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ABSTRACT 

The number of physical paths in a carry save or 
modified Booth multiplier, as well as in a non restoring 
cellular array divider is prohibitively large for testing all 
paths for delay faults. Besides, neither all paths are 
robustly testable nor a basis consisting of SPP-HFRT 
paths exists. 

In this paper we present sufficient modifications of 
the above mentioned circuits so that a basis consisting of 
SPP-HFRT paths to exist, The cardinality of the derived 
basis is very small. Also, hardware and delay overheads 
due to the modifications are respectively small and 
negligible. 

I. INTRODUCTlON 
Imprecise delay modeling, the statistical variations of 

the parameters during the manufacturing process as well 
as the occurrence of physical defects in the integrated 
circuits result in chip malfunction at the desired speed, 
The path delay fault model [I] addresses distributed or 
accumulated delays due to the propagation through 
several lines, each affected by a delay defect. Two major 
problems are associated with path delay fault testing : 
a) An excessively Large number of physical paths needs 
to be tested. Usually it  is not affordable to test all of 
them. For example the number of physical paths in n 
32x32 Carry Save Array Multiplier is of the order of 
while in a non-restoring cellular array divider is of the 
order of lo3”. 
b) Since the single fault assumption is not realistic for the 
path delay fault model (a single defect usually will affect 
a large number of paths), a robust test is usually requited 
for detecting a path delay fault. However, for many 
circuits, a large number of path delay faults is not 
robustly testable, 

A variety of path selection methods have been 
proposed [2-81 to alleviate problem a. above, The 
simplest delay-based appronch is to select all paths 
whose calculated delay exceeds a specific threshold. 
However, the number of paths selected by this method is 
so large in general that all of the selected paths cannot be 
tested, especially in the case of optimized circuits 191. 
The method given in 131 selects a set of paths such that 
for each interconnect I of a given circuit the set contains 
at least one path with the largest calculated delay among 

the paths through 1. The number of the paths selected by 
this method is moderate. The method, recently proposed 
in 141, reduces the number of paths to be tested by 
judging which of two paths has the larger real delay. A 
common drawback of the above mentioned methods [3, 
41 is that the selected paths may not be robustly testable 
(a large percentage of paths in a circuit is not robustly 
testable). 

A number of functional approaches has also been 
proposed [5-8] ,  In those, path selection i s  achieved by 
excluding paths that do not have to be tested 
functionally, such as unsensitimble paths, robust- 
dependent paths etc. However, these approaches are not 
practical for large-sized circuits because computation 
time and the number of the selected paths are quite large. 

It has been shown in [ Z ]  that by measuring (he delays 
along a suitable very small set R of physical paths the 
propagation delays along any other path can be 
calculated (we will hereafter call such a set of paths a 
bash). However, to be able to measure the propagation 
delay along the R paths they must be Single Path 
Propagating - Hazard Free Robustly Testable (SPP- 
HFRT) [2]. Unfortunately for most circuits, a basis 
consisting of SPP-HFRT paths does not exist, 

Almost all contemporary general and special purpose 
processors include a high speed multiplier and often a 
divider circuit. Testing them for path delay faults i s  R 
very difficult task due to: a) their e~cessively large 
number of physical paths and b) all path delay faults QR 
not robustly testable. In this paper, we focus on n x n 
carry-save (CSM) and modified Booth (MBM) 
multipliers as well as the Non - Restoring Cellular Array 
Dividers (NRCADs), originally introduced in [lo], The 
methods given in [3,4] can not be applied in the case of 
a CSM, MBM or an NRCAD, because many of the 
longer paths are neither robustly testable nor non- 
robustly validatable. Also, a basis R, according to [2], 
consisting of SPP-HFRT paths does not exist for the 
above circuits. 

In this paper modifications of the above circuits are 
proposed leading to a basis A consisting of SPP-HFRT 
paths. The delay overhead due to the modifications i s  
negligible while the hardware overhead for practical size 
circuits is small. Under these modifications a basis of 
SPP-HPRT paths with small cardinality can be derived. 
However due to the prohibitively large number of paths 
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of these circuits (for example the number of paths of the 
32 x 32 MBM is equal to 2,4 x 1d5) it i s  impossible to 
calculate the delay along all paths in order to derive the 
maximum path delay. This problem can be overcome 
using the method proposed in [4] to determine a 
relatively small number of paths ll the propagation delay 
along which must be calculated in order the maximum 
path delay of the circuit under test to be derived. 

It has been shown in Ell] that the fact that the circuit 
functions correctly at a speed does not imply that it will 
also function correctly at a lower speed. If we can test all 
primitive path delay faults of a circuit at a speed and 
during test application no delay fault i s  detected then the 
circuit functions correctly at any lower speed Ill], We 
will show in Section I1 that a circuit which does not have 
a strong delay - verification test set may have a basis 
consisting of SPP-BFRT paths. In this case measuring 
the delays along the paths of the basis and calculating the 
propagation delay along all paths included in primitive 
faults we derive the maximum delay of the circuit (as 
well as the maximum speed). Then the circuit functions 
correctly for all lower speeds, 

We consider the inputs and outputs of the multiplier I 
divider as primary inputs (PIS) and primary outputs 
(POs) of the chip. In the case that the circuit is embedded 
in a larger module, its inputs and outputs can easily be 
made accessible by the PIS and the POs of the module 
using, for example, the method proposed in [ 121. 

11. SPP-HFRT PATHS AND DELAY-VERIFIABLE 
CIRCUITS 

A two pattem test T = <VI, VI> is said to be a robust 
delay test for a path P, for a rising or falling transition at 
the input of the path, if and only if, when P is faulty and 
test T is applied, the circuit output is different from the 
expected state at sampling time, independent of the 
delays along gate inputs not on P [13], A robust test that 
propagates the fault effect through only a single path to 
an output in the circuit will be called a Single-Path 
Propagating Robust Test (SPP-RT) for that output. A 
robust test is said to be a Hazard-Free Robust Test 
(BFRT) if no hazards can occur on the tested path during 
the application of the test, regardless of the gate delay 
values. Robust tests may not exist for all path delay faults 
in an arbitrary circuit. 
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Figure 1.a Figurc i.b 

It has been shown in [ l l l  that the fact that a circuit 
functions comt ly  at a speed does not imply that it will 
also function correctly at a lower speed, A set of path 
delay tests is called a strong delay-verification test set if 
the correct response of the CUT at a speed implies 
correct operation at any lower speed [ l l ] ,  A circuit 
which has a strong delay-verification test set is called a 
delay-verifiable circuit 11 11. Figure 1 [l l]  shows a circuit 
which does not have a strong dehy-verification test set. 
AH faults except t i i f ,  1 Wf , T Lf and 4 bef are 
testable by robust tests, In this case, even the exhaustive 
set consisting of all the vector pairs is not a strong delay 
verification test set. The signal values in the circuit for 
the two tests d o l ,  111> and < I l l ,  101> are shown in 
Figures La and I.b, respectively. If there are no path 
delay faults, any output pulse that may occur will occur 
before the sampling time tz. FauIts on the paths from b 
and 6 may result in an output pulse occurring later. Such 
faults may or may not be detected at time tan Therefore, 
the correct response for these two tests only guarantees 
that the circuit will operate correctly if its period is set to 
the test period 2, but the delayed pulse due to the path 
delay fault may cause incorrect operation at a lower 
S W .  

However, although a strong-delay verification test set 
does not exist for the circuit of Figure 1 under the 
definition given in [ 111, we will show below that we can 
calculate the maximum speed of the circuit and that for 
any lower speed the circuit will function correctly. The 
propagation delay along the paths ad, adf, Be, aef, &l 
and be which are SPF-HFRT can be measwd applying 
the test vector pairs 4 0 1 ,  l o b ,  do l ,  l o b ,  < O I L  
Il l>,  4 1 1 ,  i l l> ,  <lOl,lll> and <101,111> 
respectively. Then the propagation delay, pd, along the 
paths kf and bef cm be calcuiated by : 

pd( t Mf )=pa( t ikl )+pd( t adf) -pd( ad) , 
pd( 4 &f )=pd( & k )+pd( adf) -pd( 4 ad) , 
pd( t bef )=pd( ? be I+@( T ae4 -pd( ae) and 
pd( & bef )=pd( 4 be )+ pd( aef) - pd( & ae) , 

For the output waveforms of figures 1.a and 1.b we 
get pd( t baf )=h, pd( & T;df )=t3, pd( 'T' bef )=t+ 
pd(&bef 1 = t3, therefore the maximum delay of the 
circuit is equal to t and for lower speeds the circuit will 
function correctly, From the above discussion it becomes 
evident that for a circuit having a basis consisting only of 
SPP-HFRT paths we can calculate the delay along a11 
paths or along the paths included in primitive faults [ l l ]  
and the calculated maximum propagation delay implies 
that the circuit will function correctly for any lower 
speed, 
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111. CARRY - SAVE MULTIPLIERS 

An n x m CSM i s  a circuit with inputs (Al, A2, 1 1 1  A,) 
and (BI, B2> --. B,) and outputs (01 ,  02, ... 0, +,I. Figure 
2 presents the 4 x 4 carry save multiplier. We consider 
that the multiplier consists of two blocks, The first block 
Do consists of the network of carry save adders and the 
associated logic. The s m n d  block D1 is nn (n-1)-bit 
adder, which can be implemented as a ripple carry or 
group carry look ahead adder. 

In [12] we have shown that using multiplexers for 
making the inputs and outputs of the embedded blocks 
accessible by the primary ports of the circuit, the path 
delay fault testing of the circuit is reduced to the path 
delay fault testing of the blocks that constitute it. 3y 
adding multiplexers in the original CSM design (Figure 
3), we can manipulate the two blocks, Do and D1, 
individually. We will hereafter deal only with the path 
delay fault testing of DO, since efficient path delay fault 
testing techniques of both ripple-carry and carry look 
ahead implementations of Dl have been presented in 
[14]. A basis consisting only of SPP-HFRT paths of Do 
does not exist, Hence some additional modifications of 
Do are required. Specifically, the half adders of Do, that 
is, the adders of the first row, are substitukd by full 
adders. The extra input of the leftmost adder, of the first 
row, is driven by a test input [I. The extra inputs of the 
rest adders of the first row are driven alternately by the tz 
and t3 test inputs. During normal circuit operation all 
three test inputs ti, t2 and t3 are driven to 0. 

The selection of the SPP-HFRT paths of a basis for 
the CSM after the abovc modifications was presented in 
rw. 

IV. MODIFIED BOOTH MULTIPLIERS 

We consider n x n inodified Booth multipliers where 
n = 2k, with sign generate. An n x n MBM is n 
combinational circuit with inputs (A,, A?, ..., A,,) and (B!, 
Bz, ..., B,) and outputs (PI,  P2, ..., Pzn), Figure 4 presents 
the a x a MBM. 

We also consider that the multiplier consists of two 
blocks. The first block Do contains the logic that forms 
and adds the partial products and consists of two parts : 

The first part is responsible for the 2-bit recoding 
function, and is implemented by the n/2 cells at the 
left and, named r-cells. The implementation of an r- 
cell is presented in Figure 5 .  
The second part is responsible far the generation and 
addition of the partial sums and is implemented by: 
(n-l)*(nlZ) cells, named ps-cells. The 
implementation of a ps-cell i s  presented in Figure 6. 
n12 cells, named 1-ps-cells. An 1-ps-cell is the 
leftmost cell in a ps-cell row. It can be o. normal ps- 
cell with an inverter at the output and its 1, and 15 
inputs driven fram the same signal (A,,). Since such 

0 (2:l) 
v 

0 (n:3) 
v 

0 (2n:n+l) 
Figurc 3. 

modifications result in an non robustly testable 1-ps- 
cell, in Figure 7 we present the impkmentation of a 
robustly testabk 1-ps-cell. 
no cells, named r-ps-cells. An r-pa-cell is the 
rightmost cell in a ps-cell row. It can be designed as 
a normal ps-cell with its Is input connected to 
ground. This results in a non-robustly testable cell. A 
robustly testable implementation for an r-ps-cell is 
shown in Figure 8. 
(n-l)*[(n/2)-2)]+1 full adders, We consider every 
full adder implemented as in 1141. 
n -+ (n / 2) - 3 half adders, 

The second block Dl is an (Z*n)-bit adder which 
forms the final result. D, cm be implemented as a ripple 
carry or group carry look ahead adder. 

Using multiplexers for making the inputs and outputs 
of the embedded blacks controllable and observable 
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I I nnal R B B U ~  Formlna Adder 
I 

D, P!& I ,  p,. PI¶ 13 ,I p,. I p! d, p! d. d, d, 
* : Receive thc 5me inputs as ihc r-cell of the corrcsponding row, 
** : Connected to the c2 outpu~ of the r-ccll of the corrcsponding row 

Figure 4, An 8 x 8 MBM 

Fiirure 5. Figure 6, - h- 

Figure 7.1-ps-cell implementation 

Figurc 8.  r-ps-cell implementation 

0, block af multlpller 

Figure 9. Modified n x n MBM 
respectively by the primary ports of the circuit, the path 
delay fault testing of the circuit is reduced to the path 
delay fault testing of the blocks that constitute it [12]. In 
Figure 9, we show how this technique can be applied to n 
x n MBMs. By adding multiplexers in the original MBM 
design, we can manipdate the blocks, Do and Dt, 
individually fIZ]. 

Due to the fact that both the least (LSP) and the most 
(MSP) parts of D, under the above modifications receive 
the same test inputs, some of the paths that in [14] are 
tested in parallel, in this case must be tested explicitly. In 
the case that each part of DI  is an ILA with four or more 
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Figure 10. 8 x 8 NRCAD, 

cells, the paths that should be tested explicitly are only 
those including carry propagation from LSP to MSP, 
while for all the rest parallel robust path delay fault 
testing can be carried as in /14], 

The selection of the SPP-HFRT paths OC a basis for 
the CSM after the above modifications was given in 1161. 

V. NON-RESTORING CELLULAR 
ARRAY b1VIDERS 

An W x N NRCAD is a combinational circuit with 
inputs the nominator (nl, nz, ... ~zN-,) and the 
denominator (dl, dz, ... dN) and outputs the quotient (q,, 
q2,  ... q N )  and the remainder (rN, rN+z, ,.. r2N-1). Figure 10 
presents the 8x8 NRCAD (ignore the multiplexers at the 
bottom of Figurelo), The dashed lines indicate 
propagation of the signals to the next cell in either 
horizontal or diagonal direction. The NRCAD is formed 
as a two dimensional matrix of identical logic cells. The 
implementation of each cell of the divider considered in 
this paper is presented in Figure I1 .a and requires 19 
gates, without considering the gate with the bold outline. 
Since the first row cells haw their P input driven by 
logical 1, they can be implemented by 15 gates, Since the 
leftmost cell of each row, except the Inst, does not 
produce an S output it can be implemented by 9 gates as 
shown in figure 11 .b. The upper and leftmost cell can be 
implemented by 5 gates. Since the rightmoo cell of each 
row, except the first, has connected P and C, inputs, it 
can be implemented by 9 gates as shown in Figure lis, 
without considering the gate with the bold outline. The 
upper and rightmost cell requires only 8 gates. 
Summarizing the above, we can express the total area o f  
the divider in gates as ADtsl = lS*[(N-l)*(N- 

In the sequel we propose several design modifications 
for making the NRCAD design easiiy testable. Excluding 
the leftmost cells of all rows and the cells of last row, we 
augment every other cell with an extra AND gate (the 
AND gate with the bold outline of figures l l ~ ,  11.C). An 
extra test input To i s  used to drive the second input OE the 

2)t 1 ]+ 15*(N-2)+9*(N-2)+5+9’((N- 1)+8. 

1. b4dC ul l  

Figure 11, Building blocks of the NRCAD 

added AND gate for all cells. To is only used during 
testing. During narmal circuit operation To is driven to 1. 
The hardware overhead of the addition of the AND gate 
in terms of gate equivalents is (N-1)2/A,olal. The above 
relation, for N = 8, 16 and 32 leads to a hardware 
overhead of 4,7,5.0 and 5.14% respectively. The critical 
path of the design is from a primary input of the upper 
and rightmost CAS cell, through the carry chains of each 
of the N levels of the NRCAD. The chains of two 
adjacent levels are connected together through the Ci+l 
output of the leftmost cell which i s  connected to P input 
of the rightmost cell of next row. The ANI) gates that we 
have added do not add any delay on this critical path and 
all the rest paths that include any sub-path along an 
added AND gate have smaller propagation delay times 
than this critical path.For providing observability o f  the S 
output of the next to the leftmost cell of each raw, 
excluding the first and last raws, we include N-2 2->1 
multiplexers to the NRCAD design. All lhese 
multiplexers at.e controlkd by the same test input TI and 
connected as shown in Figure 10. TI during normal 
operation is driven to 1 and the remainder bits are 
observable at the primary outputs, whereas during testing 
o f  specific paths is driven to 0 and the S outputs of the 
next to the leftmost cells become observable at the 
remainder outputs of the divider. The output of the 
multiplexer which drives the qCN primary output is 
denoted as O~+N. Since the hardware implementation of 
the multiplexer requires 4 gate equivalents, the hardware 
overhead due to multiplexer insertion is: 4*(N-2)/AtOml. 
This relation, for N = 8, 16 and 32 leads ta a hardware 
overhead of 2.3, 1.4 and 0,64 % respectiveiy, Our 
simulations showed that the insertion of the multiplexers 
does not cause any delay overhead. 

For providing controllability of the P input for the 
cells of the first raw, we drive all these inputs by B third 
test input T2. T2 is set to I for normal circuit operation 
and is occasionally driven to 0 during testing. The 
hardware overhead of this change is equal to 4 gates per 
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cell of the first row, Thus the hardware overhead is 
(4*N)/Alota, or equivalently 3.0, 1.4 and 0.68 % 
respectively for N= 8, 16 and 32. This change may 
increase the critical path of the design by a time equal to 
the difference of the worst propagation delays between 
an XOR gate and an inverter, which is overall a 
negligible delay. 

After the above modififctaions the selection of an 
SPP-HFRT basis can be done as presented in {17], 

CONCLUSIONS 

The hardware overhead for CSM, MBM and NRCAD 
of various sizes are presented in Tables I, I1 and 111 
respectively. We can see that far multipliers and dividers 
of practical sizes the hardware overhead is very small. 
The delay overhead of the easily path delay fault testable 
multipliers is equal to two gate levels, while the delay 
overhead for the dividers is negligible. From Tables I, I1 
and HI we can easily see that the number of paths along 
which we have to measure the propagation delay is 
small. However, the number of paths dong which the 
propagation delay must be calculated is prohibitively 
large. This problem can be overcome by calculating only 
the delays along the paths included in primitive faults. In 
this way we derive the maximum speed of the circuit and 
as we have shown we also ensure that the circuit will 
function correctly at all lower speeds. 

To the best of our knowledge robustly path - delay 
fault testable or delay verifiable CSM, MBM as well as 
NRCAD designs have not been reported in the open 
literature, Therefore the proposed circuits are the only 
known easily path delay fault testable multiplier and 
divider circuits. 
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Table I, CSM Comparisons 
I CSM I Hardware I Number of INumber of pathslReduction1 

Table 11. MBM Comparisons 
I CSM 1 Hardware I Number of bumber of pathslReduction1 

18454 
65326 

Table 111, NRCAD Comparisons 
I CSM I Hardware I Number of Number of pathdReduction] 

3,7 x LO 
16x16 5,3 x LO 3231 

6 . 4 ~  10 13599 
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