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I. INTRODUCTION 

Electronic testing is an important area 01. the modern 
instrumentation and measurcment technology. I n  the most 
general sense the testing includes generation and application 
of snme special test signals onto inputs of an electronic 
circuit or system (often called D~,~,ice-Uiider-Test or D U n ,  
acquisition of DUT test responses, processing and comparing 
them with the reference values corrcsponding to the fault free 
operation. 

Lirrear Cycle Regis1er.s (LCR) are simple regular- 
archilecture circuits that for long time have heen widely 
employed as efficient test rcsponse compactors in the area of 
digital testing as well as in  fault-tolerant design of micro- 
programmed control units [ I .  21. 

In a wide sense LCR can he considered as a special case of 
a wider class 01' Linear Feedbuck Shift Registers (LFSR) 
where the feedback structure is grcatly simplifies and consists 
only of onc feedback line from Lhe last memory element of 
the shift register 13-41, Thus it would he generally possible to 
usc the results on analytical description of operation of LFSR 
and evalualion of its fault coverage when employing LCR [S -  
61. However in such a case the results would he approximate 
and they o fen  would contain redundant information. 

The aim of this paper is to obtain an analytical description 
of the signature compression hy means of LCR, to derive 
equivalent architectures for the register, and to usc them lo 
research the h u l t  coverage provided hy the registers. 

Two types of LCRs will he discussed in this paper: Single- 
Input Cycle Register (SICR) and Multiple-hiput Cycle 
Register (MICR). 

We will start with an analytical description of SICR 
operation (Section 11) and that of MICR (Scction 111). We will 
show then their application for thc tcst reference value 
calculations (Section IV). Finally we will proceed to the 
MICR alternative architectures (Scction V) and their fault 
coverage evaluation (Section VI). 

11. SINGLE-INPUT CYCLE REGISTER 

Figure I helow shows the Single-Input Cycle Register 

~ ~ ~~~~ 

Figure I. Single-input Cyclc Register 
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The operation of SICR cm he presented hy the following 
expressions: 

(1) 
a , ( k ) =  y"(kl@u, , , - l (k- l ) ,  
u i ( k ) = o ; _ l ( k  -I) 

where i = g ;  k=l .2 ,3 ,  ... : o ; ( k ) ~  {(),I,} - thes ta teof the  
i-th hit of the regisler on the k-th cycle of the opcration; 
y , ( k ) ~  {O.l}- the input signal on the k-th cycle: ni - length 
(numher of hits of SICR) and 0 - mod 2 addition. 

By using ( I )  it is possible to get an analytical expression 
for the hits of SIRC on an arbitrary cycle of its operation with 
respect to the initial state of the register 
Ao=/odO). u,(Oi, ~ ~ ( 0 ) .  ..., a,dO)l 
and its input sequence 
Y = ( y n ( k ) l k  =1,2,3 ,_..). 

o i ( k ) = a , ( k - i )  

with the first equation of ( I )  
a ; ( k )  = s o ( k  - i )@an, . l  ( k  - ; - I )  = y , ( k  - i ) @ a , ( k  - i -m)  
And hy applying this procedure consequently the expression 
for q ( k )  can he presented as 

From the second expression of ( I  ) 

By substituting the right part of the above in accordance 

where k ,  = k(modm) , p = ( k  - k ,  ) / m  . and here and further 

- i s  the mod 2 summing. 

Finally the cipressions for the hit values of LCR on an 
arbitrary t-th opcration cycle can hc presented as follows: 

111. MULTIPLE-INPUT CYCLE REGISTER 

Figure 2 shows a Multiple-Input Cycle Register used for 
test data compaction in digital testing of multi-output circuits. 

Rgurc 2. Multiple-Input Cycle Register 

Operation of MICR can he described by the following 
system of expressions: 

a,#) = y , ( k )  0 a,$,-I(k - I), 
n ; ( k )  = y , ( k ) O  ai-l (t - I) (4) - 

V i = l , n - l ;  k=1.2,3 .._. 

By sequentially converting the second summand (i.e., 

where y,{k) is a hii value at the i-th input on the k-th operation 

an,-, ( k  - 1) ) in the right part of the first equation of (4) in 
accordance with the second equation of the system, the 
expression for the first hit of MICR can he rewritten to the 
following: 

1 

1 
cycle. 

a,~i(0)o~,(l); k = I ,  
i - I  

a , ( k ) =  a, ,_ , (0)8C?, , . , (k - i )8y , (k ) .  ( 5 )  
i=l 

Vk = 2.3.4 ,.._, m 

For k>m 
(i.e., k = p m + k , , ; p E  (1,2,3 ,... 1; k, E (0.1.2 ,..., m - I ) )  
this leads to 
a , (k )  = a &  ( k  -118 ? . , ( k )  = 

For ko=O and ko=l the first mcmher (i.e., a , (k , )  ) of the 
final expression (6) can he presented as 

(7) 
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Finally hy comhining (5) - (8)  the cxprcssion for odk) can hc 
presented in the following way: 

a,,_,(0)Oyo(l) j o r k  = I ,  
h-I 

( I , , , _ (  (0)O C ?!,r-;(k - i )  0 y [ ] ( k ) ,  
i=l 

t'k t (2,3,4 ,..., m], 
I' ,,I-1 

i 4  j = l  

( io  (0)  8 C C y; (L - (in7 - j ) )  o 

;=I j 4  I 

I V k > m , k l ~ = ( 2 , 3 , 4  ,..., m - I )  (9) 
In order to get an expression for adk) the variable [ i , . l ( k - l )  in 
the right pan of the second equation of (4) is 10 hc 
sequentially transformed: 

(10) 
;=U 

ao(k  - i )Q L y j ( k  - ( i -  j ) ) ,  t 'k < i. 
j=l 

a,,-, (0) 8 yo(l)V,k = i+ I ,  

q ( k )  = 

Thus taking into account (U) the cxprcssion for adk-i) where 
L>i can he written as: 

&&-I 

u , ( k - i ) =  I ",,,-k+i(O)O ~ y , , r - < l ( k - i - l / ) O  ( I  1) 

Hence 

To gct an expression for a l k )  for (k-i)>m additional 
manipulations are required. 

Taking into account that k>m it can he presenkd as 
k=pm+ko. where /?E (1.2.3 ,._. 1 ,  k , ~  (OJ.2 ,,._, in-I].Then 
hy taking into account the second cquation of (9) the 
lollowing can hc written: 

By combining (1 3) and ( 1  0) 

/=o I=1 

and by taking into account the founh equation of (9) 
a"(&;) =a ,_]  (o)Oy,,(I)o 

C C y ( k  - i  - (qm- j ) )  
I' 111-1 I' 

y=1 j=l  /=I 
yn(k  - i -(f - I)m) 

where 
kc ( i + m + l . i + m + 2 , i + r n + 3  ,.... 1, i c  (L2.3 ,.__. m - I ) .  

f1)lloWs: 
Thus the sccond cxprcssion of ( IO)  can hc written as 

wherc 
X E  ( i + m + l , i + 2 m + l , i + 3 m + I  ,... 1, i s  (1 .23  ,..., m - I ] .  

k,,  = ; + I .  
If ko>I,  then it can he written that 

( k  - i )  - pm = ( k  - pm) - i = k, - i. 
And hy employing (6) an expmsion for odk-i) can he 
presented in thc following way: 

v o ( k  -i - ( 4 -  l)ni). 
In accordance with (X) and by taking into accounl 
that ( p + I)m ~ k = n7 - k,  . the first member in the right pan 
of (13) can bc written as 
a,& - i ) =  o , , .oo~; , (0)Oy"(k,  - i )O 



And after applying (18) to (17) and incorporating the 
ohtained result into (10): 

<]=U /=I 

l=nz-(ho-O+l s=I 

w h c r c i ~  (1.23 ...., k , -2J .  k e  ( i+ rn+ l , i+m+Z ,... J .  

he derived for other ranges of i and k :  
By using the same approach the expressions for adk) can 

Vk - i  > m, arid k ,  = 0. 
and 

I 4  .r=I 

b ' ( k - i ) >  m, ( k , + I , k ,  + 2 , k ,  + 3  _.__, m-I}, 
k ,  E (1.23 ,_.., m - I ) .  

IV. TEST REFERENCE VALUES 

__ c 

( y i ( j ) ) ,  i = O , m - l ,  j = O , k .  inilial state of the cycle 

register ai(0), i=O,m-l nndvaluesofi. i i i ,k,koandp, 
For Ihe casc of SICR the calculations are significantly 

simplilicd. They include just two steps: 
I.For il given lcngth of thc  cycle register 111 and a nuinher of 

cycles k. values OS p and kn  arc found (taking into account 
that k=pm+ko); 

2.By using (3)  values o f the  hits of SICR a;(k), i=O,m-l  
are then found. 

- 

- 

V. EQUIVALENT ARCHITECTURES 

Thc analytical expressions for MICR presented in the 
section IV can he deploycd to derive an equivalent 
architecture of the register. As an example 4-hit MICR is 
considered. Thc initial architecture of the register corresponds 
to that presented in Fig. 2. 

The equivalent architecturc of the 4-hit MICR can he 
presented as a set of four SICRs with all 0 initial state and 
CR with an initial state corresponding to that of the original 
registcr as shown in  Fig. 3. 

I, 

X )  

The prcscntcd ahovc analytical expressions ( IO) ,  (12). (14). 
(16). (19-21) cover all the possible ranges for i and k and can 
hc directly employed to compute test reference values for 
SlCRs and MlCRs used to compress arbitrary test responsc 
sequences. 

For MICR this can he implemented as a set of the 
following steps: 
I .  For a given length of the cycle register ni and a number of 

cycles k, values of p and to are ohtained (taking into 
account that k = pm+ko): 

ko and input sequences y i (  j ) .  i = 0, ni - I ,  
(12), (16) or (19-21) values 

u ; ( k ) ,  i = l , n i - I  are round for a given input sequences 

2. By using (91, the value of adk) is found ~ for the given m. p .  Figurc 3 .  Alternative architecture of MICR - 
j = 0, k . 

3,By using This architecture can be simplified thus leading to the 
- following one that combines SICR and a mod 2 addcr with 

delayed inputs ( F ~ ~ ,  4), 
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Fipiirc 4 .  Sirnplilied archilcclurc of4-inpul MlCR 

The statc of the shift register o f  the simplified architccturc 
i s  equal to that o f  traditional MlCR if rn all-zero vectors are 
applied to the primary inputs of.the CR after entering the test 
data hcinp compressed. 

It  can he seen that the architecture presented in Fig. 4 
performs actually double data compression. I t  includes 
compression “in space” (Cis) that is performed hy the mod 2 
adder and compression “in time” (CiT) realized by means of 
SlCR. 

I n  turn this implies that the ermr maskin& can occur cither 
i n  C i s  or in CiT or in hoth. And sincc the output of Cis  
circuit i s  connected to the input of CiT, the error detection 
prohahility evaluation has to he done for C is  and CiT, and 
the conditional prohahility has to he used to evaluate the total 
error detection provided hy MICR. 

VI. FAULT COVERAGE EVALUATION 

In order lo simplify the crror detection analysis provided by 
MlCR a hasic CIS-CiT architecture i s  considered (Fig. 5) .  

n 

Figure S. Hasic cquivelrnr architrcturc of MlCR 

A. Error- mmkirig evalunriori by CiT circuit (SICR) 

Error masking by SICR has been evaluated in the literalure 
since rather Inng time ago (e.g., [7]). However the ahsolute 
majority o f  the rescarch publications on the topic have heen 
hased on an assumption that all the hits of CR can takc value 
o f  0 or I with equal prohahility o f  50%. B y  making such an 
assumption i t  has heen shown that the probability o f  the crror 
masking by m-bit SlCR can he estimated as 

1 p =- 
”3 y’ 

Howcvcr the above value i s  not hascd on analysis o f  
possihlc error configurations on the input o f  CR circuit. Thus 
i t  givesjust a very rough and averaEed estimation that has got 
just a limited practical usefulness. 

A substantially more accurate evaluation could he dona i f a  
number of a11 possible configurations o f  non-detected 

erroneous input sequelices arc found. And then i t  would he 
related to the total numher of all possible input scquenccs of 
thc given length. 

In order to simplify the analysis i t  i s  assumed that an initial 
state of all the hits of CR i s  0. Using the approach proposed 
in [SI the analysis i s  done for the hits of  CR from 0-th to k r  
th, where k, = k ( m o d m ) .  

Thc condition for the error masking (non-detection) can he 
written as 

whcrc / e ( k ) l -  error hit sequence and p = ( k  - k,, ) / m  . 
I t  can he concluded from the expression (22) that SICR 

detects a11 single-hit errors. 
For il double hit error there arc two non-zero members i n  

the sequence le(k)l .  They correspond tu some cycles k ,  and 
k2 of SlCR operation (k i>ki ) .  It can he shown that 

Thus any undetectable hy SIRC error sequence can he 
presented as mod 2 sum of elementary sequences that contain 
two non-zero hits satisfying the condition (23). 

In order to cvaluate a fault coverage of SIRC i t  i s  necessary 
to find a number of masked errors of multiplicity of r-hit 
denotcd N(r) .  and then to find the prnhahility of error 
masking PE(r) as PE(r)= N(r)fl(r),  where T(r) is the total 
numher or possihlc errors of multiplicity r. 

I t  has k e n  shown in (51 that for an arhitrary cycle 
k=pm+p, it  is possihlr to find p porlions of the seqirence 

being compressed that satisfy the condition k (modm) <k, , 
as well as @ - I )  fragments of the sequence satisfying thc 
condition k (mod m )  > k, . 

B y  analyzing all possible pairs of elements of  a sequence 
hcing compressed satisfying the condition (23) the numher of 
masked 2-bit errors i s  equal to 

- 
k ,  - t?  = m i ,  C E  l,pl ( 2 3 )  

N ( 2 )  = t , c ;  + ( I I I  - L o  ) C  a., 
The to ld  number of possible errors of multiplicity 2 i s  

equal to 

T ( 2 ) = C ?  -- , 
P ( k - I )  

2 k -  

Thus the prohahility o f  error masking i s  

To simplify the derivation, let us assume that kn=O. i.e., 
%=pm (such an assumption dcms not affcct the validity of the 
analysis). In this case the numher of undetected errors i s  

rnp( p - I )  

2 
N ( 2 )  =- 

and the probability o f  the error masking can be presented as 

(25j 
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Following the same approach 

I ni- l  in-2 
P , ( 8 ) = 3 . 5 . 7 - - $  - - 

m [ m j  m 

(27) 

(29) 
m 

By analyzing thc expressions (25)-(30), and hy applying 
the mathematical induction method the general expression for 
the prohahility of masking for an arhitrary error multiplicity r 
( r  is even number. and r 5 2n1)  can he written as follows 

B. Probability of error detrctioir by Cis 

It is apparent that all I-hit or odd-hit multiplicity errors will 
he detected by Sic with prohahility of 100%. And since they 
cause the change (inversion) of odd-numher of hits on the 
Cis output sequence. these errors also will he detected hy 
CiT with 100% prohahility. 

In contrast. thc even-hit multiplicity errors can he masked 
in Cis  (as well as in CiT. as it was shown above). The other 
important feature mention is that C i s  can change thc error 
multiplicity. For example 3-hit error in the same input vector 
of CIS will he transferred into I-hit error on the output of it. 
Thus a11 possible configurations of the errors on the input of 
Cis have to he considered. The prohahility of the errors 
occurrcnce and that of their detection have to he found in 
order to get the final error dctection cvaluation for a given 
error multiplicity. 

By doing this for 2-hit, 4-hit. 6-hit, &hit. etc., error 
multiplicity and by employing the mathematical induction 
technique. the expression for the error detection hy C i s  can 
he presented as follows: 

,=I 

Finally by comhining (3 1)  and ( 3 2 )  the total error detection 
prohahility for MICR can he estimated by the following 
expression 

,=/ ( 3 3 )  

The exprcssion (33) is true for the even-hit errors. The odd- 
hit errors will always manifest themselves on the output of 
CIS as new errors that a c  also of odd-hit multiplicity type. In 
turn they will he detected by CiT with 100% prohahilily. 
Thus 

P o T ( r ) = l ,  Vi-=21r-l, n=1,2,3 ,.._ (34) 

VI. CONCLUSION 

In this papcr the general analytical expressions dcscrihing 
operation of SICR and MICR are ohwincd. They can he used 
for calculation of the test reference values (i.e.. those 
corresponding to the crror-free operation of the device being 
tested). as well as for the error diagnosis when thc actual 
value obtained as a result of tcsting and the reference onc are 
mismatched. 

The equivalent architecture for MICR has heen derived. 
The architecture shows that MlCR can he presented by two 
interconnected circuits. The first one providcs so-callcd 
compression in space. It comhines several input lines into just 
one output by means of mod2 addition. The second circuit is 
SICR that pcrforms compression in space. i.e.. it produces a 
short output word (often callcd sigrmrure) from a long hit- 
scquencc corning to its input. 

Finally hy using the derived architecture the error coverage 
provided by MICR has heen evaluated for an arbitrary error 
multiplicity and error configurations. 
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