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ABSTRACT

This paper presents novel control schemes for testing embedded
cores in a system on a chip (SOC). It converts a traditional BIST
scheme into an externally controllable scheme to achieve a high
test quality within optimal test execution time without inserting
test points. The scheme promotes design and test reuse without
reveaing IP information.
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1. INTRODUCTION

Test costs represent a major and rapidly increasing percentage of
1C’s manufacturing costs. Also, as the technology features became
smaller, the number of gates per chip hasincreased. Although the
1/0 pins count increased as well, the gate to pin ratio has
decreased. As a consequence, the test data bandwidth is becoming
extremely large. Testing is further complicated by the fact that
most ICs are in effect whole systems on a chip (SOC). Each SOC
consists of several cores, thus accessing the cores within the chip
is another challenging problem to tackle. To aleviate some of
these problems, embedded test is presently favored.

Built-In Self-Test (BIST) is a promising approach for testing
embedded core-based systems because of its flexibility in adapting
a single LFSR to generate patterns for different cores [3], [4].
Furthermore, BIST makes chip testing less dependent on the
external tester and reduces the test data volume and bandwidth
between the chip and the tester. The effectiveness of BIST is
dependent on the fault coverage achieved, the hardware overhead,
and the test execution time. While pseudorandom test pattern
generation (PRTPG) costs lower than deterministic test pattern
generation, its limitations need to be addressed to improve their
effectivenessin testing.
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LFSR generated pseudo-random (PR) test patterns are usually
longer than deterministic tests to achieve comparable fault
coverage. In addition, because of the linear dependency and auto-
correlation of these patterns, they are not as effective in detecting
faults. Although, in general, PR test sets may detect up to 80% of
the faults within reasonable test application time, some faults
require test patterns that have alow probability of being generated.
These faults are known as random pattern resistant faults (RPR).
Complete fault coverage may be achieved by steering the LFSRs
toward increasing the probability of generating test patterns for
these RPR faults. They include: 1) re-seeding techniques [11], [5],
[19], [16], 2) weighted random pattern [12], [13], and 3) methods
for altering the output sequence of LFSRs [15],[17]. For the third
approach, the sequence needed to alter the test patterns is
generated on demand by some circuitry. Our method is to generate
the sequence in a programmable way and apply it interleaved
during BIST operation [8, 9].

In a deterministic BIST environment, the method of atering
the test patterns to detect RPR faults requires that the control data
be generated by an on-chip circuit. In this paper, we concentrate
on a methodology that minimizes test data volume by compressing
the data set that controls the PRPG. Compression technique in
testing, in the past, has been applied to the raw test patterns to
reduce test data volume in the tester. Thisin turn reduces the data
download time from the workstation to the tester. [18], [6].
Recently, it has been used for the full scan test patterns, which will
be decompressed on the chip. [7] [1, 2]. Different compression
schemes have been used for this purpose. In our case, we applied
our specid coding [10] to the control data to achieve better
compression effectiveness as compared with the one applied to the
origina raw test data. The decompression is performed on the chip
during BIST. We call our test scheme as interactive BIST (iBIST).
One of our possible general schemesis outlined in Fig. 1.

To minimize the size of U, we need to minimize the cycles of
controlling the LFSR and to carefully apply the appropriate bit
values. In this paper, for a given code, we examine different
schemes for controlling the LFSR on the overal compaction
effects of the data. We formulate the problem in Section 2. In
Section 3, we define the control data attributes that are used in
comparing the various LFSR control schemes described in Section
4. In Section 5, actual BIST controller implementation and its
area overhead will be discussed. And in the last section, we
conclude with a summary. First, however, we formulate the
problem in the next section.

2. PROBLEM FORMULATION

Since a standard LFSR is used in BIST as a PRTPG, it may seem
strange to ask the question whether producing desired test
patterns, at will, would be possible. If it is possible, this will lead
to generating tests for faults other than stuck-at-fault. Figure 2



shows the situation where the desired set of target test pattern is
given for ascan testing. Consider the case where the LFSR should
provide the desired patternst; = (0 x 0 x 1) starting from its initial
statevalueS =(001).

Given a sequential circuit C:
1. Generate adeterministic test D for C and let itslength be L

2. Generate a pseudo-random test R for C using a primitive
polynomial LFSR

3. Compare test sets D and R and replace unspecified hits,
usually indicated by x (don't care), to match the D patterns
with R patterns. The subset of unmatched patterns in D
represents the patterns needed for RPR faults.

4. Apply a signa set U that controls the LFSR to generate the
patterns for RPR faults. Let Lu be the length of U.

5. Compress U to Uc with length Lc¢ and store (transmit) Uc on
(to) the Chip.

6. At testing time, decompress Uc to U on chip and apply U to
the LFSR.

Figure 1 The Generd Testing Scheme

In this configuration, LFSR will produce the test vector, t, =
(1100 1) after five shift clocks and arrive at the fina state S = (
101) viaintermediate states highlighted in the set of contiguous
LFSR states, S={(001),(100),(110),(111),(011), (101)}.
We can tell the last bit of each state will be shifted into the scan
chain to produce t,. When t, is compared with t,, the difference
vector can be derived from the equation ty =t, A t,= {1000 0}.

Adding control tap (a 2-input XOR gate) into the different
locations of LFSR to flip the output value of the flip-flop located
in front of the control tap can make ty become all zero vector.
Where should one insert the control tap? There are different
positions within the LFSR, as we will mention later. For now, we
place it right at the output of the LFSR as shown in Fig. 3: the
control vector, U= (000 0 1), transforms tq to anull vector. The
vector is applied from left to right in the time domain. Next, we
can think of other positions anywhere inside LFSR.

ty=(0x0x1)

t4=(10000)
,=(11001)

Figure 2 Generic Scan-BIST

As you move the tap position to the left, you will find out that
you need to begin the control vector application as many clock
cycles early as the number of your move from the beginning
position, i.e. output of least significant flip-flop. As long as you
apply the control vectors with the proper timing, you are able to

produce desired patterns at will.
formally, we define some terminology:
Definition: An LFSR consists of several flip-flops, say N. The
LFSR states are the binary values extracted from its flip-flops. We
partition these states into two types: SO and S1. S0 (S1) states are
such that their least significant bit (LSB) is0 (1).

Theorem: Assume the flip-flops are labeled in the descending
order from left to right, N to 1. Then, the control input u(n) applied
a n" clock cycle of any tap located in front of k-th flip-flop,
where 0 < k < N +1, can steer the LFSR state, S, into SO or S1 at
(n+k)" clock cycles.

To describe the problem

u,=(10000)

Figure 3 iBIST: Controlling the test pattern stream

Proof: If the tap is located at the front of K™ flip-flop, the input
value, | of k-th flip-flop, at a certain discrete time point n, can be
set to either 0 or 1 by supplying the input u(n) such that I(n) =
Res1 (N) A u(n), where Reea(n) T (0, 1), u(n) 1 (0,1), and n =0, 1,
2, ..., L, where L is any positive integer. The input value, I(n),
can be propagated to the flip-flop Ry in k clock cycles because
1(n) = la(n+1)=Ya=1(n+k-1) = Ry (n+K).

Since R; (n+k) can be set to 0 or 1, the LFSR state belongs to SO
or S1 at the (n+k)™ discrete time.

Cordllary. The control input can be calculated as the following
equation.

U(n) = Riea (N) A 1(n) = Ria (N) A Ry (n+k)

We targeted only pattern t; so far for the sake of explanation. In
the case of a whole test of m vectors, T, = {ty, ty, ..., tm}, We
repeat the process for each pattern ti and develop m vectors each
of dimension n. All such vectors form the control vector U.
Therefore, the problem that we are solving can be stated concisely
asfollows.

The problem: To find the vector U that maps the PR test set, Tp
into the deterministic test Ti, f (U): T, P T, such that the size of U
isminimal.

The above problem statement can be rephrased as: Find the
vector U that transforms a projected test set T, into target set T,
while optimizing the associated cost function. The cost function
may be the overall size of U, its energy level, or the potentia
compression gain which would be obtained from using a particular
encoding scheme. When we think about a single scan chain, the
tap position in Fig. 3 is the easiest because we do not need to
worry about the lead time for the start of control data application.
However, in redity, the circuits usually contain multiple scan
chains and the LFSR drives those multiple scan chains from each
output of flip flops through spread network (in IBM terminology)
or Phase Shifters (in Mentor Graphics terminology). Therefore,
putting a control tap in front of LFSR, shown in Fig. 4, will
provide the capability of controlling al of the scan chains without
adding multiple control tapsin front of each scan chain. However,



we can put the control tap anywhere in the LFSR, for
experimentation, without loss of generality.

S=(001)

Figure 4. Ided control tap positions

The control of LFSR may be applied for every pattern of the
deterministic test, or if this test is too long, for a selection of the
patterns. For example, it is possible to target patterns that are at a
certain interval from each other. We refer to this distance as the
control interval and denote it by CI.

Before describing the LFSR control algorithm, we will define
some data attributes that will be used in the formulation and the
evaluation of these algorithms.

3. ATTRIBUTESOF THE CONTROL DATA
Data compression consists of mapping a group of bits in the
stream, i.e., a source word of length n; into a code word of length
m;, where my is desired to be less than n; and we define the
difference n,—m asthegain g; for i = 1, 2,..N, where N is the total
number of words in the source data stream. The size n, and m do
not have to be constant for the whole data stream, implying
variable to variable coding. The gain of the compression scheme
should be positive for the maority of words, otherwise, the
scheme is not effective in compressing the data. The result of the
compression is largely dependent on the characteristics of raw data
and the code used to encode it.
Consider the binary stream of test data, length L, consisting of
runs of Os and 1s and let these different runs be of lengths L;, with
i=N
1EiEN, then L= § .
i=1
code, we use the following attributes: energy,
statistical polarization.
A test data stream may include an ‘x’ (don't care) in addition to
‘0" and ‘1'. We denote the energy by e and it is defined as the
fraction of the 1s in the data stream; the fraction of Os is denoted

by e. But, since this alphabet of the data may include xs (don't
care), the fraction of xs represents the sparsity, s. This is the

fraction of the data that can be adjusted to increase or decrease the
energy for the data. These three attributes are thus related by the

To characterize the data and the

sparsity, and

expression; e+e+s =1,

The x bits can be replaced with 0 or 1 in a random or
algorithmic manner. The data stream can be decomposed into the
words, the succession of Os and 1s. However, if the energy is low,
then the majority of words will be succession of Os in different
length by assuming x is converted into 0. Then, instead of looking
at the words of the data stream to be the both successions of Os or
1s, we can define the words to be the successions of Os, ending
with single 1 without loss of generality. This is a conversion into

uni-phase source words. These observations led us to develop a
code that is suitable for the test data [10]. That is, a code yielding
a good compression gain for the type of data. However, we are
more interested in finding the overal compression effect of the
coding scheme on the source data. That is, we would like to
assess the percentage of data reduction after compression to the
origind deterministic test. We will define the compression

L- L
effectiveness, CE, as: CE = 3 C 100% where L isthe length

of the deterministic test and Lc that of the compressed data
(compressed U). From this definition, we realize that the higher
CE is, the better the compression scheme. The compression
process consists of two step process, preprocessing (steps 1-4 of
Fig. 1), and compression (step 5 of the same figure). We can
express compression effectiveness in terms of the compression

L
through the two processes in the form CE =1- —C%IOO%.
Lu
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Figure 5. Compression Effectiveness versus Energy.

The compression gain is defined as G =(L, — L.). This gain
can also be evaluated for each pattern and in this case the Ls refer
to the length of the pattern before and after compression. We will
use the compression effectiveness to compare the different
algorithms presented in the next section.

The code used in this study has been proven to be effective
compared to Golomb and Runlength codes. The compression
effectiveness for the different codes are plotted against the energy
level of the control vectorsin Fig. 5. The heavy line represents the
CE for the vector U. Useful results correspond to points above
this line. Among the results, OUR coding was the best. However,
we redlize that the scheme used to control the LFSR may be
further improved over the results obtained. In the next section we
present then several algorithms for controlling the LFSR and
analyze their efficiency.

4. ALGORITHMS

In the theorem of Section 2, we showed that the LFSR could be
controlled to produce a target pattern from any initia state.
Controlling the LFSR for a particular target pattern of the
deterministic test, changes the state of LFSR and thus affects the
control of the remaining patterns. Determining the best control
vector requires an exhaustive search. It is an NP complete
problem. To make the problem manageable, we developed severa
efficient algorithms and compared them. The agorithms are all



based on a greedy strategy but use different cost functions. The
cost function may be (1) the Hamming distance between the target
pattern and the projected pattern, (2) the energy level of control
vector, e, (3) the compression gain of encoded control vector, (L
- LC)'

4.1 Minimum Hamming distance

This agorithm applies to the configuration of Fig. 3. It generates
the control vector u of the control tap located at the output of the
LFSR, the output of its least significant flip-flop. Since the
application of control vector does not modify the natural sequence
of LFSR states, the control vector u is equivalent to the difference
vector tg = t; A t,, where t; is the target pattern from the
deterministic test and t, is the PR pattern generated by the LFSR.
The energy of the ty is the Hamming distance between the two
patterns.

Minimum Hamming distance algorithm
[A greedy agorithm that creates a control data set U with minimal
energy level starting with LFSR state s with control interval Cl]
1. Td <= D — R CD ; [set target pattern set as the remaining
patterns after running pseudorandom testing. The size of matrix Ty
ism x n. R is the pseudo random pattern. D is the origina
deterministic pattern]
2. [Initidization]
21 U<=/&
2.2 s<=4d;[LFSRinitia state]
23 k<=m;
24 i<=0;
25 D <= n; [the maximum distance possible for a given
pattern]
26 T<=Td;
3. WhileT?* Ado
if (i/Cl) 1 0,then
gi]=next(LFSR(9)), tp[i]=out(LFSR(s)) for i = 1 to n;
[shift LFSR n times, update s, and generate tp]
T<=T-{tp} andk <=k -1iftpT T;
otherwise
s = s; [ Savethe current LFSR state]
forj = 1to k [Try for remaining target patterns]
gi]=next(LFSR(s)), tp[i]=out(LFSR(s)) for i =
1to n; [shift LFSR ntimes, update s, and generate tp]
tx = tj A tp; [Hamming operation];

if tx < D then
(@ D<=tx;
(b) t<=tj;
(c) Ssavess
end-if

s<=s [reset the state]
end_for
T<=T-{t}; U=UE {Uu}; [uis derived for target
pattern t using LFSR with its initid state s using the
corollary in section 2]
s=Ssavel
end_if
i<=i+1
end_while
4. Output U

4.2 Minimum ener gy of control vector
If the control tap is located inside the LFSR as indicated in Fig. 6,
the applied control vector modifies the LFSR state sequence. This

prevents us from using the Hamming distance between the target
and projected patterns because the projected pattern will change as
every control vector is applied.

We solve the problem by generating the control vector for
each pattern of the remaining test set. We Calculate the energy
level of al control vectors. Then, we choose the one with the
minimum energy. Once the control vector is selected, we remove
the target pattern from the remaining test set. The process is
repeated until the test set is empty.

4.3 Direct compression gain of control vector
This agorithm is the same as the previous one except that the cost
function use is the compression gain, CG, that was defined in
Section 3. The caculation of compression gain depends on which
type of encoding scheme it uses. In this paper, we use the OUR
Coding [Author 2001].

4.4 Progressive Seeding

So far, for the above three algorithms, the control bit is assumed to
be a zero whenever the corresponding target pattern bit isa"don’t-
care". From corollary in Section 2, U(N) = Ry (N) A 1(n) = Rsy
(n) A Ry (n+k). Ry(n+k) corresponds to the specific bit of the
target pattern at timestamp n + k. If the bit in the target pattern is
“don’'t care”, U(n) was automatically set to O to lower the control
vector's energy. If instead, we alow the choice of setting the
control bit to be either 0 or 1, then we have to decide, each time
we encounter a don’t-care whether to setitto O or 1.

S=(001)

u;=(00001)

Remark: U1 vector should be applied one
shift clock earlier than UO in Figure 2.2(a)

Figure 6 Minimum energy control

This choice alows the control of the LFSR, the activity of the
U vector in a progressive manner, on the bit-level instead of the
pattern-level.  The scheme will provide more granularity of
controlling LFSR although it may be more computationally
complex. The cost function used for this algorithm continue to be
the compression gain, CG.

4.5 Polarity inversion and static value contr ol

We have shown previoudly, that the compression effectiveness is
higher the lower is the energy of the data compressed [10]. Also,
in section 3, we showed that the data attributes satisfy the equation

e+ € +s =1 Thuswhen g, is high, then the inverted data will
have low energy. Since we cannot invert the logic for the original
pattern, this would be possible if we invert the output of LFSR,
instead.

Whether to invert the logic a the output of LFSR can be
achieved by adding an extra bit at the first location of each control
pattern. This bit should not be counted as part of control vector.



Rather, it is used as a flag bit to set or reset the logic inversion by
BIST controller.

Also, some RPR patterns consist of mostly series of 1's or
0's. For these cases, we can supply static high or low input by
bypassing LFSR with control gates show in Fig 7. This extra
hardware is really very minute with respect to any modern circuit.

a

e

The plots are shown in Fig. 8. Asdefined in Section 3, the higher
the value of CE, the more efficient is the compression scheme.

The polarity inversion and static algorithm yields the best
results for 8 out of the 10 circuits. For the other two circuits, it is
the progressive seeding agorithm that gave the best results. Also,
we would like to draw your attention that most of the algorithm
did not perform well on s838 circuit. However, the polarity
inversion and the static control scheme brought CE level up to
above 70%. Overal, we conclude that the agorithm of Section
4.5, polarity inversion and the static control, yields the best result
algorithm

Table 1 Profiles of the Benchmark Circuits

Figure 7 Polarity inversion and static control logic
Assigning {s0, s1} vaue to the first and the second hit of
control vector {uiO, uil} for ith control pattern, the BIST
controller can multiplex the proper logic signal to the target scan
chain at the beginning of applying ith control pattern signals.

4.6 Results comparison

iBIST provides the benefit of having compression effect on the
origina test pattern D in two ways. One way is to screen easy to
hit test patterns with pseudorandom testing and the other is to
apply the control vector to LFSR to hit the remaining or other
types of deterministic test patterns. Screening the easy to detect
patterns is performed in the same manner by running the same
pseudorandom testing for al different control agorithms.

The difference from the traditional BIST fault grading is that we
did not use the fault simulation, but used the method of matching
between the random pattern, R, and the deterministic pattern, D.
We applied coding scheme to the control pattern to compress the
control pattern further.

Summing up, we see compression effectiveness in two
phases: (1) During pseudorandom testing by filtering easy to
detect test pattern, (2) During actual encoding on the control
pattern. We applied the different control schemes to severa
benchmark circuits [14] whose profiles are listed in Table 1.

For each benchmark we caculated the corresponding overal
compression effectiveness, CE, of the vector U and plotted the
results versus the energy, e, of the origina deterministic pattern.

Design [In Out |scan [D-test [PR-test |PR- U-test
length [length [length [fault Cov.]length

ALU 148 18 57 71 10K  166.2 24

Firewire|18 166 |258 223 [16K 34.5 14

IR 35 |10 243 814 [10K  45.0 448

MMX 155 [140 [298 |1883 |50K  [32.9 1264

Router |70 |67 263 576 [41.2K |54.3 263

S838 43 B 67 141  |30.1K |29.8 99

S1238 [22 |15 |32 205 [S0K  [76.6 48

S13207 (39 122|677 231 |S0K  146.8 123

Sdram  |101 |86 241 174 18.2K 160.9 68

USB 22 |51 118 [61 10K |65.6 21

5. PERFORMANCE OVERHEAD OF IBIST
Although BIST testing has been adopted in by the test community,
its general acceptance by the design community was quite limited
due to several concerns. (1) area overhead, (2) performance
degradation during functional operation, and (3) negative impact
on project schedule. As the technology feature size plunged to the
submicron range, the concern about the area overhead has been
eased. Allocating 10 to 20 K gates to the BIST logic became a
norm these days. The impact on the performance aong the
critical path is still challenging because of the need for test point
insertion. Our iBIST scheme avoids test point insertion

CE vs Original Data Energy

0.9
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05 -

0.4

513207 sdram mmx firewire router
0.03 0.04 0.05 0.05 0.06

usb 838 alu s1238
0.09 0.1 0.17 0.22

Figure 8 Compression effectiveness



This paper proposes the new BIST method of not using test
point insertion, but of using control vectors to target the hard to
detect fault in a programmable way. Therefore, the impact on the
functional performance is expected no more than the ordinary
internal scan implementation. The area overhead and the speed
during test mode are listed in Table 2.

TheiBIST configuration has been compared to the ordinary
BIST implementation. This configuration consists of 5 major
parts: (1) BIST controller, (2) LFSR, (3) MISR, (4) shift counter,
and (5) pattern counter. The difference between BIST and iBIST
design is in the LFSR and the pattern counter module due to their
size differences. We used 48 hit for the LFSR and used 24 bit for
pattern counter in ordinary BIST implementation. In iBIST
implementation case, we could use 16-bit sizes for both LFSR and
pattern counter, still satisfying full fault coverage. The synthesis of
the designs has been done using Synopsys DC compiler and LS|
0.35 u process library (Ichgl10) with worst case set up. We used
the 50MHz clock speed, maximal signal transition on the 10s with
medium map effort. Both BIST and iBIST could meet the 20 ns
clock cycle constraint (for 50 MHz operation) effortlessly with no
problem. The mgjor slow down is in the shift and pattern counter.
Speeding up these parts, we can run the test in much faster
frequency. Using the assumption on the size of LFSR and the
pattern counter, iBIST controller area actually came out smaller
than the ordinary BIST even after including the decoder module.

Table 2 Comparing iBIST to traditional BIST and controllers

IBST iBIST
Module Area Speed Area Speed
BIST_control | 201.32 2.16ns | 201.32 2.16ns
LFSR 1666.83 | 1.89ns 553.38 1.85ns
MISR 527.35 1.95ns | 527.35 1.95ns
Shift Counter | 900.60 6.32ns | 900.60 6.32ns
Pattern Cnter | 157250 | 9.15ns | 1085.29 | 8.01ns
Decoder N/A N/A 344.20 2.73ns
Total 4868.60 | 9.15ns | 3612.14 | 8.01ns
(worst) (worst)

6. SUMMARY AND CONCLUSIONS

We presented several control schemes for maximizing the
compression effectiveness and reducing the test data in iBIST
environment. Benchmark results show that the control schemes
using selective polarity inversion and static control is superior to
all the presented control schemes. In addition, we described the
overall iBIST controller implementation including decoder logic.
The results indicate that iBIST uses lower overhead area and
produces higher performance than traditional BIST.

iBIST is a viable solution for overcoming the test data
bandwidth gap between externa 1/0Os and the interna circuit. It
also promotes the design and test reuse and provides the protection
of IP cores via control vectors. Its main benefit is achieving a
high test quality within optimal test execution time without
inserting test points. The decompression technique is independent
of the design and promotes reusability at low test overhead.
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