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Abstract :

The Multiple Input Compact Signature Analysis (MICSA) has been proposed
to reduce the hardware of compaction technique by 50 %. The general formula for
the corresponding Aliasing Error Probability (AEP) has been found to lie between 0
and 1, depending on the CUT, and the construction of the MICSA. The hardware
conditions for the SS-AEP to be equal to 27is obtained, leading to the Improved
Multiple Input Compact Signature Analyzer ( IMICSA ). The theoretical analysis
and simulation results indicated that for the MICSA, if its k* stage is not
connected to any of the CUT's inputs, then, The SS-AEP is equal to the reciprocal
of 2, where kis the number of the stages of the signature analyzer, regardless of
the construction of CUT, or the initial state of SA. This result indicates that for
the IMICSA the more stages are there in MISR the better is the SS-AEP.
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1. Introduction :

In digital circuits, testing is achieved by applying a sequence of input stimnuli, knowa as fest vectors,
generated by Test Pattern Generator ( TPG ) and checking for possible faults in the circuit by producing
observable faulty response at primary output called "Signature”, generated by 2 Data Compressor ( DC). This
signature is then compared against a known one ( REF ), where a judgment can be made about the coirectness of
the circuit [3], [41,[5], [9], [101,{12], [13], [14}, {15], [17]. )

The signature algorithm should not lose information. Specifically it must not lose the evidence of 2
fanlt indicated by a wrong response from CUT. This is refers to Masking ( Aliasing Error Probability AEP )
effect which is the compression of an erroneous output sequence from a faulty circuit into the same signature as
the fault free circuit{2], [7], [11], .

Multiple Input Shift Registers ( MISR ) is a preferred techoique used to realize efficient built-in self-test
(BIST) of digital VLSI circuits, it is used extensively as a source for pseudo random binary test sequences and as a
means {0 carry out response compression - Known as signature analysis [8], -

This leads to the idea of multiple input compact signature analyzer ( MICSA )[18],[19], in which one unit,
constructed from MISR, connected in a closed loop form with the CUT, is used as a random test pattern generator
and signature analyzer at the same time, as shown in Fig. 1, to reduce the hardware of signature analysis
compaction technique by 50 %.

REF.

__x YIN
cuT TPG & DC —>

COMP.

Fig. 1 Multiple inputs compact signature analyzer block diagram ( MICSA).

The following sections introduce a deep analytical study of the SS-AEP of MICSA and how it depends on
each of the following factors :

1- The structure of the CUT.

2- The probability of faulty & non-faulty CUT.

3- The number of signature analyzer stages k-

4- The type of the polynomial used in realizing the MISR ( primitive or non-primitive ).
5- The particuiar way by which the MISR is implemented.

6- The location of points of connection of the MISR outputs with the CUT inputs.

2. SS-AEP For Multiple Input Compact Signature Analyzer :

To study the steady state performance of MICSA, we modeled the proposed system using Markov process [1],
moreover the SS-AEP is calcuiated.

To calculate the SS-AEP for the MICSA using Markov process, several mathematical manipulations are used :
1- Modeling the MICSA circuit connected with CUT by generating the Markov State Diagram ( MSD ).
2- Constructing the Transition Probability Matrix ( TPM ),then Moultiplying it by itself n times, where n
tends to infinity.
3- Deducing and solving the local balance equations of the system [1l.
4~ Plotting the solved local balance equations, to analyze their behavior.
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The general comstruction of multiple input compact signature analyzer is shown in Fig. 2, where G(x) represents 2
net of XORs used to implement of the MISR, and f(X,), f(X, Ygueemeeessf( X ) TEpreESent the outputs of the CUT.
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Fig. 2 The general construction of multipie input compact signature analyzer .

As shown in Fig. 2, the MICSA, has two XORed loops ( functions ). The first loop; denoted as the main
loop; comprises the shift register stages and the feedback lines as inputs to G (X).

k
G(x)=2 anXa , m
m=1
where: @ jeccanccey a, have the values zero or one, and the summation is modulo-2 adder.
then :
G(xm)=g(xl,xz,.......,xk) @
The second loop; denoted as the CUT-loop, contains the shift register stages and the CUT, having the
function f(xl,xz,.......,xn).
The XORing of these two functions is C(X), where :

C(X) =g(xX3Xgs0m0eer ,xm)Gaf(x,,xz,.......,xn) 3)
where m = lyuccin k &n=le., Kk

Since we use MISR, where all states are reachable from each other, the system can be modeled by irreducible
Markov chain [1]. If 2 Markov chain is irreducible, recurrent nonnull, and aperiodic ( ie., it is ergodic), there
exists a unique limiting distribution for the probability of being in a state S, denoted as T independent of the

initial state. These probabilities are called steady-state or equilibrium probabilities.

If the system can be represented by 2 doubly stochastic matrix, then the probability of existing at any state is equal
to the reciprocal value for the number of these states. Therefore, the AEP is equal to the probability of existing at

any state.

Theorem :

For the CSA which is constructed from MISR, if its k™ stage is not connected to any of the CUT's inputs,

then, The SS-AEP is equal to the reciprocal of 2% , where k is the number of the stages of the signature analyzer,
regardless of the construction of CUT, or the initial state of SA.

Proof :
This proof is divided into two sections :
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1) Proving that if the k" stage of MISR is connected to any of the CUT's inputs, then the behavior of the CSA
using MISR depends on the structure of CUT and it will lose its linearity. Otherwise, it will keep the MISR

characteristic.
2) Proving the validity of the theorem.

1- The different cases of the XOR of the two functions generated from the main loop and the CUT-loop
C(X)= g(x‘,xz,......,xm)Qf(xi,xl,.......,xn), can be discussed as follows :
A) When connecting the last stage to the CUT-loop, for a NPP CSA with MISR :

Xy X, Xy
FA&) D FF(1) =t FF(2) B
G(X
—————————————— —qll
; | cut |
; |
| F(X) !
: 1
.

Fig. 3 Function diagram for MICSA with MISR, NPP, and connecting the last stage to CUT-loop.

From Fig 3 CGX=g(X, )=X,
F(X)=f(X,;X;500009Xy)
The XOR of these two functions is :
C(X) = f(X,5X3500000 X, )OO X, = €K X;50000000 X y)-
The above result shows that C ( X ) is independent of the last stage X . In other words, the MISR is
independent of the feedback from X, , which means that the main loop for MISR is open and the system depends

only on the CUT-loop. However, The CUT in general is nonlinear, therefore, the system will become nonlinear too,
except for the special case when the CUT is linear.

B) When connecting the last stage to the CUT-loop, for a PP CSA with MISR :

Xy X, Y
FX)
[ FF(1) D FF(2) - FF(k)
G (X
-
Gi(X)
-
— -
! ‘t cut |
|
I
B FiX) 5
1 i
| P

Fig. 4 Function diagram for MICSA with MISR, PP, and connecting the last stage to CUT.
From Fig. 4 G(‘X)=g(xx,x2,....,xm)
F(X)= f(x,,x,,....,xn)

- For the case when m # n and the k " stage is connected in both of the main loop and CUT-loop :

The XOR is reducing the outputs of the feedback shift register which agree with the CUT inputs Boolean
function, and because that last stage is one of them ( in this case ), then its effect is reduced. That is to say, the
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output of the XOR is independent of the feedback X, then some part of the circuit which include
(X;3XyseeseeessX, ) is linear, and the other parts are open ( or not connected ) to the MISR, but connected to

the CUT, which in general is nonlinear, therefore, the system will become nonlinear, except for the special case
when the CUT is linear.

- For the case when m = n = k and the k™ stage is connected in both the main loop and CUT-loop :

If the number of feedback lines for G ( X) ( including the last stage ) is equal to the number of inputs
for the CUT, then the XOR of these two functions is :

C(X)=1f(x,,X;5....,X, ) D g(X,,X,,....,X, ) = C(0)
the output is equal to zero and does not depend on either MISR or CUT.

C) When the last stage is not connected to the CUT-loop, for a NPP CSA with MISR :

Xy

FF{k)

F(X)

Fig. 5 Function diagram for MICSA with MISR, NPP, and not connecting the last stage to CUT.

FromFig 5 GX)=g(x,)=X,
F(X)=f(X,,X,5e00000yX,)
then C(X) =£(x,5X,5.000, X, )D X, =¢(X,,X;500009X,,X, )

Then the main loop is always closed, in other words, the MISR keeps its characteristics as a LFSR, so the
system will be linear.

D) When the last stage is not connected to the CUT-loop, for a PP CSA with MISR :

Ty

D11 FFk)

Fig. 6 Function diagram f‘c;r MICSA with MISR, PP, and not connecting the last stage to CUT.
FromFig. 6 G X)) =g(X,,X,y.000yX, )

F(X)=f(x,,X,5.00000yX, ) where k> n
then C(X) = f(xl,x,,....,x_)GBg(xl,x,,....,x,‘_,,xk) = (X)X 50009 X, 15X, )
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- For the case when K # I and the k™ stage is not connected in CUT-loop:

The XOR is reducing the outputs of the feedback shift register which agree with the CUT inputs Boolean
function, and because the last k-stage is not one of them ( in this case ), then its effect is not reduced, then the XOR
is a function of the outputs of the feedback shift register that does not agree with the CUT inputs Boolean

function and the last stage X, .

- For the case if ail the CUT inputs Boolean function agree with n-1 outputs of the feedback shift register , and
the k™ stage is not connected in CUT-loop:

then C(X)= f(xl,x,,...,'xn)eg(xl,xz,....,x_,xk) =c(x,)
Then the main loop is always closed , but the PP-LFSR in this case will depend only on X which makes it as
NPP-LFSR.

2- The test process transition matrix ( TPM ) P can be written as :
P, = prob[ S(n+1)= s,s(n) =S, | @

with S denoting the MISR staie, and n the number of clock cycle.

To prove that the process is double stochastic, let's denote the MISR and CUT state transition matrix by A,
the error probabilities in shifting the sequence non-faulty and faulty - which are assumed to be independent - by X,
Y, Z, and W respectively, and the MISR states with only two stages by s, and S, respectively, and with both set

by s, we get :
probfs(n +1)=s,|s(n)=s,]= Y probfs;=sA® s,]  +
®
Z  prob[s, =s,A®s ]+W prob[s, =s,A®s, |+ X prob[s, =s,A]
X being the probability of fault free operation.
Now since the events
1'_'5( n)= Si,[i =0:2" - 1]] are disjoint at any instant (n) then,
-1 [ 2kt
3 prob[s, =S,|= proy S, < UIs:] ©)
i=0 L i=0
Hence
2%-1 21 2%-1
TP,=Y probfs e J5A®s, ]l +Z probls, € UsA®s, 11+
i=0 i=0 i=0
2k k-1 M
W  prob[s; U[s,A(Bsp, ]+ X probfs; € U[s,A]
1=0 i=0
But for MISR we know that :
21 2-1 2"—-[1 -1 21
U[S;A ®s,, ] = U[siA ) sh] = Lj[s,A ® sp‘] = J[sAl= Ul ] @)
i=0 i=0 I=0¢ i=0 i=0
Since each one of them covers the whole binary k tuple space, 50
k
2 -1
prob\.Sj € U[S;]j = 1 )]
i=0

as S j belongs to the same k- tuple binary space spanned by the union. Mareover, by definition
the probability space of any error bit can be expressed as :
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X+Y+Z+W=1 (10)

since they cover the probability space of any error bit, then from (7), and (10):

2*-1

2P =1

i=0 )
Hence, the process is a double stochastic Markov process [1] ( the TPM of a doubly stochastic Markov process has
the property that each column- and each row sum to one ). Hence each state has an equal opportunity of
appearing in the steady state, consequently;

1
Tog= (bl leeeesd)

Where T denotes the steady-state probability vector.
That is to say each state has an equal probability of occurrence at steady state regardless of the initial
state. In particular
prob(S=§,], =2

where S0 = (0,0, ..... ,0)

The AEP of the system is, in general, given by the probability of returning to the zero state, when starting from
zero state, given that the system was not stuck-at this zero state. Note that the formulas derived above are valid for
the zero initial state, and did not presume that the system was stacking-at zero. Consequently ,
AEP, = prob[S=8,] =2" 1)

Equation (11) reveals that the SS-AEP is a function of ( k ), and that the more stages in MISR the better the SS-
AEP. Moreover, SS-AEP is shown to be independent of the type of the polynomial used in realizing the MISR,
primitive or not, and independent of the particular choice of the Galois field polynomial used ( within the same k).
Furthermore, it is independent of the particular way by which MISR is implemented. It is also independent of the
location of the input stage, independent of the initial state, and finally it is independent of the probabilities X, Y, Z,
and W. Moreover, this proof can be extended to cover MISR with k inputs, and the value of SS-AEP rather than

the previous proof for two input MISR.
Q.E.D.

3. Cases Studied for Multiple Input CSA ( MICSA) :

For discussing the SS-AEP of the MICSA, the following cases are considered :

1- Structures for MICSA with the k outputs of the signature analyzer equal to the m inputs of CUT.
2- Structure for MICSA with k > m, and with Connecting Last Stage ( CLS) of signature analyzer output

(the k'™ stage) to any of the inputs of CUT.

Then the structures for IMICSA ( k> m, and with Not Connecting Last Stage (NCLS ) of signature analyzer
output ( the k'™ stage) to any of the inputs of CUT) for both PP-MISR and NPP-MISR will be studied.

This part studies the cases in which the pumber of outputs from the CUT are two. The error probability in
shifting the sequence non faulty and faulty for the first output( O1) - which are assumed to be independent - is
given by p, 1-p. The error probability in shifting the sequence non faulty and faulty for second output (02) -
which are assumed to be independent - is given by g, 1-q.

The following Table 1 includes the different cases for O1, O2 being faulty or non faulty.

Qutput (01) Qutput ( 01) Error probability Symbol
Non faulty Non faulty p.q X
Faulty Non faulty (1-p).q Y
Non faulty Faulty p.(1-q) Z
Faulty Faulty (1-p).(1-q) w

Table 1 The different cases for 01, 02 being faulty or non faulty .
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3.1 Structure of MICSA, k=m =2, Qutputs (0) =2, CUT(1) :

Fig. 7 is composed of 2-stages (k) PP-MISR, the CUT(1) has two inputs and two cutputs. The outputs of
the 2-stage MISR are connected to the 2 inputs of the CUT (1) , while the outputs of the CUT(1) are fedback to the
first and second stages of MISR through XOR circuits. Fig. 8 represents the MSD for Fig. 7, and its TPM is
shown in Fig. 9.

X
R e | Y
XK. z
L~ >, SR RS e o TR e T Y B |
o1 /"“.— _YY ......
-
02 |
CuT (1)
Fig. 7 Structure for MICSA, ith k =m =2, Fig. 8 MSD for MICSA, withk=m =2,
0 =2, CUT(1). 0 =2, CUT(1).
S S 8 §
s, Z W X Y
Mi=s, Y X W Z
s, ¥ X W Z
s;, W Z Y X

Fig. 9 TPM for MICSA, withk=m =2, O =2, CUT(1).
From Fig. 9 the local balance equations are calculated as :

(1-Z)s, =Ys, +Ys, +Ws,
(1-X)s, = Ws, +Xs, +Zs,

(12)
(1-W)s, =Xs, +Ws, +Ys,
S, +8, +s,+s;, =1
The equations (12) are solved using [16]; giving :
B (-YZ-Y?-W+XW+W?)
S T (-1+X-XZ-ZW-Y+Z*+YW+ XY -Y?)
_ (XY -2XYZ+Z -7 ~ZW +Z'W + WY + W’ - W’ + WX?)
ST (-1+X-XZ-ZW-Y +Z* +YW + XY - Y?)
(Y +YZH+XY -2XYZ - ZW+ZW WY - W - WX+ WX) [ (13)
57 (-1+X-XZ-ZW-Y+Z' +YW +XY - Y?)
_ (F1+Z+W-ZW+X-XZ+HYW +XY)
5T (-1+X-XZ-ZW-Y+Z' + YW+ XY -Y?)
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Substituting the values of X, Y, Z, und W in equation ( 13 ) by the corresponding values of p, q as described in
Table ( 1), and simplifying the resuits, we get :

(1-p)=q—-p+2pq)

59 = (14)
(=1+2pq-p—-4p’q—2q" +4q’p+2p’)

s = (ar4p’d +dpa—p—dpiq+a’ +<a’p+p’) e

T (=1+2pq-p—dp’q— 2q" +4q’p+2p’)

_ (1—p)'(—'1+2q—4»qu+p—Zqz +4q°p) 16)
(-1+2pq—-p—4p’q—2q’ +4q’p+2p°)
—p+pq+p° -2piq+2q°p—q°
;) (-p+pq+p° -2p'q+2q°'p—q°) an

~ (~1+2pq-p-dp'a-2q° +4q’p+2p’)
p—4p

Equations (14 - 17) are plotted in Figures ( 10 - 13 ), each figure is foilowed by a matrix giving the values of the
state probability against the error probability p and q. r
These figures show that the state probability is depending on the error probability of the'CUT(1), the threshold
value ( 1/4 ) which is the SS-AEP of MISR in the open loop is greater or less’than the probability of the
corresponding CSA with MISR in closed |oop system, but they are equal for the ¢qua.lly likely error model when
p=q = 0.5, which is the same as the one ﬁ;vm by [6].
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(a) (b)
Fig. 10 Dependence of the state probability s, of IICSA, k=m =2,
and Q = 2, upon the error probnbllmes of the CUT(1).
(2) Graphic representation. (b) Matrix representation.
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(a) ‘ (b)
Fig. 11 Dependence of the state probability s, of MICSA, k=m =2,
and O = 2, upon the error probabilities of the CUT(1).
(a) Graphic representation.  (b) Matrix representation.
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¥ig.12 Dependence of the state probability 3, of MICSA, k=m =72,

and O =2, upon the error probabilities of the CUT1).
(a) Graphic representation. (b) Matrix representation..
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(a) (b)
Fig. 13 Dependence of the state probability §; of MICSA, k=m =2,
and O = 2, upon the error probabilities of the CUT(D).
(2) Graphic representarion.  (b) Matrix representation.

“i

3.2 Structure of MIICSA, k=2, m =1, Qutputs (0O) =2, CUT(2):

Fig 14 i3 composed of 2-stages (k), NPP-MISR, the CUT(2) has one input and two ourputs. The last ourputs of the
Z-stage VISR are connpecting to the wput of the CUT (2), while the outputs of the CUT(2) are fedback to the first

and second stages of VISR through XOR circuits. Fig. 15 represents the MSD for Fig. 14, and its TPM is shown in
Fig 1e.

X
. :
i e
: ' ! W
o1 A ! S
< -
oz | P : ' ‘
— = : |
arm U
Fig. 14 Structure for IICSA, with k = 2, Fig. 15 MSD for MICSA, with k=2,

m=1, O0=1, COTQ). m=1, O=2, CUT(2).
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sn Sl si S!

s, Y Z W X
M2=s, W X Y Z
s, W Z Y X

s, Y X W Z

Fig. 16 TPM for MICSA, withk =2, m=1, 0 =2, CUT().
From Fig, 16 the local balance equations are calculated as : '
& (1-Y)s, = Ws, + Ws, +Ys,
(1-X)s, =Zs, +Zs, + Xs, an
(1-Y)s, = Ws, +Ys, +Ws, B il
S, +8, +s, +8, =1
The equations (18) are solved using [16]; giving :

_HZWHXW W -XW +Y -XY - Y+ XY -Y?)
5 ' (-1+Y-W) '
S, =YZ-XY+X+ZW-XW

_(-WHXW-XY+XY +ZW -Y'Z-XW) (15)
M (-1+Y-W) .
s,=-Y-YZ+XY+1-X-W-Z'W+XW ) -
Substituting the values of X, Y, Z, and W in equation ( 19) by the corresponding values of p, q as described in
Table ( 1), and simplifying the results, we get :

-

So

 _(1+p)-1-2pq’ ~dp'a+ 4p’q’ +pa+q+p’) 20) |

y (2—-2q+2pq-p) | s

s, =—pq+p—p’ +2p'q @) o

., = ~(~1+p)(1—2pq’ —p—4p’q +4p’¢’ +3pa—q +p’) off T B
(2-2q+2pq-p) 5 e

s; =pq+p’ -2p'q (23)

Equations ( 20 - 23 ) are plotted in Figures (17 - 20) each figure is followed by a matrix giving the values of the
state probability against the error probability p and q.

These figures show that the state probability is depending on the error probability of the CUT(2), the threshold

value ( 1/4 ) which is the SS-AEP of MISR in the open loop is greater or less than the probability of the

corresponding CSA with MISR in closed loop system, but they are equal for the equally likely error model when
= g = 0.5, which is the same as the one given by [6]. ' i

st MHos los Jos J|os  |os Jos fos Jos |os
%1 0469 |0.463 0458 |0.454 |0451 |045 |0.452 [0459 |04T8
0427 |0.419 |04i2 |0406 |0.402 [04 [0402 0411 ]0.433
0375 0367 |0361 |03s55 |0351 |035 [0.352 0359 |0.376
0315 |031 |o0306 |0303 [o301 o3 [o301 [o305 |0313
s =i%o2s [o2s lo25 |o25 |o2s [02s [025 oas 025 |,
0183 |0.188 |0.193 |0.197 |0.199 [0.2 [0.199 |0.195 |0.189
0.118 |0.128 ]0.137 |0144 |0.148 [0.15 l0.148 |0.142 |0.132
#8006 [0074 |o08s |00s3 [0098 [0 0098 j0.092 |0.08
40017 10029 |0038 0044 |0.049 [005 |0.049 |0.044 |0.036
0 0 0 0 0 o |0 0 0

(a) (b)
Fig. 17 Dependence of the state probability s, of MICSA, with NPP,
k=2, m=1, and O =2 upon the error probabilities of the CUT(2).
(a) Graphic representation. (b) Matrix representation.
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Fig. 18 Dependence of the state probability s, of MICSA, k=2, m=1,

and O = 2 upon the error probabilities of the CUT (2).
(a) Graphic representation.

(%}

(a)

Fig. 19 Dependence of the state probability s, of MICSA, k=2, m=1,
and O = 2 upon the error probabilities of the CUT(2).

(a) Graphic representation.

(a)

0
0.082 | 0.074 {0.066 {0.058 |0.05 |0.042 {0.034 |0.026
0.148 |0.136 [0.124 {0.112 |0.1 |0.088 |0.076 |0.064
0.198 |0.186 |0.174 |0.162 [0.15 [0.138 |0.126 |0.114
0.232 |0.224 [0.216 {0.208 0.2 [0.192 [0.184 |0.176
S = 025 (025 |0.25 |0.25 Jo.2s(0.25 |o0.25 |o.25
0.252 |0.264 |0.276 {0.288 |0.3 |0.312 |0.324 10336
0.238 |0.266 [0.294 |0.322 {0.35 |0.378 [0.406 | 0.434
0.208 |0.256 |0.304 |0.352 [0.4 10.448 |0.496 |0.544
0.162 |0.234 {0.306 |0.378 |0.45 |0.522 [0.594 |0.666
01 02 |03 o4 {05 |06 (07 |08
(b)
(b) Matrix representation.
05 |os Jos |os Jos [os [o5 [os Jos
0.431 |0.437 |0.442 |0.446 |0.449 [0.45 {0.448 |0.441 |0.422
0.373 |0.381 |0.388 |0.394 {0.398 [0.4 [0.398 |0.389 |0.367
0.325 |0.333 |0.339 |0.345 {0,349 [0.35 |0.348 |0.341 |0.324
36 0.285 [0.29 |0.294 |0.297 [0.299 |03 [0.299 |0.295 |0.287
s ={44025 [025 [025 [0.25 |025 025|025 025 |0.25
i#40.217 |0.212 |0.207 [0.203 [0.201 |0.2 [0.201 |0.205 |0.211
0.182 |0.172 |0.163 |0.156 {0.152 |0.15 {0.152 |0.158 |0.168
#40.14 |0.126 {0.115 |0.107 |0.102 0.1 [0.102 |0.108 |0.12
5 0.083 |0.071 |0.062 |0.056 [0.051 [0.05 |0.051 [0.056 |0.064
%8 0 0 0 0 0 0 |o 0 0
(b)
(b) Matrix representation.
s
@0 |0 0 0 0 o |o 0 0
%10.01 |0.018 [0.026 |0.034 |0.042 |0.05 [0.058 |0.066 |0.074
20,04 |0.052 [0.064 [0.076 |0.088 |0.1 |0.112 |0.124 |0.136
%10.09 |0.102 |0.114 [0.126 |0.138 [0.15 |0.162 |0.174 [0.186
i0.16 [0.168 [0.176 {0.184 {0,192 0.2 |0.208 [0.216 [0.224
g -i%02s (025 025 025 [02s |0.25]0.25 |0.25 |0.25
£840.36 [0.348 0336 |0.324 {0.312 |0.3 |0.288 {0.276 |0.264
£ 0.49 |0.462 |0.434 |0.406 [0.378 |0.35 [0.322 | 0.294 |0.266
B8 0.64 [0.592 |0.544 [0.496 |0.448 |0.4 {0.352 10.304 |0.256
8 0.81 |0.738 0.666 |0.594 |0.522 |0.45 {0.378 |0.306 |0.234
3 1 09 {08 |07 [os 0.5 {04 (03 |02
(b)

Fig. 20 Dependence of the state probability s; of MICSA,

k=2, m=1, and O =2 upon the error probabilities of the CUT(2).
(b) Matrix representation.

(a) Graphic representation.
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4. The Improved Multiple Inputs Compact Signature Analysis (IMICSA ) :
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In the following sections different cases studies of the Improved Muitiple Inputs Compact Signature Analysis (

IMICSA ), in which the k™ stage of the MISR (PP and NPP ) is not connected to any of the CUT's inputs are
introduce. This group of cases is used to validate the derived theorem.

4.1 Structure of IMICSA, PP, k=4, m =3, CUT(3) :
Fig. 21 is composed of 4-stages PP-LFSR, three outputs - not any of them is the last stage output - are connected to
the CUT(3) inputs, and the outputs of the CUT(3) is fedback to the inputs of the of MISR. through XOR circuits.
Fig. 22 represents the MSD for Fig, 21, and its TPM is shown in Fig. 23.

X

Fig. 22 MSD for IMICSA, PP, k =4, m =3, 0 =2, CUT (3).

XD FF1 *D FF2 FF3
T X,
NN
o1 |
o
02
N
CUT(3)
Fig. 21 IMICSA, PP, k=4, m =3, 0 =2, CUT(3).
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S, S, S, S S, S; S¢ S, Sg Sy Sy Sy S Sy Sy Sy
s, X Y Z W 0 0 00 0 0 00 0 0 0 0
s, Z W XY 000 0 0 0 0 0 0 0 0 0
s, 0 0 0 0Y XW Z 0 0 0 00 0 0 0
s, 0 0 0 0W Z Y X 0 0 0 0 0 0 0 0
s, 0 0 0 0 0 0 0 0 XY Z WO 0 0 0
s, 0 0 0 0 0 0 0 0 Z W X Y 0 0 0 0
s, 0 0 0 0 0 0 0 0 0 0 0 0WZYX
M3=s, 0 0 0 0 O O O 0 0 0 0 0 Y X W Z
s, Y XW Z 0 0 0 00 00 00 0 0 0
s, W Z Y X 0 0 0 0 0 0 0 0 0 0 0 0
s, 0 0 0 0 X Y Z W 0O 00 0 0 0 0 0
s, 0 0 0 0 ZW XY 00000 0 0 0
s, 0 0 0 0 0 0 0 0 Y XWZ 0 0 00
s, 0 0 0 0 0 0 0 0 W Z Y X 0 0 0 0
s, 0 0 0 0 0 0 0 0 0 0 0 0 Z WX Y
s, 0 0 0 0 0 0 0 0 0 0 0 0 XY ZW

Fig. 23 TPM for IMICSA withk >m (k =4, m =3), 0=2, CUT (3).

Matrix M3 is a double stochastic matrix, which means that :

1
S, =8, =9, Scceciinnennions =8 =—
0 1 P 15 16
This shows that the threshold for 1/16 which is the SS-AEP of the open loop is equal to the probability of existing of
all statesof CSA with MISR when last stage is not connected to any of the CUT's inputs.

4.2 Structure of IMICSA, NPP, k=4, m =3, CUT(4) :

Fig. 24 is composed of 4-stages NPP-MISR, three outputs - not any of them is the last stage output - are
connected to the CUT(4) inputs, and the outputs of the CUT (4) is fedback to the inputs of the of MISR through
XOR circuits. Fig. 25 represents the MSD for Fig. 24, and its TPM is shown in Fig 26.

‘)L N FFa

NI
T FF1 X FF2 ) FF3

e
L&

CUuT (4)

Fig. 24 IMICSA, NPP, k=4, m=2, 0=2, 0 =2, CUT®@).
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Fig. 25 MSD for [MICSA, NPP, k=4, m=3, 0 =2, CUT®@).

w
“w
[
w
“
w
w
w
w
“
“
3
[
-
-
“
-
-
.
o
S

° 1 1 3 . 3 L] ' A ’ "
s, X Y z W 0 0 0 00 o o 0 0 0 0 0
g W 2 Y X, 00 020 o o o 0o 0o 0 00
s, 0 0 0 0 Y X w z 070 0 0 o 0 00
s, 0 0 0 0 z W X Yy o o o 0 0 0 00
s, 0 0 0 0 0 0 00 x vy z w o 0 0 0
s, 0 0 0 0 0 0 00 w z Y X 0 0 0 0
s, 0 0 0 0 0 0 0 00 o 0 0o W Z Y X
M4=s, 0 0 0 0 0 0 o 0 0 0 0 0 X Y Z W
s, Y X w z 0 o0 00 g o o 0 0 0 0 O
s, Z W X Y¥.0.0 0.0 o o o 0 o0 0 0°0
% 0 0 0 0 X Y Z W o 0o o 0 o 0 0 O
s, 0 0 0 0o w z Y X 0 o 0o o o 0 0 0O
s, 0 0 0 0 0 0 00 vy X w z 0 0 0 0
s, 0 0 0 0 0 0 0 0 Z W X Y o 0 0 0
s, 0 0 0 0 0 0 00 o 0 0 0 Z W X ¥
s, 0 0 0 0 0 0 0 0 o 0 0 0 Y X W Z

Fig. 26 TPM for IMICSA with k >m(k=4, m=3),0=2 CUT (4).
Matrix M4 is a double stochastic matrix, which means that :
1

S =8, =8, =.....- s eemnse T g

0 1 2 15 16

This shows that the threshold for 1/16 which is the SS-AEP of the open loop is equal to the probability of existing of
all states of CSA with MISR when last stage is not connected to any of the CUT's inputs.

5. Conclusions : , ,

1- The SS-AEP of MICSA for k =m, and for k> m with the k'™ stage connected to one of the CUT inputs
is not necessarily the conventional 27* Limit ( k being the number of stages of the signature analyzei' ). Instead, it
is shown that any value from 0 to 1 is attainable as a final value of SS-AEP, depending on : the structure of the
CUT, and the construction of the MICSA. These factors, on which SS-AEP of MICSA depends, make its use
as a digital circuit test system impractical . :

3- The hardware condition for SS-AEP of MICSA, to be equal / 2% is deduced. This has led to what we
called the Improved Multiple Input Compact Signature Analysis (IMICSA ). The results are mathematically
proved and formulated to the thecrem which dictates that : " For the CSA which is constructed from MISR, if
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its k™ stage is not connected to any of the CUT's inputs, then, The SS-AEP is equal to the reciprocal of 2%,
where k is the number of the stages of the signature analyzer, regardless of the construction of CUT, or the initial
state of signature analyzer. "
For the IMICSA it is found that :

A) The steady state AEP is a function of k , and the more stages you use in MISR the better is the steady

state AEP, ( SS-AEP equal 27°).
B) SS-AEP is shown to be independent of :
- The type of the polynomial used in realizing the MISR ( primitive or nen primitive ).
- The particular way by which the MISR is implemented.
- The location of points for connecting the CUT with MICSA circuit.
- The structure of the CUT and The initial state of the: MISR.
C) In addition, the IMICSA still leads to a reduction of hardware by 50%.
3-These results introduce
the Improved Muitiple Input Compact Signature Analysis ( IMICSA ) system, which is a new discipline in digital
system testing, it provides functional testing of digital systems, where all of the interactions of timing, loading,
temperature, and noise come to play. The use of feedback in CSA closed loop system makes the system response
insensitive to external disturbances. It overcomes the problem of synchronization between test pattern
generator and test response compression technique. The MISR have an advantage over the single input signature
analyzer that it can test several test points or several units simuitaneously.
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