also shown a test method of a multi-operand adder in a mul-
tiplier. The result of this paper gives an upper bound of the
number of required test patterns for a multi-operand adder
in any multiplier. This upper bound will be useful as a cri-
terion in test design of a multiplier.
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