26 4
2005 4

CHINESEJOURNAL OF SEMICONDUCTORS

Vol.26 No.4
Apr. ,2005

Improving Detectabil ity of Resistive Shorts in FPGA Interconnects’
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Abstract : The behavior of resistive short defectsin FPGA interconnectsisinvestigated through smulation and theo-

retical analysis. The results show that these defects result in timing failures and even Boolean faults for small defect

resistance values. The best detection situations for large res stance defect happen when the path under test makes a
vto-V transtion and another path causng short faults remains at value v. Small defects can be detected easly
through static analyss. Under the best test stuations,the effects of supply voltage and temperature on test results
are evaluated. The results verify that lower voltage helps to improve detectability. If short materia has postive tenr
perature coefficient ,low temperature is better ;otherwise ,high temperature is better.
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1 Introduction

Short faults are an important type of manufac-
turing defects’ *'. Usng the spot defect model ,it
was shown that about 50 % of all fabrication de-
fects in CMOS circuits could be categorized as
shorts® . A resistive short is a failure mode in
which the short connection between two circuit
nodesis resstive increasng circuit delay andintro-
ducing timing faults. For small values of the defect
red stance ,they even cause hard failures. Unlike an
A SIC ,most of the area of an FPGA is dedicated to
the routing resources and wires of different
lengths;hence ,short defects are more probable.

Testing of redstive short defectsin FPGA in-
terconnects was discussed only in Ref. [6] ;the be
havior of redstive short defects was studied
through detailed s mulation. Based on the test vec
tors applied ,short defects result in timing failures

and even Boolean faults for small defect red stance
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values. The authors believed that the best detection
stuation happens when the paths under test are
making s multaneous transitionsin the opposite di-
rections. But this concluson is only suitable for
small defect redstance value ,and yet not for large
red stance value. Thus,the application of best de-
tection dtuation may be limited.

In this paper ,we addressed the problem of re-
sstive short defects in FPGA interconnects and
drew a concluson about the best test stuation dif-
ferent from Ref. [6] based on theoretical analyss
and smulation results. Under the best detection
conditions, several improved test techniques were
studied. Test configurations that satify the best
conditions are smilar to Ref. [6] ;we did not give
detailed description in order to save pace.

2 Fault model and analysis

2.1 FPGA architecture and circuit model

The FPGA model we usedis atwo dimenson-
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al array of configurable logic blocks (CLBs).CLBs
are connected through switch matrices and line
segments. Insde each switch matrix there are pro-
grammable interconnect points (PIPs) and pass
controlled by user-programmable
SRAM cells. These PIPs provide selective connec

trand stors

tivity between pairs of line segments connected to
the switch matrix. The PIP acts as a switch. If the
switch is closed ,the connection between two lines
is established. Figure 1 shows the architecture of
Xilinx Virtex FPGAS®

SRAM

o (08
"

Switch P
matrix SM point
(SM)

Fig.1 Virtex FPGA architecture

The redgstive short circuit model is shown in
Fig. 2 ,where stuck-on transstors are closed PIPs.
The choice of identical inverter pathsis because of
buffered segments and regular structure of FPGAs
inwhich identical paths under test can be generated
in test configurations'” . We use a smple RC inter-
connect model with wire red stances R. and R: ,par-
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Fg.2 Circuit model
astic capacitances G and C.. Res stive short defect

is marked by Re.
2.2 Satic analysis

In the static analysis,it is assumed that input
signals remain constant and output signals are star

ble. Therefore, all interconnect parastic capaci-
tances and snk capacitances are ignored. When Inl1
and In2 are both high or low ,the bridge has no inr
pact on the circuit. When Inl is low and In2 is
high ,the circuit is shown in Fig. 3. A short fault
results in intermediate voltage levels of bridged
nodes. The logic interpretation of the intermediate
voltage depends on the threshold voltage of driven
inverter. For smplification ,we assume the thresh-
old voltage of inverter in Fig.3 to be 50 % V. An
accurate theoretical analyss of the static behavior
was provided in Ref. [8].
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Fig.3 Circuit model when(Inl,In2) = (low ,high)

Figure 4 gives the smulation result of Outl
for (In1,In2) = (low ,high). It is clear when short
resistance i s below critical resistance R.!° ™ there
isaBoolean fault. According to Ref. [12] ,10 % of
resstive shorts have value of larger than 1K2.
These shorts result in critical fault which must be
tested through dynamic analyss.

vV

Outl

RO
Fg.4 Outl voltage and short red stance
2.3 Dynamic analysis

In the dynamic analys s ,there arefour types of
input signals:high ,low ,risng,and falling. For the
sake of detecting delay of Outl path,the input of
the path must not be constant. There are totally 8
cases of input type combinationsfor Inl and In2. In
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order to find best test condition,we carried out
HSPICE and theoretical analyss of short-defected
circuit of several resstance values. TSMC 0. 334 m
BSIM3 model was used throughout the paper. De-
laysof x from HSPICE, Tsm ,were listed in Table
1.

The increased delay formula for resstive
bridges™ is

d ={- log[(05- N/(g- N]- 1} (1)
where d: is the nominal delay of x,l,g,and h are
chosen according to Table 2 in Ref. [12]. The de
lays with different input combinations, Tiwe ,can be

easly calculated and were summarized in Table 1.
The concluson from HSPICE conssts with

that from theoretical analyss. Asthe results show ,

for a vto-v transtion on the Outl path,if the

Out2 path remains at value v,it introduces more
trangtion delay to the Outl path. However ,if the
Out2 path remainsat v ,it speeds up the Outl path
transtion. When two paths are making transtions
in the opposite directions it may cause an increased
delay or a decreased delay. When two paths are
making transitions in the same direction,delay is
almost same as that of no short circuit ,0 is not be
listed in Table 1. When Outl path has a vto-v
trandtion and Out2 path remains v,the increased
delay is larger than that for opposte transtion.
Larger delay means higher detectability. There-
fore ,to maximize the delay ,the best-input patterns
for larger resistance value defect are (rising,low)
and (falling, high). As for small resstance value
defect ,we can detect it easly usng static analyss.

Table1l Delay of x for several short resstance val ues 10" s
I In2 No short 500002 200002 10000Q2 50000 15000

Tsm Tthe Tsm Tire Tsm Tthe Tsm Tthe Tsm Tthe Tsm Tthe

High 0.99 0.9 0.85 0.70 0.68 0.52 0.45 0.32 0.07 0.07

Risng Low 1.11 1.14 1.15 1.16 1.24 1.21 1.39 1.34 1.68 1.95 2.55
Faling 1.01 1.01 0.88 0.94 0.71 0.85 0.48 0.74 0.07 0.31

High 1.42 1.46 1.49 1.57 1.6 1.79 1.79 2.27 4.35 4.76

Falling Low 1.40 1.27 1.20 1.14 0.99 0.98 0.83 0.78 0.66 0.51 0.43
Rising 1.33 1.33 1.21 1.29 1.1 1.27 0.98 1.40 1.20 2.73

The fault model in Fig.2isthe same as that of
Ref. [6] ,but our concluson of the best detection
Stuation is different from that of Ref. [6]. They
drew their concluson only based on Boolean fault ,
but we consdered both Boolean fault and critical
fault at the same time. The authors of Ref.[6] be-
lieved that the best detection situation happens
when the paths under test are making s multaneous
transitions in the opposte directions. The smula
tion resultsof Ref.[6] are shownin Fig.5in which
Boolean faults are shown as shaded boxes. For
small res stance value defect ,when Inl and In2 oc-
cur opposite transtion ,there is a Boolean fault no
matter what Inl is. But for larger redstance value
defect ,no any Boolean fault exists with all kinds of
input combinations. Thus,their concluson is only
suitable for small resstance value defect ,and yet
not for larger res stance val ue defect.

1.4
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2 LOE —— Logic 1
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2 0.6
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0.2 ]
O L L ' L 'l
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Fg.5 Smulation results of Outl’ s trandgtion for dif-
ferent input combinations!® (&) In1=Risng;(b) Inl
= Fdling
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Even for small resistance value defects,they
were detected using dynamic analysis® which is
more complex than static analys s that was used by
us. Therefore ,our best detection condition is much
easly carried out and more efficient than that in
Ref. [6] because we can detect not only small re-
sistance val ue defect but al o larger res stance val-
ue defect.

3 Dependence on test condition

The objective of this sectionisto find depend-
ence of testability on test condition under the best
test patterns. The delay ratio is used as the detect-
ability metric!™ ,which isthe delay of the defective
circuit over the delay of the good circuit ;a larger
value means higher resolution in detecting the de-
lay fault. In what follows ,we carried out the analy-
ssfor (In1,In2) = (faling,high). The analyss
for another best pattern (Inl1,In2) = (risng,low)
issmilar.

From the circuit analyss in Ref. [12], we
found when (In1,In2) = (falling,high) the circuit
for Outlin Fig.2 can be smplified to the circuit in
Fig.6 ,where

_ (R + R)?
Ce—C1+(Rn+R2+Rb)2C2 (2)
R = (R +R) (Ri+ R + Ry (3)
- Ri+ R + Ry (4)

R+R+R+R+R
where R, and R, are pull-up and pull-down res st-
ances.

I Outl

m R
o X L NG
3
Fg.6 Approximation circuit model for Outl when Inl
isfalling and In2 is high

Define the delay of good circuit at x as d ,and
that of Fig. 6 as di ,the delay ratio di/ do can be
computed as

o R+ R + Ry

b R+R +R +R +R |
2
[1 (R + R) _ XQZ] N
(R + R + Rv) C
'092[2 x[l' Rn+Rz+RJ ®
We assumed R. = R and G = G ,because short de-
fects often occur between the metal wires in the

same layer and FPGA interconnect has the regular
architecture. In order to obtain equal risng and
falling time, pMOS and nMOS in the inverter
should have smilar on-state resstances,i. e. Rn=

R..Based on the assumption, Equation (5) can be
approximated to

Tc:t‘z 11 X
1+
2(Rn+R1)+ Ry +2
Ro R + Ru
1 -1
1-
Ri + Ra

MA TL AB computation results show delay ratio is
an increasing function of (R + Ri)/ Re.

3.1 Dependence on supply voltage

When one decreases supply voltage, R. isin-
creased. Therefore ,delay ratio under lower voltage
islarger than that of nominal voltage,vice versa.
HSPICE smulationsfor the circuit model shownin
Fig. 2 with various supply voltage val ues were per-
formed. Figure 7 shows the resulting delay ratios
as a function of defect size. As we expected ,when
supply voltage (2 5V) is below nominal voltage,
the delay ratio is higher than that of the nominal
voltage (3 3V). Theimprovement isobvious when
defect resistance is below 3K2 (larger than 25 %) ,
and maximal improvement is 160 %. Furthermore,
critical resistance value increases with decreased
supply voltage.

3.2 Dependence on test temperature

Because interconnect resistance is much smal-
ler than short defect resistance causng critical
faults,according to Eq. (8) , dependence of delay
ratio on temperature is dominated by material of
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Delay ratio

Fg.7 Dependence of delay ratio on supply voltage

short defect. If short material has postive tempera
ture coefficient ,low temperature is better ; other-
wise ,high temperature is better.

For example ,we assumed defect material was
Al that has postive temperature coefficient.
HSPICE smulationsfor the circuit model shownin
Fig.2 with three test temperature 0,25 ,and 100
were performed. These temperatures are used in

[14]

the package tests in industry™ . Figure 8 shows
the resulting delay ratio as a function of defect
size. As we expected ,the delay ratio is higher when
temperature (0 ) lower than room temperature
(25 ). The improvement in delay ratio is obvious
when defect resistance below 1 5K2 (larger than
10 %) ,and maximal improvement reaches 46 %. As
shown in Fig. 8 ,critical resistance value increases

with decreased test temperature.

11

9 1 —=—0C
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Delay ratio

LI S B s o

1_ —

0 1 2 3 4 5

Fig.8 Dependence of delay ratio on temperature

4 Examples

To verify the conclusons above ,we carry out
experiments for (5002 ) and larger
(15002) resistance value defects,assuming defect

a small

material Al. Smulation results for different input

combinations are shown in Table 2 ,where B repre-
sents a Boolean fault. For a 50002 short defect ,any
input combinations generate Boolean faults; 0 we
can detect it easly usng static analyss. For a
150002 short defect ,we canfind the delay for In2 =
Low (High) is largest when Inl = Risng (Fall-
ing) . Therefore,the best-input patterns for larger
res stance value defect are (risng,low) and (fall-
ing ,high) . Smulation resultsfor a 150K short de-
fect under different test conditions are shown in
Table 3 when (In1,In2) = (falling,high).Lower
voltage and temperature are helpful to increase de-
lay ,even causing Boolean faults. Obvioudy ,the ex-
perimental results match the theoretical results
well.

Table 2 Delay of x with different input combinations

10" s

In1 In2 5000 1500Q
High B 0 07

Risng Low B 195
Falling B 0. 07

High B 4 35

Falling Low B 0. 51
Risng B 1 20

Table 3 Delay of x under different test conditions

10" s
Test conditions 1500Q
25 B
Voltage/ V 33 4 35
4 3 04
0 5 05
Temperature/ 25 4 35
100 355

5 Conclusion

In this paper ,we investigated the problem of
red stive short defectsin FPGA interconnects. Re-
sults show small short defect can result in hard
failure and large defects generate critical fault.
Based on theoretical analyss and dynamic smula
tion,we achieved the best test Stuation different
from Ref. [6]. The best test condition happens
when the Out1 path makes a vto-v transition ,and
Out2 path remains at value v for large red stance
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val ue defect. And small defects can be detected eas
ily through static analyss. Our best detection con-
dition is much eadly implemented and more effi-
cient than that of Ref.[6] because we can detect
not only small res stance value defect but also lar-
ger resstance value defect. Under the best detec-
tion dtuations,the effects of test conditions on re-
sults were studied. The results verify lower voltage
helps to improve detectability. If short material has
posdtive temperature coefficient ,low temperatureis
better ;otherwise ,high temperature is better.
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