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An Electrical Model for the Fault Simu
Crosstalk Aggravated

N. Houarche, M. Comte, M. Renovell

LIRMM-UMII 161, rue Ada
34392 Montpellier, France
e-mail: name@lirmm.fr

Abstract— In this paper a new electrical model is proposed to
be used in fault size based fault simulation of csstalk
aggravated resistive short defects. The electricdlehavior of
the defect is first described and analyzed in detsi. Then an
electrical model is proposed allowing to efficienyl compute the
critical resistance determining the range of deteetble short
resistance. The model is validated by comparison thi SPICE
simulations.

l. INTRODUCTION

It is usually admitted that transition test sets aot able
to guarantee an acceptable coverage of small daldis
[1]. The small delay faults are common in currerSMD
process; they are originated by interconnect opens
interconnect shorts, each one for a given ranghefiefect
resistance [2-6]. Consequently, specific technicquestools

(ATPG, fault simulator...) must be developed targgtin

small delay faults.

Today, the interconnect open simulators describdtie
literature target full open defects that creatgdadelays and
can be detected by transition test sets [7-9]. ndther
hand, the small delay fault simulators presentedeent
papers focus on the concept of fault size. Inddéwe; intent
to determine for every fault the size of the faolt which
the fault is detected [10-11]. However, most of sthe
simulators do not take into account the precisetetal and
physical parameters of the defect, while these rpaters
directly impact the size of the fault [12]. A retguaper
proposes to consider these electrical parametersrtpute
the fault size when simulating small delays cauggd
resistive open defects [13].

In this paper, we propose an electrical model #flatvs
to efficiently compute the range of resistancevitiich the
fault is detected when simulating small delays eduby
resistive short defects. In order to develop a ipee@and
realistic model, we consider that the short may
aggravated by a coupling capacitance, i.e. a @lssts
illustrated in Fig. 1. It is very important to ndtere that the
crosstalk is due to the topology of the circuitjstnot a
manufacturing defect and we consider that
manufactured circuit will exhibit approximately tleame
coupling capacitance as illustrated in Fig. 1.a.t@mnother
hand, the short is a manufacturing defect randafibcting
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some of the circuits as illustrated in Fig. 1.bn€equently,
the value of the coupling capacitance is a detdstiin
parameter that can be extracted from the layoutlewthe
short resistance is a random defect with an unptaie
value.
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Figure. 1 Crosstalk aggravated resistive short

Two important works deal with delay caused by
crosstalk aggravated resistive short defects:

- In [4], the authors propose an electrical modeldelay
caused by a resistive short. However, the mode$ afm
consider the coupling capacitance.

- In [14], the authors analyze crosstalk aggravated
resistive short defects. The analysis is based BICE
simulations but no electrical model is derived tbatild be
used in logic fault simulation.

Obviously, these reference works are used here as a

starting point for our model development. Sectigor&ents
the fundamental principle of the fault size basedutation
used in this work. Then section 3 analyses thetradat
behavior of a resistive short aggravated by a tablss
Finally, a model is proposed in section 4 thatveddo easily
compute, during simulation, the range of resistdacevhich
the defect is detected. Section 5 gives some cdimgju
remarks.

be Il

The fault simulation method used in this work isitar
to the one described in a previous paper from tmmes
authors but for a different defect [13]. For thé&ason, the
¥nethod will be just briefly described hereafter.

FAULT SIZE BASED FAULT SIMULATION

The inputs of the simulation are a gate-level setlif
the circuit with timing and physical informationcuas gate



delays, clock cycle and transistor topology ondhe hand,
plus a test pair and a list of faults on the ottend. Faults
are specified by a pair of logic nodes includingaggressor
node and a victim node, and two opposite transtiom the
nodes. The transition on the victim node is slowledvn:
the amount of the slowing down is called the faide.

It is important to note that the amounof slowing down
is not an input of the simulation and so, it is spécified in
the fault list. It is a result of the simulatiororra given fault
fi and a given test pairjipthe simulation determines the
propagation path of the fault and derives the spweding
slack time T(f;, tp). It is clear that any delay larger than the
determined slack time can be detected and constyue
slack time is equal to the minimum detectable faizé. We
finally define the Detection Interval in time domabD(f;,
tp) that contains all the values o&ff;) for which the circuit
will fail under test pair tp i.e. a transition at one or more
outputs will be delayed beyond the clock cycle time

-0 &(f;) > Ty(fi, tg) => f is detected (1)
-8"(F) = Tu(fi, tp) (2
- Dy(fi, tp) = [8™(f), o] ®3)

As demonstrated in the next section, the size efallt
o(f;) depends on the resistance & the short which is a
random and unpredictable parameter. Thereforealéstie
defect cannot simply be declared as detected cdetetted.
The concept of fault coverage associated to aptstdoes
not apply directly to realistic defects and it eplaced by
the concept of test pair efficiency as presentéovie

First, for a given delay(f;), it is possible to determine
the corresponding value of the short resistanceBBcause
we deal with short defects, a small resistanceiesp large
delay, while a large resistance implies a smalhyleSo the
minimum fault size "(f) can be transformed into a
maximum resistance &X(f)):

-8™(f)) => R™(f) (4)
- Dy(fi, tp)=[8™"(f), ] => Drd(fi, tp)=[0, R™(f)]  (5)
Following this idea, the detection interval in time

tprest (NOt necessarily contained in the simulated test
sequence).

Finally, the efficiency of the test pair; tip detect fault;f
is simply computed as the ratio of the detectioobpbility
associated to the considered test pgiratml the detection
probability of the best test pair.tg

€"(tp) = P(f, ty) / P™(f;, thes)

with 0<€'(tp) <1

(7
®

In other words, the efficiency of a given test pair
evaluated by comparing its probability to detea fault
with the probability of the best test pair that esild apply
to the circuit. It is to note that all these cornsepf detection
interval, detection probability, efficiency have eoe
proposed and used for different defects: statiea®tn of
resistive shorts (without crosstalk) in [12], deldgtection
of resistive opens in [13]. The problem here isxtend this
new concept to the delay detection of ‘crosstalgragated
resistive shorts’.

In the fault simulation algorithm, the most impaoita
difficulty comes from the computation of the Detent
Interval in the resistance domaindd;, tp). In other words,
the critical problem is to determine, for a givewlf and a
given test pair, the maximum resistances °Kf;)
corresponding to a delay equal to the slack timee T
determination of the maximum resistance throughbtetsl
SPICE simulations is far too long and time consuwimen
dealing with logic fault simulation. In order torfam the
fault simulation at the logic level in an efficientay, we
need a model in a quite simple form allowing to poite
the maximum resistance without SPICE simulatiorfoBe
to derive this simple model (section 4), we analyedetail
in the next section the electrical behavior of toasidered
defect.

This section analyses the electrical behavior of a
resistive short aggravated by a crosstalk. As ropatl
before, the capacitance is assumed to be knowna@et

SHORT ELECTRICAL ANALYSIS

domain IXf;, tg) becomes a detection interval in resistancdrom the layout) and the resistance is considersdaa

domain Lx{fi, tp). It is then possible to compute the
detection probability of the fault by computing timegral
of the resistance densipgr) on the considered interval:

P(t, )=p() dr and B, tpegy=)p(r)
DRs(fi, tn) Rmax(fi, tpoes)

Second, the fault simulation also computes in #maes
way the highest detection probability"¥(f;, tp.es) Of the
fault corresponding to the largest detectable water

(6)

Dgre"(fi, tpes) that could be obtained with the best test pair

random parameter. We hence analyze here the ebdctri
behavior assuming different values of the resisgtanc
Simulations are performed with a CMOS 180nm pracess
Fig. 2.b gives the SPICE simulation of the didatdiglt-
free circuit of Fig. 1.a. When input In1 performgpasitive
transition, its corresponding output Outl perforras
negative transition with a delay depending on tlesstalk
capacitance Cc and the load capacitance C1 (ieeingiut
capacitance of the driven gates): this fault-frieeuit delay
is considered as the nominal delay Tsed as a reference.
Note that in the simulation, input In2 also perfara
transition. This transition implies a correspondiransition
on output Out2 which in turn influences the Outnsition



through the crosstalk capacitance Cc. The timeewdiffce Step 1 Step 2 Step 3
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Figure 2. Fault-free and faulty SPICE simulations Figure 3. Influence of the short resistange R

Fig. 2.c gives the SPICE simulation of the faulircuwit B
of Fig. 1.b including a short resistancg & 500@. The '
simulation is made of 3 steps:

- Step 1. Before node In2 transition, output Outawd

Influence of the skew Ty on T4

We consider here 2 different values of the skeg. #ia
gives the simulation of our didactic circuit of Fifyb for a

be equal to Vdd and output Out2 to Gnd. Howeveey th quite large skew of 2.5ns and for a short resigtaot

exhibit degraded voltage levels due to the shotivéen Rs~=200. Fig. 4.b gives the simulation of the same circuit
Out1 and Out2. with the same short resistance but for a small skieb0ps.

Step 1 Stgp 2 Ste‘p 3
i

- Step 2. When input In2 performs a negative tteaorsi
Out2 becomes high and so both Outl and Out2 term to
equal to vdd. o
- Step 3. When input Inl performs a positive trémsj of ana i e s
Outl becomes low conflicting with the high Out2. As ]
result, the final voltage level Vfinal of Outl iegraded and
the transition is delayed: this faulty circuit dela noted T8
with Td' > Td".

A. Influence of the short resistance R;on T

We consider here 2 different values of the short
resistance. For a very low short resistance2BX) as !
illustrated in Fig. 3.b, the final voltage Vfinaf ®utl is e s
lower than half vdd. In this case, it is usuallynswered |
that the node has not performed any transition smche
corresponding delay is infinite.

For a medium range short resistanceeZR0OM as
illustrated in Fig. 3.c, the output node Outl perfs a Teres s e ma S

degraded transition with a delay depending on tidaevof
the resistance. Figure 4. Influence of the skew
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As a conclusion, we note that the delay decreases f
infinite to the nominal delay value when the resise
increases. Obviously, this delay fault is detedtwda large
delay, i.e. when the delay is higher than the skimle T
associated to node Outl. In other words, the digal is
detected for a range of resistance comprised bet@Wesnd
a maximum value B* with:

RM™ / Td =Ty (9)

From these simulations, we can say that the falétgy
T4 decreases when the skew d@ecreases. This means that
a close transition of input In2 speeds up the ttiams of
output Outl. One of the reasons for this speedmgan be
found in the initial Vinitial and final Vfinal vodges. For a
small skew, the Outl output must switch from Vaditto
Vfinal, i.e. a small swing while for a large skeautput
Outl must switch from Vdd to Vfinal, i.e. a largeisg. It
is amazing to note that the faulty delay may eveoome
smaller than the fault-free delay for a very snakew!



Indeed in Fig. 4.b the delay is smaller than théayde The model is based on the circuit representatigargin
observed in the fault-free simulation of Fig. 2.a. Fig. 6 where the transistors are represented byr the
From the simulations in Fig. 2, 3 and 4, it is nowequivalent resistances R1 and R2 [4]. In Fig. 50lserve,
possible to draw the faulty delay Tdersus skew J  for a given resistancesRhat the faulty delay starts from a
characteristics for different values of the shedistance R~ minimum value called ddR when T,=0. The faulty delay
as illustrated in Fig. 5. We clearly observe tha tlelay increases when the skew increases till a maximuleva
decreases when the resistance increases and wikeen talled D(R) when the skew is around 1ns. After this
absolute value of the skew decreases. Note thaowsider maximum value, the faulty delay remains constand an
short resistances in the range from 0 to a few-&flms independent from the skew. In the following subieast we

because it has been proved to be a realistic asgumip5]. first analytically determine the two extreme value€R,)
R.=10000 and d(R), then we determine by extrapolation the curvé tha
j 15 "™ joins these two extreme points.
F S’/ R.=2500Q -
R md Tﬂs ( )
\ D(50C0;
ot
\o el
\
\\ é‘
\'
R:)o.s
|
Figure 6. Simplified circuit for the resistive sho
o’ A.  Computation of D(Rg)

For a large skew the faulty delay becomes constadt
independent of the skew as observed in Fig. 5. fif@ans
that, for a large skew, the crosstalk capacitanas ho
IV. MODEL FOR RESISTANCE INTERVAL ESTIMATION impact on the circuit behavior and therefore no astpon

This section describes the electrical model we gsefo the value of the maximum delay DSQRT.h'S means that we
evaluate the Detection Interval during fault siniola. As COUI.d remove _the prosstalk capacitance Cc_from the
explained in section 2, during fault simulationg timost equivalent circuit of Fig. 6 to compute t.he valddR,).
important difficulty comes from the computation tfe By removing the crosstalk capacitance, we can now
Detection Interval in the resistance domaip(D, tp). In reuse previous works _that have pr_opose_d an elactriodel
other words, the critical problem is to determifue,a given for reglstlve sho_rts with no conS|derat|on_of thesstalk
fault and a given test pair, the maximum resistaREE(f) capacitance. It is the case for the prewopsly naet _
corresponding to a delay equal to the slack timgian by paper [41 from Walker where the following model is
equation (9). proposed:

In fact, the maximum resistance can be easily etdca ,
from the characteristics given in Fig. 5. For aegivest pair D(Rs)=—{cz+(Rl(fi)Rs)z EQHRZ DR'};'}RS]W 1-— %
tg; and a given short;,fthe fault simulation process
determines: . . .

- the skew T(f;) associated to the In1 and In2 signals on In equation (10), the maximum _delay expres;ed n
the inputs of the driving gates, seconds depends' on the !oad capa(_:ltances (C1 anq Cc2

- the slack T|(f;) associated to the path used for the fau“Farads), the transistor equivalent reastgncesa(erlRZ n
propagation. Ohms_) and obwously_ t_h_e short reS|stance_s)._(RTh|s

As illustrated in Fig. 5, using<Xf,) and T(f,) as inputs, equatlon that has been mltlally de;veloped forstose short
the intersection gives the maximum short resistdC&(f;) W't.hOUt crosstalk capacitance gives in fact thefe“*“.“.
that can be detected. Consequently, we need tondete points D(R) of Fig. 5 for a crosstalk aggravated resistive
these THversus skew J characteristics for each simulated short.
fault. Fault simulation is performed at the logewél and B, Computation of d(Rg)
must be fast, so we do not want to use SPICE stinnkto
obtain these Tdversus skew J characteristics for each
simulated short and each test pair. To this purpese
propose below a semi-empirical electrical model olthi
allows to easily obtain the characteristics.

Figure 5. Faulty delay Tdersus skew & characteristics

R+R+Rs (10)

For a skew equal to 0, the faulty delay g(Rs
minimum. From our knowledge, there is no published
model giving the faulty delay d{Rfor a zero skew as a
function of the short resistance. So, we develog fen
original model using the superimposition theorem.



According to the theorem, the output signal of stey with
multiple input signals can be computed as the stinhe
output responses for each individual input consigethe
other inputs or sources equal to 0. So, we obthm t
following four steps.

a) Step 1: We firstly consider that Input In1 penis a
negative transition while input In2 is constant aglials to

out’(t) = K2 %" - K [@%" with

__ R
R+R+Rs

__R*R
RrR R RICC)RC]

__R*R
RTR R oo

UR, [C, - Rs[T.)
KS = L
RIR[C, S -S)

0. Under these conditions, we determine the transfe

function TFY(p) of the circuit:

R, [R,[(C,+C.)[p+R, +R,
R1ER2|:Rsl:Ceq E(p_S1)E(p_Sz)

TF(p) =
(11)
with S; and S solutions of:

R+R+R

2+b
PPt R R R T,

and

b= C*C)R IR +(C+C,)0
RR KT,

Cq =C,[C; +C, [T, +C,Cc

From the switching input In1 we deduce the
expression of the output Outl(t):
1

P+

In(p)=
oo e K, K
SAIS-S)  (S+RS-S) (S+R)(S +7)
witl ks =RIRICISFRIRICIS+R AR, (12)
R R, R [T,
For K, (resp. K™), replace $by S (resp. 1) above.

il

b) Step 2: We secondly consider, in a very symmetri
way, that input In2 performs a positive transitiamile
input Inl is constant and equal to 0. Under theselitions,
we determine the transfer functi®®?(p) of the circuit:

RI(I+R[C.[p)
RIR R [T, [(p-S)Wp-S)

TF*(p) = 12

From the switching input In2 we deduce the expogssi
of the output Outl(t):

In(p)=—2

plp+1,)
out)= ‘szf‘zs1 Sy D |:Bf‘zsg & K2 &7y R
SI5-90E+,)  SE-90E+E)  G+R)IE+)  R+R+R
with ks RIG IS+ (14)
> RIRIC,

For K, (resp. k™), replace $Sby S (resp. «2) above.

c) Step 3: We thirdly consider the circuit initial
conditions. Before the switching of the two inpuitsput
In1(0)=Vvdd and input In2(0)=0. From this steadytestae
deduce:

(15)
For K;%2 replace $by S in the above expression.

d) Step 4: Using the superimposition theorem, we ca
now write that the general output expression iggily the
sum of the 3 previous ones:

Out 4 (t) = Out 3 (t) + Out 2(t) + Out 3(t)
K
S+ry
K2

et

+L§l+ —
(&:-%)

SUS *72)

2 4
. 7, [K;

+(sz—a)ﬂ<§1]

%20

S +n

+[
K™

ou(t) =

-l _

S US; +17)

—
(&-%)

720 4

+(sz—sl>ﬂ<§’zj

-
Ky

R

(S;+n)US +1y)

(S, +7,)US +75)

R +R, +Rg

(16)
From the above equation, we obtain the value of the
delay for a given short resistance for a zero skedeed,
the delay corresponds to the time value when Gugqual
to half vdd. Fig. 7 clearly shows that the ¢(Rbtained
with the equation perfectly maps with the ¢(Rbtained
from SPICE simulations.

3,50E-10
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2,00E-10

d(R))(s)

1,50E-10

Simulation

1,00E-10
— — — Model

5,00E 11

0,00E+00

Figure 7. Computed and simulated ¢(R

C. Extrapolation of the T4 versus T curves

Using the equations given in the two previous sestj
it is possible to determine the extreme points Jp@hd
d(Rs) for a given short resistance. Rlow, starting from the
SPICE simulations as the ones given in Fig. 5, we
extrapolate the Tdversus skew characteristics. The SPICE
simulation extrapolation leads to the following ation
giving the faulty delay as a function of the skeadahe
short resistance:



TR T = 1me e | PERLGR), g
7

gate for two coupling capacitances (40fF and 70 &ch
gate for two different skews (1ns and 0.5ns). T guted
function is compared to the value obtained withuaate but
time consuming SPICE simulations. We observe that t

As a validation of the proposed model, we compare iagreement is very good for the different values thoé

Fig. 8, for different resistance values, the siredadelay
characteristics and the computed ones (equation T
agreement is good and so, we can easily extract fhese
characteristics the maximum resistance ")

corresponding to a delay equal to the slack timdeéd, as

already explained in Fig. 5, usingf;) and T(f;) as inputs,

efficiency functions.

V. CONCLUSION

In this paper, we propose an electrical model to
efficiently compute the maximum detected resistairce
case of crosstalk aggravated resistive shorts. eldtrical

the intersection gives the maximum detectable shonnodel is used during fault size based fault sinmutato

resistance B%(f)).

1,00E-09

= D{250)
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— Simulation

- --Modéle
6,00£-10

D(500)

400610 =

D(1000)

T (s)

2,00E-10

00E+00
-310-9
Tsk (S)

Figure 8. Computed vs. simulated' Vd Ty characteristics

TABLE I. COMPUTED AND SIMULATED EFFICIENCY FUNCTIONS

Tsk=1ns  TsI=50085 | gymul | Comput Tsk=05ns TsI=50005 | iyl | Comput

R1-1950Q R2=1900Q Cc=40fF  0.47 0.44
R1-1950Q R2=1900Q Cc=70fF 047 0.44

R1-1950Q R2=1900Q Cc=40fF 0.46 0.39
R1=1950Q R2-1900Q Cc=70fF 0.46 0.39

a) Gate 1

Tsk=1ns  Tsl=500ps Simul | Comput Tsk=0.5ns Tsl=500ps simul | Comput

R1=2600Q R2=2400Q Cc=40fF| 0.88 0.82
R1=2600Q R2=2400Q Cc=70fF 0.88 0.82

b) Gate 2

R1=2600Q R2=2400Q Cc=40fF| 0.85 0.75
R1=2600Q R2=2400Q Cc=70fF 0.85 0.75

Tsk=1ns  TSI=50005 [ iy | Comput Tsk=05ns TsI=500ps | simul | Comput

R1-2900Q R2=2600Q Cc=40fF 100 0.99
R1-2900Q R2-2600Q Cc=70fF 1.00 0.99

R1-2900Q R2=2600Q Cc=40fF 1.00 0.99
R1=2900Q R2-2600Q Cc=70fF 1.00 0.99

c) Gate 3

Remember that the ultimate goal of the model &llimwy

fast computation of the efficiency functi(ﬁ‘i(tpj) (equation
7) during fault size based fault simulation. Indeddring
simulation, the maximum resistance allows to coraghe
detection probability of the resistive short botbr fthe
considered test pair and for the best test pairefficiency
function close to 1 means that the used test mias
efficient as the best possible test pair. In tablethe
efficiency function is computed using equation (@) 3
different gates, i.e. for different equivalent RidaR2, each

avoid prohibitive CPU time consuming electrical

simulations. Agreement between computed and SPICE

simulated efficiency functions proves the validiny the
model.
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