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Abstract: In this paper we present a novel approach for Built-
In Self Test (BIST) for VLSI. Many conventional BIST schemes
use signatures generated by a linear feedback shift register
(LFSR) or a multiple input signature register (MISR) for deter-
mining whether the device under test is faulty or fault free. In
the approach presented in this paper, fault detection is made
based on the number of different states the LFSR visits. This
number is called the cycle length. It is also shown that such an
| U L
approach results in the probability of aliasing of2 ,
where m denotes the number of registers in the LFSR, com-
pared to 2™ achieved by conventional signature analyzers. We

also present the complexity of the additional hardware
required to implement the scheme.

1. Introduction

Currently, there are many built-in self test (BIST)
schemes [1-5] in existence. Among them most widely used
BIST approach is the signature analysis. In signature analy:
sis, the test responses of a system are compacted into a si
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in self test that results in lower probability of aliasing. In this

scheme the outputs from the device under test will be applied
to an LFSR, and the states generated by the LFSR will be
monitored. The number of different states generated by an
LFSR before repeating is called a “cycle length” and all those
states are said to form a “cycle”. The cycle is called a maxi-

mal length cycle if it equals™ For a fault free device the
cycle length is determined and this cycle length is used to
determine whether a DUT is faulty or not. Suppose, a fault
free device generates a maximal length cycle, then a faulty
device may not generate a maximal length cycle, there by
detecting the faults. The probability that a faulty device hav-
ing the same cycle length is very low, and its calculations will
be presented in Section 3. In general, determination of cycle
length requires the knowledge of the states visited by an
LFSR. This implies that the past history should be maintained
in order to determine the cycle length. However, if the cycle

length is &, determination of cycle length would be easy. A
simple circuit presented in Fig. 2 can be used to determine

nature using a linear feedback shift register (LFSR) or awhether the cycle length i$"r not. Hence, if the fault free

multiple input signature register (MISR) as shown in Fig. 1.
Then the signature of the device under test (DUT) is com-
pared with the expected (reference) signature. If they both
match, the DUT is declared fault free, else it is declared
faulty. Since several thousands of test responses are con
pacted into a few bits of signature by an LFSR/MISR, there
is an information loss. As a result some faulty devices may
have the same correct signature. The probability of a faulty
device having the same signature is called the probability of
aliasing. The probability of aliasing is shown to be [6]
approximately2™, wherem denotes the number of bits in
the signature (number of registers in LFSR/MISR). This
probability may be higher if the faults in the DUT are corre-
lated. As a result there is no guarantee that the device
declared to be fault free is really fault free.

In this paper, we present a new approach for built-
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Fig. 1. General Set up for Signature Analysis

device does not generate all &tates, an auxiliary function



will be used to ensure that the LFSR would generate™all 2 Step 1: First determine the maximum number of variables
any functionf,, for all i, is dependent on for a given digital
0 1 m-1 system. Let this number be". Then construct an LFSR with
¢ ¢ --------- ¢ a primitive polynomial of degrem as shown in Fig. 3b. Ini-
tialize the LFSR with a ‘100...0' pattern. Apply the states of
the LFSR as test vectors to the digital system and collect the
output'F’, and the input to the LFSR ‘Z’ and, for every
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Device Under Test

o ® [, < Auxiliary Function state of the LFSR. Reset the LFSR with an all ‘00...0" pattern
LFSR and collectF’ .
o ) - Step 2:Assume that the auxiliary functidm’ is a function of
F X0 X1 x m variables, and the state of the LFSR is the input to it as
Ik + + m-1 shown in Fig. 2. Then generate the truth table forhi}@
C using the information collected in Step 1 and using the equa-
tion:
Xy = m+1 Bit Counter h(X) = F(X) 0Z(X) Ox._1 1)
X —— T cou for every state ‘X’ of the LFSR.
m-1 Enable

Step 3 Minimize the auxiliary functioh(X) and implement
it as a part of the test system as shown in Fig. 2.
In the test mode, initialize the LFSR in Fig. 2 with

states. The outline of the rest of the paper is as follows. Se0...0’ vector, and run the system fol” Zlocks. Clearly
tion 2 presents a scheme for generating of cycles of requirefdlom the above construction we find that the input to the
length along with the new BIST scheme. Section 3 presentsFSR in Fig. 2,h(X)JF(X)Ox.1 = Z is same as the feed-
the calculations for the probability of aliasing with the new pack input Z to the LFSR with a primitive polynomial (Fig.
L —2"t +mp 3b) used in Step 1. Since the LFSR in Fig. 3b is constructed
_scheme and it will t.’.e showr_n tq de - For example,With EXOR gates outside shift register chain, its states are
it m=8, the probability of aliasing by the new scheme WOUIddetermined entirely by the input bit stream ‘Z’ entering it.
be 2%, while the probability of aliasing by signature analy- Since the same bit stream ‘' is applied to the LFSR in Fig. 2,
sis is 28. Hence, the proposed technique results in a betteits states would be identical to the states generated by the
BIST scheme. The additional hardware required by the newFSR with a primitive characteristic polynomial constructed
approach will be presented. as shown in Fig. 3b.

Fig. 2 General Scheme for New BIST

Example 1: Design a BIST network for a system consisting
of three functions given in Table 1. We first select the primi-

Several researchers [8,9] have studied signature anatli-V € polynomialp(x):x4+x+1 of degree_ 4 f°f the_LE_SR. Then
ysis techniques in order to reduce the probability of aliasing. I States generated by the LFSR with this primitive polyno-
is this uncertainty that makes us to investigate for better tes{p"'JII starting from the 0001" state are given in Table _l' The
ing schemes. In this section, we will present a new alterna’tivgu’[pu_tS cor_respondmg to each state for various functions are
technique to signature analysis. The general approach for ghlso listed in Table 1. We monitor the functiér f;Lf,lfs,
technique is shown in Fig. 2. The idea for this approach is that y X X
when the device is fault free, the LFSR should generate all *0 * *m-l

possible states, giving the cycle length Bf Zhe designing
process of such a system consists of designing an auxiliar
function, if necessary, when applied with the function

F=f,0..0f, the LFSR would generate al™2states. The
approach consists of first constructing an LFSR with a primi- | 1 f2 T’oj o fi
tive polynomial of degrem that generates all non-zero states. o

Next an auxiliary function is selected such that when it is E
applied with the functiof, the LFSR in Fig. 2 would gener-

ate the same states generated by the LFSR with the primitive
polynomial as its characteristic polynomial. Note that the

characteristic polynomial for the LFSR in Fig. 2 {8 %1. Fig 3a: System Fig 3b: L':t_SR for Test Patterns Gene-
Steps involved in designing a BIST scheme given in Fig. 2 are ration
given below: Fig. 3: Set up for collection of data

2. Description of New BIST Approach

Digital
System

m-1



input ‘Z' to LFSR and compute value of the auxiliary function allowing the counter to count. When the ‘00...0" state is
_ reached the T flip flop will be reset to ‘O’ stopping the
Table 1: Various Values to be observed counter. The contents of the counter would indicate how

many clock pulses are applied.
State of
LFSR | f; | f | f3 | F|Z | h| g=FOh 3. Aliasing Probability based on Cycle Lengths
X3XoX1Xg

We assume that we are using the approach shown in
0000 1,/0]0|2|1]|0 1 Fig. 2 to determine whether a DUT is faulty or fault free
0001 1/0(1(0|0]|O0 0 based on the cycle length. We are also assuming that the error
0010 1(1(1(1{0]|1 0 masking due to the linear combination of double bit errors at
0100 0|11 |0|1|1 1 the outputsfy,...fiy is statistically the same as that which
1001 17010111 0 would occur in a MISR due to diagonal errors. There is a dan-
0011 0,0/ 0|0]0]O0 0 ger of declaring a faulty circuit as fault free if the faults are
0110 0,01 |1]1]0 1 such that the resulting input to the LFSR takes it through all
1101 1170]1(0j0/1 1 states but in a different order starting from ‘00...0" and ending
1010 S I I B 0 in ‘00...0’ preserving the cycle length t&"2wWe will now
gégi 1 2 8 é i g é compute this probability of aliasirfe,.
0111 ol1lol1l1lo0 1 Since the DUT is declared fault free only if the num-
1111 111]l0l0l0]1 1 ber of clocks used is™2and the contents of the LFSR is
1110 ololololo]1 1 ‘00...0", in order to compute the probability of aliasing we
1100 110l 1l0l0]1 1 need to compute how many functiag(¥X) give cycle length
1000 1(1(1112|0]0 1 of 2™ in the setting shown in Fig. 4. Consider the network

shown in Fig. 4. The input to this network is a four variable
‘v for each state using Equation 1. function and the number of flip flops in the circular shift reg-

Once, the BIST is designed as described in Steps pister is four. If the original function applied to this circuit is

3, one needs to determine the cycle length for a device und§fMe as the function given in Table 1, then the cycle gener-
test in test mode to determine whether it is faulty. This can bated by this function is“216. Suppose, due to a fault the
done by a simple circuit given in Fig. 2. For the schemenput function changed to another functigr(X) giving a
shown in Fig. 2, initialize the LFSR with ‘00...0" and clock it cycle length of 16, then we have aliasing. Suppose, there are
2Mtimes. If the number of clocks used aféahd the contents [ number of functions that generate maximal cycle length,
of LFSR is ‘00...0", then declare the DUT to be fault free elsethen the aliasing probability in general is given by
faulty.

What follows now is an explanation why a faulty cir- P, = O _ml 2)
cuit once enters a cycle it does not leave the cycle. Let 22
g(X)=F(X)Oh(X). Since there are no storage elements in the
paths of outputs of andh, the functiong(X) has an unique whered is the total number of different functions that gener-

value for each state X resulting in an unique state of the circu- m
lar shift register (LFSR) g q ate the cycle length 01”'2.':1nd22 is the total number of pos-

Remark: Since the closed loop nature of the Fig. 2, the L eseeible functions wittm variables, wheren denotes the number
generates a set of states that form a cycle. Once the circﬁ?{ flip flops in the LFSR shown in Fig. 4. For the case,

enters a cycle, it does not come out of the cycle, since P,= 55;316.The above probability is derived with the assump-
X = %(i, 0% 1%, m_1g tion that all functions are equally likely. Now, we will com-

pute 0. In order to computed, we will first find the
properties of the functions that result in cycle lendth 2

= OgOx O O
Xiv1 ™ B0 Xim-1 X g% Xim—2p

where X; and X;,, denotes theth and {+1)th states of the

LFSR. Sinceg(X) is fixed, the next state is unique. Hence if J
the circuit enters cycle, it will remain in the cycle. If a faulty FF —»| FFH—»| FF—»{ FF
device results in a maximal cycle length, then the input func-g(X3XoX1Xq Xp X1 Xo X3
tion to the LFSR should be one of thefunctions (see Sec-
tion 3), otherwise the circuit enters a smaller cycle and
remains in it. Hence the fault would be detected.

The circuit shown in Fig. 2 works as follows: When
the LFSR is reset to ‘00...0’, the T flip flop will be set to ‘1’

Fig. 4. Circular Shift Register with a single input

At this point we would like to mention that the input
g to the LFSR in Fig. 4 appears in a particular order deter-



mined by the states of the LFSR when compared to the sansd so on.

Similarly, if g*=1111101011001001 then

function represented in a truth table. Table 2 illustrates thig*=0000111101011001 and clearly the states of the LFSR

point for the functiorg given in Table 1. The function re-writ-

generated bg* are exactly identical to the ones generated by

ten in the numerical order of the states as it should appear ingy .t in reverse order. Hencegifgenerates all®states, then

truth table is given in columns 3 and 4. So the function
column 4 is exactly same gsn column 2 but written in dif-

g* would generate all2states.

ferent order. In order to find their properties, we will be deal-Lemma 1: Let g be a vector, ang*=Eg be the reciprocal of

ing with the sequencég’ and their corresponding functions

g, where

‘f’. Some of the lemmas given below relate to the properties

of transformations that take sequenagsrito functions f'.

Definition: Let g(x) = aX™a,.xX"L+..+a;x+ag a, # 0.
Then the reciprocal polynomigl of gis defined by [5]:

g (x)= x”g()—l( ) = agi™a XLt +a, x+a,

Property 1: Let g(X)=q(x)p(x)then from the above definition
g ()=q" (9P ()
Property 2: An input polynomialg(x) that generates all"™2

states in an LFSR with characteristic polynonmigd=x"+1
shown in Fig. 4 is divisible bp(x) and hence(xX)=q(x)p(x)
and the states generated by the LFSR are identical tm-the

bits taken at a time in the normal bit pattern representation cff: (f(0).f(1)..

a(x).
Example 2 Letm = 4, and let thg(x) applied to the LFSR

with p(x) = x™1 shown in Fig. 4 i9=100100110101111
(represented in its normal form) and
0=00001001101M11. This sequence of bits fgiis same as

0..01
=010
1..00

if there exists linear transfornisandT* such that=Tg and
f*=T*g* , then the vectdi*=Ef is the reciprocal of.

Proof: Let T*=ETEL, then
f*=T*g*=ETE "Eg=ETg=Ef.

Lemma 2: Let g be an input polynomial when applied to an
LFSR whose characteristic polynomialxi8+1 generates all
2M states and the corresponding Boolean function

..f(2™-1)) (g written as a function of the output
state of LFSR). Then the reciprocal @f denoted by

f*=(f(2™-1),...f(1),f(0)) and the corresponding polynomigl
also results in a cycle length df'.2

the proof: Clearly there is a linear transfoffnthat convertg to

f since we can generagdrom f. From Properties 1 & 2, it is

the sequence of bits that appear at the output of the last regis. o thaig*, the reciprocal of, also generates all®state.

ter of LFSR X3 register, in Fig. 4). The first four bits gf

Now, from Lemma 1, we havierg* = f* . But the relationship

gives the state ‘0000, the second four bits give ‘0001’ statepetweerf andf* is given by

Table 2: Function g(X) to circular shift register

State of Truth Table
LFSR

XgXX1Xo | g || XgXoXaXo f f
0000 1 0000 1 1
0001 0 0001 0 1
0010 0 0010 0 1
0100 1 0011 0 1
1001 0 0100 1 0
0011 0 0101 1 0
0110 1 0110 1 0
1101 1 0111 1 1
1010 0 1000 1 1
0101 1 1001 0 1
1011 0 1010 0 1
0111 1 1011 0 1
1111 1 1100 1 0
1110 1 1101 1 0
1100 1 1110 1 0
1000 1 1111 1 1

f(Xm-1Xm-2-- X1X0) = P*(Xm-1Xm-2:- X1X0)-
Hence the proof.

From now onwards we use the functf@ndg inter-
changeably as they both are identical except for reordering.
Table 2 gives the functidiX) and itsf*(X).

Lemma 3: Let f(Xy,.1Xm-2-.-X1Xg) be a function that generates

a cycle of maximal length™? then the function should satisfy
the propertyf(0Xqp.o.--Xg)=f(1Xm-o...Xg) Where %,.1 is the most
significant variable in the truth table. In other words, the
functional values in the first half of the truth table should be
identical to the second half.

Proof: Let X(t) = (Xm-1(D).:Xm-o(t), ... %(1)) be the current
state of the circular shift register (LFSR) in the Fig. 4 setting,
then the next state is given by

Ht+1) = (-2, - (0. fXO Oxma(t))  (3)

IF £t-10) X 20)s - (0) # {20 Xen 2D, .. (), then
X)) DXy () =F(X(1)) Oxpp-1(t), Wheref denotes the comple-



ment off, hence by Equation 3 the state generated after thgssumed thai(X) can have at most™ minterms, wheren
present state fxy(t),...%(t) and &m.y(t).... %)) will be  genotes the number of variables in functigk). If h(X) con-

identical Since no two states should go to the same next staigins more than™?! then implement the complementhgK)
for maximal length cycle and use an inverter to ge¢x). The following Table 3 pre-
e sents the worst case hardware complexities for varoaisd

Ftm-2(0Xm-2(0), -+ %(0) = 0n-2(0,Xm-2(0), -+ 6(0)- the resulting probability of aliasing. From Table 3, it is clear
that the probability of aliasing is very small even fiox8.
ﬁowever, it should be noted that the LFSR size will normally
be selected based on the number of test patterns that must be
applied to the largest function in the DUT as opposed to the
desired aliasing probability. As a result, for most practical
>fogic functions, the probability of aliasing with this approach

Table 2, illustrates the concepts described in Lemma 3, that
the first half of the table fdris identical to the later half.

Lemma 4 Letf(Xy,.1 ... %) is & function that results in maxi-
mal length cycle, then the function should satisfy the propert

f(00...0) =f(011...1) = 1 will be extremely low.
f(10...0) =f(111...1) = 1 5. Conclusion
where X1 is the most significant variable. In this paper we have introduced a new BIST

approach that provides better probability of aliasing than the
Proof: Supposé(00...0)=0. In a maximal length cycle ‘00...0’ conventional methods. In this new scheme, fault detection is
is one of the states. i(f00...0)=0 and the present state is 00...0,P€rformed based on the cycle length of the LFSR rather than
then it will stay put in the same state for ever giving a cycle of® Signature. It is shown that, if the size of the LFSRiis
cycle length 1. Henc#00...0) = 1 for a maximal length cycle +mg
generating function. From Lemma 3, we ha{@0...0) =
f(10...0) = 1. Hence for any functidthat generates maximal
cycle lengthf(100..0) = 1. Since, the reciprocal functitin
also generates maximal length cycle, we Hay£00...0) = 1.
Then, from Lemma 2, we gé&t(10...0) =f(01...1) = 1. Since
f(01...1) = 1, from Lemma 3 we concluff&l...1) = 1.

_\_1 m-1
then the probability of aliasing is shown to beDz .
The hardware complexity is also shown to be much smaller
than the conventional approach. The approach, as described
in this paper, assumes that the DUT is composed completely
of combinational logic. However, it should be noted that this
approach can be extended to test sequential logic by the
incorporation of the necessary initialization and control cir-

Theorem 1: The number of functions withn number of vari- cuitry to obtain reproducible results from sequential logic.

ables that generate maximal length cycle when applied to a
circular shift register (LFSR) ah flip flops whose outputs are

in turn applied as inputs to the function is given by} m. Abramovici, M.A. Breuer and A.D. Friedmabigital
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APPENDIX

m-1
-m . .
as %1-m of combinations of

0’s and 1's are there. Hence the proof.
X(t+1) = [A]X(t) O [B]f(X(1)

Computer simulations were made to determine the
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found form = 2,3,4, the numbers obtained by simulations and
the numbers obtained by computihggiven by the above
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where[A] = {0 l} ,[B]=[0...0 ﬂ , where | denotes @1 x
10



	ASP-DAC 95
	Front Matter
	Table of Contents
	Session Index
	Author Index


