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Abstract — This paper proposes a novel environmental-based method for e-
valuating the good yield rate (GYR) of Systems-on-Chip (SoC) during fabri-
cation. Testing and yield evaluation at high confidence are two of the most
critical issues for the technological success of 50C, Since a SoC is designed
and assembled using deeply embedded Intellectual Property (IP) cores on
a single chip, then at fabrication, it is not possible to rely on conventional
testing and yield evaluation methods because there is no a-priori informa-
tion or data available on the yield of the fabricated IPs due to the different
integration processes of the cores. This is radically different from previous
technologies in which the known-good-yield of ASIC or MCM chips for ex-
ample is extracted from physical-level information. The proposed method re-
lies on different aspects of fabrication (which are quantified by the so-called
Environmental Parameters (EFP)). EPs which could be highly correlated to
the yield, are analyzed using a comprehensive statistical method to improve
the accuracy of the estimated yield of the SoC as well as for directing the
test process. Numerical simulation results are provided to show that the pro-
posed method significantly improves the confidence interval of the estimated
yield when compared to conventional random testing.

L. INTRODUCTION

The rapid advances in technology for manufacturing com-
plex integrated circuits have been made possible by the high
density integration of a large number of components and de-
vices; today, a complete system can be integrated and assem-
bled on a single chip (SoC). Due to density and complexity,
conventional fabrication methods are facing tremendous chal-
lenges when manufacturing SoCs. The miniatarized size and
light weight as well as performance benefits (such as power
consumption, high speed and thermal distribution} have made
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SoC a rapidly expanding market with great potential.

However, SoC manufacturing is encountering major hurdles
as related to achieving an acceptable yield at high confidence
level with an efficient testing technique. For SoC, convention-
al testing methods are impractical and costly; methods based
on Very Large Scale Integration (VLSI) technology for imple-
menting ASIC (Application-Specific IC) and MCM (Multichip
Module) are not effective because they may not capture the
new processes involved in SoC manufacturing.

An SoC is assembled by using Intellectual Property (IP)
cores as components. As IP cores are deeply embedded in a
single chip, 1t is not readily possible to rely on conventional
testing and yield evaluation methods. There is no a-prior infor-
mation or data available on the yield of the components. More-
over, wafer or chip leve) information has himited relevance due
to the disparate integration processes of the IP cores and the
lack of known physical-level yield. This is substantially differ-
ent from custom optimized ASIC with a well-exercised yield,
or MCM with known-good-yield. Since there is no significan-
t information available during the integration and test of the
embedded IP cores, past work on correfation between fabrica-
tion and related features (such as yield and fault rate}, is not
applicable.

In this paper, the proposed method relies on a set of fea-
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tures which experimentally appear in the fabrication process
and directly affect the yield and test quality. These features
are extracted and quantified; they are referred in this paper as
the Environmental Parameters {EPs). EPs can be also high-
ly correlated and through an extensive statistical analysis, they
can be used to derive a stratified-based test process and as-
sess the yield of the SoC. In this paper, an accurate GYR (i.e.
Good Yield Rate as confidence level of estimated yield) is es-
tablished by using a novel method in which highly correlat-
ed EPs are categorized at different levels through a character-
ization of different environmental parameters and a statistical
analysis of their interactions. This process also identifies the
stratification criteria for selecting (or sampling) the chips (as
components of the SoC) and testing them by providing sta-
tistical information on whether or not an EP has a significant
impact on the GYR, Within this approach, this is possible be-
cause SoCs from the same wafer are fabricated under an ho-
mogeneous environment, i.e. no significant variations occur
within a wafer. Therefore, sampling is conducted at SoC-level
and EPs are used to guide through a novel characterization pro-
cess; this process effectively relies on a statistical test hypoth-
esis technique which in this paper exploits the so-called Anal-
ysis of Variance (ANOVA) method. Different measures such
as the level in EPs for a given SoC fabrication condition, or the
stratification variables for sampling-based testing to estimate
the GYR are utilized. Having identified a proper stratification
structure, a post-stratified sampling-based test process is con-
ducted to estimate the unbiased estimator of GYR by using a
ratio estimation technigue., Hence, a further objective of this
paper is to propose a new SoC-specific test method to enhance
the confidence level of the estimated GYR with high accuracy
and ensuring the efficient testing of the SoC as final product of
the assembly of the IP cores.

This paper is organized as follows. In section 2, literature
related to SoC testing is reviewed; previous works are also in-
troduced. The basic principles and procedure of the proposed
method are described in Chapter 3. The performance of the
proposed stratified sampling-based method in comparison with
a random sampling-based test method is presented in Section
4. In the fipal section, discussion and conclusion are presented.

1. REVIEW AND PRELIMINARIES

For MCM technology, discrete VLSI chips of different type-
s are mounted on a wafer substrate (such as global power,
clock, and distribution networks). In MCM, the chips of the
same type are assumed to constitute a stratum [1]. Chips of
the same type are procured from the same manufacturer with
a uniform KGY (i.e. a low variance in their KGY). A hetero-
geneity in KGY (i.e, high variance in KGY) between chips
in different strata is assumed as different manufacturers can be
invelved. This is referred as strati fication. In [3], a stratified
test method has been proposed for testing Multi-Chip Module
(MCM) systems. Iis advantages are the improvement in qual-

ity level and cost-effectiveness. This approach referred to as
the Lowest Yield-Stratum First-Testing (LYSFT) considers the
unevenness of Known-Good-Yield (KGY) of stratification as a
criterion for testing the chips on a MCM for quality enhance-
ment [3] - [8].

There have been extensive studies reported on statistical ap-
proaches for testing ICs. Sequential statistical analysis has
been employed as a standard vehicle to manipulate the correla-

" tion among Defect Level (DL), yield, random test length, and
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detection probability. Instead of using deterministic DL anal-
ysis, a sequential statistical analysis directly examines the ran-
dom behavior of test vectors and results in an elegant deriva-
tion of the DL. The DL derived by using this method can be
then used to find the average confidence in the probability of
fault-free chips, which in turn is represented by the yield and
the coverage [9] - [14]. The DL obtained through random test-
ing can be evaluated by a probability distribution rather than a
value as pointed out in [9]. The probability density function of
a DL can be approximated by using the standard normal dis-
tribution; the confidence degree on the defect level can thus be
derived. It has been shown that the high confidence degree of
a specific DL can be achieved using large sample chips [15].

A detailed study on design quality bas been conducted in
[16]; design quality is considered from an architectural level to
include test coverage for those cases in which design quality
has a significant impacts on the quality of the final product; in
particular, it has been reported that testability requirements at
system level though functional and structural test reuse make
possible to monitor and improve test effectiveness after the
physical layout implementation [16). The proposed ET is fea-
tured with the following components: 1. To identify EP levels
highly co-related with Good Yield Rate (GYR) by using ex-
perimental design and test technique; 2. To conduct stratified
sampling-based testing with respect to the focused EP levels as
its stratification criteria without additional chips to test; 3. To
estimate GYR with ratio estimation.

In this context, using an SoC, it is possible to integrate the
many digital and analog functions needed for consumer elec-
tronic products (such as home appliances and advanced mobile
devices) on a single Very Large Scale Integrated (VLSI) chip.
A S0C can accommodate complex functions usually associated
with today’s systems. However, it is difficult to test and assure
the quality of a SoC using conventional VLSI test methodolo-
gies due to the high density and complexity at deep sub-micron
scale.

HI. PROPOSED METHQOD

The procedure of the proposed method to estimate the GYR,
is shown in Figure 1; it consists of different steps as outlined
next in more detail. The proposed method has the following
unique features as corresponding to each of these steps:



e Through an environmental-based method to identify the
EPs and their levels which could be correlated with the
Good Yield Rate (GYR).

o Through a statistical analysis to establish the acceptance
test of the EPs and outcome with respect to the correlation
with the GYR.

+ To identify the stratification conditions for sampling-
based testing of the SoCs.

o To estimate with high accuracy the GYR through a ratio
procedure.
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Fig. 1. Proposed environmental-based method

A. Environmental Characterization

The environmental characterization of an SoC is dependent
on many parameters, referred to as EPs (environmental param-
eters). An EP can be identified at physical level (such as tem-
perature or pressure) as well as at technology level (line width,
power consumption for example). The interaction among EPs
can affect different measures (such as GYR} during the fabri-
cation of a SoC.

A two-way classification method is proposed for identify-
ing the Environmental Parameters (EPs) which can be highly
correlated with the GYR. This can be extended to a multi-way
classification without loss of generality [17]. Hereafter, for
sake of simplicity only a two-way classification process is pre-
sented.

Each level represents a range of values for EP in the envi-
ronmental characterization. For instance, suppose two EPs are
selected, i.e. the temperature (denoted by A={A;}).i=1,...,p)
and the pressure (denoted by B={B;}, j=1, ... . ¢). So, there
are p X q so-called treatments (i.e. each treatment is a copa-

rameter of A; and B;). Within each treatment a set of SoCs is
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sampled, i.e. y;;x represents the sample SoCs within the range
of the ith level of A, the jth level of B; and the rth sample
in the 7 th treatment, where 1 <i < p,1 <j <g. A sample
treatment table can be generated accordingly (an example is
omitted due to space limit).

For example, let the levels of each EP be given as follows:

o Levels of A (temperawmre): A1(100°C}, A2(105°C),
A3(110°C), ... 4y

« Levels of B (pressure): B;(100N/m?), B3(108N/m?),
By(110N/m?), ..., B,

The theoretical model of a two-way classification method
(as used in the proposed approach) can be expressed within a
statistical framework as follows.

Let Yy be the observed GYR of the tested SoC sample
within the ith level of A, the jth level of B, and the rth sample
of SoCin the ijth treatment with 1 <i<p,1<3<q, 1<k <
r; hence,

Y'ijk. = P"'f'ai'!'ﬁj +’Ytj +eijkai = 11 27"‘sp1j = 1:2) v

m
where
o i is the total mean GYR from the sampled SoCs.
s @; is the Yj;; in the sth weatment of 4.
o J; is the Y in the jth treatment of B.
» 7;; is the interaction between the ith treatment and the jth

ireatment.

Let ;51 be the residual, i.e. the difference between the ob-
served and estimated GYRs, this can be expressed as

Eijk ™~ N(O, 0'2) (2)

B. Statistical Analysis

By using the model and the equations given previously, a
statistical acceptance method such as the F-test can be con-
ducted next. The F-test is based on a sum of rhe squares tech-
nique and is nsed to determine whether to accept an EP, i.e.
based on the environmental characterization whether the EP is
highly correlated with the GYR under a specified significance
level {denoted by a); this is the probability of making an er-
roneous decision when selecting an EP (in generally, its val-
ue is rather low). To conduct the F-test two new expressions
must be derived. The first equation is the difference (denoted
by yijk — 7)) between the observed GYR (y;;5:) and the total
mean (§_} of the GYR from the sampled SoCs,

Therefore,



r
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where

o S Y Y i (e —T)? = SST is the sum of the
squares (it represents the variation of each sampled SoC).

o gr 3. (7i7 — )% = SSA is the sum of the squares (it
represents the variation of A).

o pr3.7_, (7 —77)* = SSB is the sum of the squares (it
represents the variation of B).

sy Yy — T — T +T)? = SS(A*B) is the
sum of the squares which represents the interaction be-
tween A and B; this operation is denoted by *.

o 3 Y Yko1(wigk — T7)? = SSE is the sum of the
squares to represent the residual, i.e. it is the probability
of accepting the EP if it is highly correlated with GYR
after the F-test.

A test hypothesis must be made to conduct the P-test based
on the previous expressions; in this case, the hypothesis is that
there exists at least a non zero EP level; otherwise, there ex-
ists a joint effect by the interaction between the two EPs. The
summary of the test hypothesis is given in Table I.

The test hypothesis is based on the ANOVA of the two-way
classification. The statistical parameters are shown in Table IL.

In Table 11, if each F-value does not satisfy the significance
probability (i.e. SProb}, then the respective EP is rejected;
moreover if the interaction between A and B (i.e. (A*B))
does not satisfy the significance probability (i.e.P(F < f3)),
then (A*B) has no stochastic correlation with GYR. Using
this method, the EPs and their levels which could be highly
correlated to GYR, can be found together with the interactions
among EPs. This information wilt be used to provide a better
understanding of the SoC fabrication process, and establishing
a criterion for stratified sampling-based testing.

C. Stratification for Sampling-based Testing

In the proposed method, stratified sampling is used for test-
ing SoCs. A sampling-based testing for SoCs approach is d-
ifferent from a conventional method because the Good Yield
Rate (GYR) is the ratio estimator under the assumption that
the variance of GYRs of the sampled SoCs (denoted by S32) is

homogeneous in each stratum. The variance is asymptotically
given by
N-n_

Nn h[

1 L-1
V(Ycam}) = %i_h(T)] 4)

where

« 5% is the mean of 2,

e N is the total number of sampled SoCs,

s fip, = n/L, n is the total number of sampled SoCs, L is
the total number of strata.

If 7, is large enough, then the variance of Y ony [17] 1s

V(Yeons) = S,, (5)

Next, the sampled SoCs from the treatments in the environ-
mental characterization are rearranged to build a new frame-
work with the EPs which were accepted by the F-test.

D. Estimation of GYR

The true vatue of ¥ (or GYR, good yield rate) can be repre-
sented by

L LNy,
Y=EhNth__2hZi yhi _ A ®)

N N N N

where

o A is the number of SoCs which has been tested and diag-
nosed as fault free, thus contributing to the GYR.
o L is the number of strata.

For stratified sampling-based test, the unbiased estimator of
Y is given by
. ox Nada

= 7
Yst N 4]

where S

" i= ¢ a

gy, = LizLUhi _ Ok (8)

T np
and its variance is
2 Nh -y Sh

a _I_EN2.S_'?I ©)
N2 hnh

For comparison with random sampling-based test, the unbi-
ased estimator of Y is

V(y“) - N2 ZNh Nh -1 nn

g, = Zim i (103
n
ang its variance is
v = SN m L8 an
n N-1 )

Using these estimators, the accuracy (denoted by § ,; and §-
respectively) versus the actual value ¥ can be derived.
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TABLE [

TEST HYPOTHESIS
EP Hypothesis F-test
A Hg:alzaz_—.....=ap=0 F=m
B Hy:bi=fa=..=8,=0 F =z
A*B Hy:v;=0i=1,...,p,j=1,...q F= KMA’B
where « confidence level
TABLE I
ANOVA RESULTS FOR THE TWO-WAY CLASSIFICATION
EP S8 d.f. M8 F value SProb.
A SSA p-1 MSA=8SSA/ (p-1) f1=MSA/MSE P(F >= f1}
B SSB q-1 MSB=SSB/ (g-1) f2=MSB/MSE P(F >= £2)
(a*B) | sS(A*B) [p-1) (g-1) MS(A*B)=SS(A*B)/(p-1)(g-1) £3=MS(A*B)/MSE P(F >= £3)
Resid. SSE pg{r-1) MSE=SSE/pg(r-1) ’
Total 88T pgr-1

where 838 is the sum of the sguares, MS .is the mean square, 4.f.

is the degree of

freedom, F-value is the the F-test for the hypothesis
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Fig. 2. Confidence interval of random testing

1V. SIMULATION RESULTS

In the anatysis it is assumed that the sampled SoCs are man-
ufactured in a fabrication environment as described previously
and the value corresponding to the observed ¥ of an SoC is
randomly generated for the EPs. The total number of SoCs to
be tested is fixed to 100. In the simulation, the actual value of
Y (i.e. GYR) is assumed to be 86.7. After having found the
highly correlated EPs and their levels, then the observed Y's of
the sampled SoCs can be rearranged into strata as follows.

The Y's for the proposed method and random sampling-
based testing can be calculated using the sample SoC variance
for various sizes as shown in Table III.

The numerical simulation model and the steps for the pro-
posed test method can be described as follows.

1. Random generation of GYR samples.

2. Stratification of the GYR samples.

3. GYR estimator (y,) and confidence interval (S} of ran-
dom testing.

KX}

%0 T T T T

8

88 -
¢

® & True Vaiue=68.74

—

8 s [ o i
; i H Esimated GYR —+—
H H i H Confidence Interval Bandwidth +--x---
i X h . X
Q 10 20 30 40 50 -] 0 80 o0 100 110
Sample Size

Fig. 3. Confidence interval of proposed testing

4, The GYR estimator (y.) and the confidence interval (S, )
of the proposed method.

The GYR estimators and confidence intervals of random
testing (the proposed method) for different sample sizes (n =
10,20,...,100) are shown in the first and second (third and
fourth) columns of Table III, respectively.

Comparison is made with respect to the confidence interval
of the two testing methods (preposed and and random testing)
and is shown in Figures 2 and 3 with respect to the true vailue
of Y (i.e. GYR) on the vertical axis. Figures 2 and 3, show
that there is a significant increase in accuracy compared with
random sampling-based testing; and also it is evident that there
is less disagreement between the true value of ¥ and the value
as estimated by the proposed method. Such disagreement is
higher when the value of Y found by random sampling testing
is utilized. This indicates that the proposed method improves
both the accuracy of ¥ and its confidence level.



TABLE 111
ACCURACY COMPARISON FOR PROPOSED METHOD VERSUS RANDOM SAMPLING-BASED TESTING

GYR estimator Confidence interval GYR estimator Confidence interval
Sample size (yr) of (Sy.) of {¢e) of {Sy,) of

random testing random testing stratified testing | stratified testing

10 83.8 8.24 87.3 0.66

20 B5.2 8.80 86.1 0.46

30 85.2 9.25 86.5 0.26

40 85.3 8.87 86.6 0.21

50 85.6 8.58 86.8 0.16

60 86.4 8.40 86.6 0.14

70 86.5 8.47 86.7 0.12

a0 87.1 g8.28 86.8 0.10

90 86.9 8.24 86.8 0.09

100 86.7 - 86.7 -

V. DISCUSSION AND CONCLUSIONS

This paper has proposed a novel environmental-based
method for evaluating the good yield rate (GYR) of Systems-
on-Chip (SoC) during fabrication. Testing and yield evalua-
tion at high confidence are two of the most critical issues for
the technological success of SoC. The main novelty of the pro-
posed method is twofold; to provide a better understanding
for the integration and fabrication of S0Cs and their yield with
high confidence level; to propose an efficient test approach and
accurate method for calculating the Good Yield Rate (GYR).
Initially, the proposed method identified and selected a set of
EPs that are highly correlated with GYR, using a multi-way
classification technique. Next, it built a stratified sampling-
based testing framework in which the EPs are divided into lev-
els as test criterion. Finally, an unbiased estimator was derived
for the GYR with minimum variance as solution to yield eval-
uation for SoC fabrication. Numerical simulation results have
been provided. As an example, a numerical expériment was
given to show that the proposed method significantly improves
the confidence interval of the estimated yield when compared
to conventional random testing.
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