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Summary

The scaling down of dimensions of the devices and integreitedits generates lines
of interconnection in a circuit, presenting a proximity gvgreater time among them.
This proximity causes that some lines are reconciled. Theaplings at interconnec-
tions creates parasitic capacitances that can get to catesterence levels which they
affect the logical value of the information. Because of titiss important to improve
the conventional methodology of test.

This thesis has the following organization:

In Chapter 1, the different basic concepts of test of integr&ircuits are presented.
Also the definition of faults and errors are showed. The cphoétest and logic test-
ing are presented too. Finally difficult to testing is revesly

In Chapter 2, the basic concepts and the importance of tastegrated circuits are
presented. The properties that must have the stuck-atrfeadel are also presented.
Also, the basic defect model proposed in this work is expoS&aine simulations re-
sults from this basic defect model are depicted and extetalednsider some effects
like coupling effects, sensitization gates and trapped gharge. Finally the proposed
test framework for interconnection opens is shown.

In Chapter 3, the basic design of a CAD tool called OPVEG (@pdattors Generator)
oriented to generate favorable test vectors for opens septed using data obtained
from layout and circuit logic description, favorable testtors considering capacitive
couplings between adjacent nodes are obtained. Thesaveetobe used to improve
the detectability of interconnection opens.

In Chapter 4, a Fault Simulator for Interconnection Ope®sS@EP) is presented which
is able to evaluate the defect coverage of interconnecp@em® Also gives useful in-
formation to evaluate the detectability of these defectsdsl on this information better
test vectors may be generated to improve the defect coverdgET measures can be
undertaken. FASOP uses circuit logic description and layafiermation as inputs.

iX



FASOP considers the effect of the coupling lines and theiesd and un-sensitized
gates influencing the floating line of the interconnectioermapFASOP also evaluates
the defect coverage considering the gate trapped charge.

In Chapter 5, The conclusions of this work are given.




Sumario

La reduccion de dimensiones de los dispositivos y cirsuitiegrados genera cada
vez mas lineas de interconexion en un circuito, preseilstademas, una cercania cada
vez mayor entre ellas. Esta cercania provoca que algumeasl'se acoplen. Estos
acoplamientos en lineas de conexin crean capacitanaiasif@a que pueden llegar a
causar niveles de interferencia que afecten el valor tbdécla informacion. Debido a
esto es importante mejorar los métodos convencionalesieda.

La organizacion de esta tesis es la siguente:

En el capitulo 1, los conceptos basicos de prueba en wgcinitegrados son analiza-
dos. Ademas, las definiciones de algunas de las fallasmyasriantes que se pueden
llegar a presentar en los circuitos integrados asi comadnseptos de prueba y prueba
lbgica son presentadas.

En el capitulo 2, los conceptos basicos y la importancitageueba de circuitos in-
tegrados se presentan. Las caracteristicas que deberltemedelo de fallas stuck-at
también es presentado. Ai como, el modelo basico detttefgopuesto en este trabajo
es expuesto. Los resultados de algunas simulaciones daedé&to basico del defecto
es representado y extendido para considerar algunos €tat#s como acoplamientos
capacitivos, compuertas sensibilizadas y no sensibédzgdos efectos de las cargas
atrapadas. Finalmente el marco propuesto de prueba patarabesn interconexiones
es presentado.

En el capitulo 3, el disefio basico de la herramienta Cabh#ida OPVEG (Generador
de vectores de prueba tipo open) orientado para generaetbsres de prueba favor-
ables, se presenta usando los datos obtenidos del layoutlgstaipcion l6gica del
circuito, de donde se pueden obtener los vectores faverdelprueba que consideran
acoplamientos capacitivos entre los nodos adyacenteass ¥sttores se pueden utilizar
para mejorar la detectabilidad de aberturas en interconesi

En el capitulo 4, un simulador de la fallas para aberturastenconexiones (FASOP),

Xi
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el cual es capaz de evaluar la cobertura del defecto de taamiexion es presentado.
También proporciona informacion Util para evaluar laed@bilidad de estos defec-
tos. Basado en esta informacion, mejores vectores de puelnien ser generados para
mejorar la cobertura de estos defectos o emprender medddaB™ FASOP utiliza la
descripcion logica del circuito y la informacion del éayt como archivos de entrada.
Ademas de considerar los efectos de los acoplamientas leméas y de las compuer-
tas sensibilizadas y no sensibilizadas que afectan efje@teel nodo flotante. FASOP
tambin evalla la cobertura del defecto considerando lagsatrapadas en las com-
puertas afectadas.

Finalmente en el capitulo 5 se presentan las conclusianestd trabajo.
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Chapter 1

Introduction

1.1 Introduction

Since the 80's, the silicon transistor has been the drivimgef in the electronic indus-
try. The technological advances had made possible to hasbesrransistors because
lithography and the fabrication process have been improiae to this the density
integration and the complexity of the circuits have beemdased. At the same time
the test complexity in modern integrated circuits has atsoeased. Several types of
defects can appear due to alterations in the fabricatioogss Defects may affect the
functionability in integrated circuits (IC’s) or to degmatheir performance. According
with its impact, defects can be classified as parametric atastrophic [68]. Para-
metric defects impact the performance of integrated disctihere is a widely spread
of causes of parametric defects among them we can mentiompetature gradient
variations in the etching process, local aberrations inehs, variation in the doping
process. Catastrophic defects affect the functionalofitye integrated circuits as per-
manent, intermittent or transient faults. Permanent $acdin be the consequence of
short circuits, open defects, gate-oxide short and othierctle Intermittent faults are
those excited by non-zero probability. Transient faules @e to random events such
as alpha particles, crosstalk or ground bounce.

1.2 Defects, Errors, and Faults

According to [3] the concepts defects, errors, and faultshEadefined as follows:



2 1.2. Defects, Errors, and Faults

DEFECT. A defect in an electronic system is the non-desired diffeeemetween
the designed hardwarand thefabricated hardware Some typical defects in VLSI
circuits are:

1. Defects of the process: Absence/addition of non-expectaterials, parasitic
transistors, oxide breakage.

2. Defects of material: Defects of the body (imperfectiofihe crystal), impurities
of the surface, etc.

3. Defects of use: Dielectric rupture, electromigratiotc. e

4. Defects of encapsulation: Degradation of contacts, sholeopenings in the
sealed.

ERROR. An erroneous output signal produced by a system with defeatslled
error.

FAULT. Representation of a defect at an abstract level of opetation

This thesis is focused in interconnection open defects. n®jre interconnection
paths disconnect the driven gate(s) from the driving gatee 0 the break the Pmos and
Nmos transistors connected gates of the driven gate(s) fidgatconnections opens can
be full opens or resistive opens (See figure 1.1). A full openhen there is complete
absence of material in a section of the layer. The distanwedas the two disconnected
points is large enough than there is non-influence from tpatisignal on the floating
line. A resistive open is when the conductive material iscwthpletely broken (See
figure 1.1). As a consequence the resistance in this comgugd#th increases.

Contacts/vias are a likely place for an open to occur [1083087]. Contact/vias
have become an important yield detractor in modern teclgiedowvhich have a high
number of contact/vias due to the many used metal level8]10Figure 1.2 illustrates
defects on vias. A malformed contact or a via can give astagigfective connection.
In subtractive-aluminum based technologies these prableroame severe for 0,2%
generation and lower [77]. In cupper based technologie®rdefective connections
are expected.
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Full Open
= =
F

Resistive Open

O

Figure 1.1: Concept of full and resistive open in intercartios line [70]

I Missin
Malformed Via °
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Figure 1.2: The concept of full open and resistive open is via
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Damascene-copper process uses a dual-damascene prd:e38.[8n this case
vias and metal lines are both patterned and etched prioretadklitive metalization.
In the flow of this process there is the potential for residaalst or polymer blockage
in the damascene through metal or via [77]. Because thisomiasking during the
subsequent lithography step or blockage of the post-RIElmation can occur. In
figure 1.3, a particle dust producing a resistive open in geppased interconnection
process is illustrated. The open defect density in coppewsha higher value that
those opens in aluminum [77]. Higher metal levels are mooa@to opens that those
in lower metal levels.

Dust .
‘fParticIe Electroplating
> bvvvy
*
L
Isolation Isolation

Resistive Open
' e p

L

Metal Line Isolation

Figure 1.3: Resistive opens in cupper process

Poly and metal wires leaves hills in the oxide in planar@atechnologies [36,93].
The bumps in the oxide can be smoothed by different chemicakahanical methods.
Due to this step coverage problems can occur which can pedoigaks in subsequent
metalization layers.

1.3 Test of Integrated circuits

The goal of the test of integrated circuits is to identifygadabricated circuits which
do not satisfy the initial specifications. The test of an IG tiee following steps [70]:

1.- Apply the input vectors to the controllable inputs of theeuits. The input vec-
tors sensibilize the defect and propagate the possible teran observable out-
put.
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2.- A measurement is made at an observable output.

3.- The measured value is compared against a reference teatletermine if the
circuit is accepted as fault-free or rejected.

Input Circuit Under

——Y¥» Measurement
vectors Test

i

Comparison ——>» Accept / Rejel

Reference

Figure 1.4: General test diagram

1.4 Fault Models

For testing the integrated circuits the physical defeatsrapresented adequately in a
superior level of abstraction. This is called Fault ModglinFault modeling can be
made at different levels of abstraction such as electricgical or functional. Models
[58,70,91] are defined which describe the effect of the pla}slefects in the behavior
of the circuit. Test pattern generation takes place basedgiven fault model. A good
fault model should have the following properties [33, 68]:

¢ It should match the type of circuit in which it is to be used.
e The complexity of the faults should not imply excessive catafion effort.

e The fault model should reflect the behavior of the physicaltéawith sufficient
accuracy.
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1.4.1 Stuck-at Fault Model

The most widely used fault model is the stuck-at model [3P[BA]. The Single Stuck-
at Fault (SSF) model abstracts the implementation and technologyisief a circuit’s
representation by placing fault occurrence directly it gate-level representation of
the circuit.

TheSSHault model assumes that a defective node behaves like gopsodeanently
connected to one of the supply voltages, eitlier or GND. In this modelSAO(Stuck-
at-0) andSA1(Stuck-at-) are used to describe a node that exhibits a fault [2]. At the
gate level, the number of faults that can occur for a comtmnat gate with n-inputs
and 1-output i£n +2 [72]. Each of then input nodes can suffer a SAO or SA1 faults.
The same is true for the output nodes. In the stuck-at fauttahiohe set of vectors is
applied to the primary inputs of the circuit to sensitizefdndt. The error is propagated
to a primary output (PO). In a circuit several stuck-at faghin occur simultaneously.
A circuit with n lines would have™ — 1 possible states stuck-at which is a high number
and computationally expensive. Therefore, it is common taleh only a single fault
stuck-atat the same time (non-multiple faults). In this way a cirauith » lines will
have2n faults stuck-at This number is further reduced by the process of compaction
of faults due that exist equivalent faults.

Some of the characteristics of this model can be summarized a

e Many different physical defects may be modeled by the samgjie lo

The complexity is greatly reduced

The stuck-at model is technology independent

Single stuck-at test covers a large percentage of multipteksat

Single stuck-at test covers a large percentage of unmogéelesical defects

In spite of the great advantages of the stuck-at fault maotdkegs been found that
this model is not adequate to represent some defects in CM@dlogies [26,70, 82,
84,90]. Because of this other fault models have been prapose

1.4.2 Bridging defects

Bridging defects have also been shown to be a major souredlafd in VLSI [31,45].
These types of defects are defined in [40] as unintentiorraiection between two or
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more circuit nodes. Ferguson et. al. [29] defined these tgpegfects as undesired
electrical connections between two or more lines resuftiog extra conducting ma-
terial or missing insulating material. In order to create fdwlt condition for a bridging

defect, the test vectors must set the shorted nodes to appagic polarities. The test
vector also propagate the weaker, incorrect logic valua,R® [29,51]. The require-
ment for creating the fault condition is not considered key/ttladitional SSF model. So
a test set with 100 percent stuck-at fault coverage doesuartgtee that two bridged
circuits will be detected [76].

Figure 1.5 shows two inverters with an ohmic defect bridge iroduce a short
between the output of the invertel ] andVpp. When a low voltage (0 V) is applied
to the input of the inverter/() this produce a high voltage in nod&. This condition
makes that pmos transistor is on, whereas the Nmos is off. nviine input signal
change to high voltage a path betwdésy, andG yp through the Nmos appears. This
can be seenin figure 1.5. A plot &% versus the input voltage is shown in figure 1.6. It
can be seen while the input remain at low voltage the outptiteoinverter (;) is high.
When the input switch from 0 logic to 1 intermediate voltagppears at the output
voltagels. As Nmos transistor try to pull nodé, to ground the short resistance pulls
this node td/pp. The final voltage is given by the value of the short resistanc

Figure 1.5: Power rail to signal node bridge defect [40]

The transfer characteristic of the gate driven by the wealenwill determine the
impact of the defect, since they will interpret the logicuakhat corresponds to each
intermediate voltage [40].
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1.8+
1.5+ 1k
1.2+ 3k
< oo 5k
=
0.6 7k
0.3+ 11k
+ 21k
OF | 161K
0 0.3 0.6 0.9 1.2 1.5 1.8
Vin (V)

Figure 1.6: Voltages for different resistance values [40]

1.4.3 Open defects

Opens or breaks in CMOS circuits are faults difficult to di@gm using any of the
current device testing techniques. A wide range of faultyav@rs have been observed.
Opens can be caused by missing conducting material or by eulating material so
that a single electrical node is separated into multipleesd@9]. An open circuit
can occur in any of the interconnect materials affectingezithe gate, drain or source
connections. The fault behavior caused by the presence opan is dependent on
its location, its resistance, the values of parasitic cedlapacitances and leakage
currents associated with the floating node.

In [40] are defined six general classes of opens. This classebe follows:

e Transistor on

Transistor pair on

Transistor pair on/off

Delay

Memory (Transistor off)

Sequential

The first five open categories appear in combinational logauiits, and in certain
instances in sequential circuit open defect behavior.




1. Introduction 9

In general, for wide opens occurring in gates, fault behagifiers depending on
the location of break. When opens occur that cause pairsuesistor gates to float, it
is likely that one transistor conducts and the other doeseaaling to stuck-at behav-
ior [92] [21]. In the case where only one transistor of theegatfloating, the defective
transistor may be stuck-on. In this case the gate may fumgtioperly but switching
at slower speeds [92]. A floating transistor gate may alsoulspexctable to coupling
influences of adjacent metal conductors [67] [92] [21]. Hegrewhether or not the
logic function is disturbed depends on the transistor wadttl length ratios, the topol-
ogy of the circuit and the manufacturing process variatj@@s When the width of the
break is narrow enough electron tunneling may occur. Leakagrent may also play
an important role on defect behavior [92].

1.5 Types of tests

1.5.1 Logic Testing

Logic testing [33] is used to monitor the logic levels (Baatevalues) of circuits under
test (CUT). The output node of a CUT shows a defined logic vidu@a given com-
bination of the inputs. Logic testing compares the respafsbe output node of the
CUT with the expected fault-free response of the CUT. If bedults are not the same
the CUT is faulty. In logic testing, it is assumed that a sidhit time is waited after the
vector application at the input for the output to settle ab# levels.

Functional Testing

In the early years of integrated circuit technology, an estige or full functional
testing strategy was employed for small scale integrat&8i) circuits IC’s since cir-

cuit complexity was limited to single gates [17]. Internaldes were easily accessible
directly through the package IO pins and test process gemenaas easy. However,
the method is only applicable to small circuits since thé $es size is exponentially
related to the number of inputs. For combinational circuthvn inputs, an exhaus-
tive test set consists @f* input test vectors [88]. For a sequential logic circuit with
one-bit registers (memory elements) and an input-to-dugdationship in which the
outputs depend on both the inputs and the registers valnexhaustive test set would
consist of2"*™ test vectors.

Structural Testing

As levels of integration evolved from SSI and MSI to LSI, fidhctional testing
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was no longer possible due to the cost of applying the tesbsiie device [17]. A

test set whose size is linear to the number of nodes in thaitinould have a clear
advantage over the full functional testing strategy if itiicbomeet the objectives of the
device test. The cost additional due to find an appropriatestest could be amortized
over the time saved in applying the reduced test set to e@rgbnsequently, for LSI

circuits the test process generation objective is to deteritine minimum number of
test vectors necessary to perform a structural verificatfdhe 1C.

Roth presents a simple method to derive a test set that nieetshjective [73]. In
this method, a truth table is constructed for the correcudiand for each of the p faulty
circuits. An iterative process compares the correct trathet with each of the faulty
truth tables. When a discrepancy is found between the oughués of the correct and
faulty truth tables, the input vector is saved. Each fauliytt table is processed in this
way until an input vector is found or the entries are exhalist&e resulting set of test
vectors represents the device test set for these faults.

The obvious problem with this technique is its exponenimétand space relation-
ship with the number of inputs. Each truth table cont&ihknes. If the circuit contains
p nodes, themp+1 truth tables would be required to carry outthe analysisafBjethis
type of approach can not be used for large circuits. Invastgs of alternative methods
were considered in the 1960’s [73] [65].

1.6 Delay Testing

Delay faults are parametric faults defined as out-of spetifin path delays which
result in unstabilized or incorrect circuit behaviors [220]. Correct circuit operation
requires the signal propagation delay along every path ffbro PO to be less than
the operational system clock interval. Defects that cabneegtopagation delay along
one or more paths to be longer than operational system cfdekval may result in
either the latching of incorrect logic values by internalisters or the untimely arrival
of circuit functional values at the POs. Delay fault tesigg parametric device testing
method that uses an IC’s output response time to input transias a defect detection
mechanism.

Delay testing is not based to assure the logic levels of th&. Qi$tead of that, the
timing conditions of the observed nodes are assured to beruesign specifications.
The delay model can be mainly divided into gate delay moddl@ath delay model
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[5]. The gate delay model [22] is based in testing timing dpEtions of the selected
device. However, cumulative delay variations from pregigates escape to this model.
Path delay model resolves this problem [75]. A path is setktd be the target for
measure the delay, then€l and 1-0 transitions are propagated through the path.
If the measured delays are inside of the observation windmm the path is fault-
free, otherwise the path is faulty. The observation windaw be defined close to the
functional timing of the path in statical distributions céldy [9].

A number of manufacturing defects including local defeatd aandom process
variations can cause CMOS logic to switch at speeds slovar tlormal but leave
the functional behavior unchanged [24] [48]. For exampl®Sxdefects can increase
the propagation delay of defective nodes and cause failutleedC in clocked envi-
ronment. Parasitic transistor leakages, defective prtijumg and incorrect or shifted
threshold voltages can also result in increased propagdétays. Additionally, delay
faults can result from certain types of open circuit def¢g}$24] [48].

The transmission gate open circuit can not detected usgig testing but may be
detected as a delay fault [51] [76] [72]. Moreover, delayt&oan occur as intermittent
(transient) faults which are responsible for most failwkdigital equipmentin the field
[20] [62]. Delay testing showed to be an adequate testingimoorder to detect fault
mechanisms as resistive opens and resistive bridges femstrbn technologies [53].

Timing verification of integrated circuits is consideredide more difficult than
logic verification [20] [62]. Even though the traditional DEst and the delay fault test
share implementation characteristics, delay fault tgsdiditionally requires both the
accurate timing of a two-vector sequence and a sensitizixtipat extends from a Pl
to a PO [24]. The specification of a delay test can be definedliasvs. At timet, the
first vector of the two-pattern test, the initializing vectq, is applied to the Pls and
circuit is allowed to stabilize. At timé,, the second test patter¥i, is applied. Finally,
at timets, a logic value measurement is made at the POs. The effeetigari the delay
fault test is dependent on the both the delay defect sizelemnprbpagation delay of the
tested path [25] [62].

1.7 Ippq Testing

IDDQ testing is a test technique based on measuring the @gniesupply current of
the device under test. A distinction needs to be made betigapplication to tech-
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nologies with neglectable leakage current and applicatotechnologies with non-
neglectable leakage current. The traditional decisiaeoin which is valid for tech-
nologies with low leakage currents is based on the fact tl2M&S circuit does not
draw any significant current in a stable situation. In a quees state, only the leak-
age current flows, which is in most cases can be neglectedfa€hthat under certain
conditions a significant current flows when the device unegtris in a quiescent state,
indicates the presence of a manufacturing defect in theiitirdhe defect causing a
current increase, may influence the functionality of thewtr (functional failure) or
may affect the lifetime and reliability of the circuit negely.

Suppose a CMOS NAND gate (see Figure 1.7) with stuck-on irsthwce-drain
terminals of transistor NB. The applied input vector A=1,Bshould charge-up node
OUT, however because the bridge, the Nmos network is aatiieaaurrent path from
Vpp to ground is created. NAND gate is detected as faulty becausgh quiescent
current consumption/, p) appears.

o\ %PA —ol| pB
ouT

A=1
—0—{ ENA
—i—{BZO g NB

\/

Figure 1.7: A faulty CMOS NAND gate [70].

For newer technologies, where the leakage current is ngleciable, the base leak-
age cannot be neglected but needs to be considered as damesiteT he fact that under
certain conditions there is an increase in the current flgwihen the device under test
IS in a quiescent state, indicates the presence of a maadfagtdefect in the circuit.
By using a relative decision criterion (based on the consparof the measured current
to the base leakage current) defects can be screenedliliabd effective, even in the
presences of large background currents.

IDDQ testing is a very sensitive technique, able to detecth swoblems in an early
stage before they really harm the circuit. It is also a pdssitiernative to replace
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other, more expensive or more time-consuming test appesacteeded to guarantee
the quality and reliability of the tested chip. In combiativith emission spectroscopy
and spectral analysis IDDQ is also a very powerful techniguelefect location and
defect diagnosis, obviating the need for fibbing.

The IDDQ test technique can be applied at wafer level, at gdaevice level,
during incoming inspection, during life tests or even dgrmam-line testing. Making use
of an IDDQ test approach supported by the use of proper mesasunt instrumentation
offers the following advantages :

e Increased product quality

Replacement (or reduction) of Burn-in tests

Elimination of early lifetime failures

Increased product reliability

Reduction of the overall test cost.

¢ Increase of engineering and failure analysis productivity

Ippg current test demonstrated to be adequate to detect detettsdging [78]
and certain open defects [16]. However, as the technologjgsthe detection of some
defects is missing. Not only simple current measuremems been used but also more
elaborate strategies as current signatures [7] [35]. Tloenmation of defective circuits
is contained in the level and the magnitude of the staticecuirrHigh leakage current
due to defects could be detected by the current signatueed@tectability of , o has
been increased by the concept of variable current thres6@]. Also layout-based
test generation have been proposed [57]. Using layout,|lifstus created taking into
account realistic defect representations.

Differential I, pg has also been proposed [11]. Differentigh, is limited by leak-
age currents The proposal of Kruseman [11] is not efficientfbstate currents above
100mA. Cooling techniques [49] can be used to counter at ffieeteof subthreshold
currents. Sachdev [74] has proposed other solutions td thjg limitation.

1.8 ATPG

A fault model is a hypothesis of how the circuit may go wronghe manufacturing
process. A fault is said to be detected by a test pattern iEnwdpplying the pattern
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set different logic response (values) appears betweers#igreed circuit and the faulty
circuit in at least one of the primary outputs. ATPG for a gitarget fault consists
of two phases: Fault activation and Fault propagation. tRaatlvation establishes a
signal value at the fault site opposite to that produced yfélult. Fault propagation
propagates the fault effect from the fault site to a primaripat.

ATPG can fail to find a test for a particular fault in at leasbteases. First, the fault
may be intrinsically undetectable, so no vectors exist¢hatdetect that particular fault.
This situation appears for redundant circuits designetiaoro single fault causes the
output to change. Second, it is possible that a vector(s},éxt the algorithm cannot
find it.

The automatic generation of test vectors (Automatic TegseRaGeneration, ATPG)
Is the process to generate vectors of test for a circuit. pitusess is normally done at
logical level. Algorithms ATPG could be considered like tipuirpose, since they can
generate test vectors, find logical redundant or unneggesmad can provide another
type of information of the circuit.

1.9 Difficulty of testing of opens

Because the scaling of the technology some trends will &tfecactual testing method-
ologies [4,59]. Some faults may escape to conventionatteitods. Non-conventional
test methods [47,61] should be used to obtain higher quality

A significant research effort has been devoted to test of ©[d) 28, 38,44,47, 50,
55]. It has been found that breaks is an important contritiatéest escapes [61, 86].
The problem has became worst with scaling of the technatodi@e trends have in-
creased sensitivity to subtle defects [61]. Subtle defeci®ases the delay for a small
amount but they didn't cause a functional failure. HoweYer,circuits running at
higher speeds a system failure can occur. It has been foanflithopens have a com-
plex behavior [16, 38, 50, 55]. The detectability of thiset#f depends on technology
and topology parameters. Furthermore, they behavior aperttls on the gate oxide
trapped charge [41, 44]. Needham et al. [86] have found #stdf opens would re-
quire special temperature, voltage and timing conditi@uécide open defects need to
be tested at low temperature [13]. Delay fault testing hanlseiggested to be used to
test resistive vias/contacts [10]. From simulation datzag been found that resistive
opens have a significant range of resistances increasingetag [83]. A high resis-
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tance value is required for a stuck-at to occur. This makasieksat based test less
effective for opens. In addition, opens are more difficulsémsitize [15, 83]. Oth-
ers authors [53] have pointed-out that crosstalk [18, 96l @ower rail coupling [53]
influences the detectability of resistive opens.

As the technology for the design and manufacture of integraircuits scales, there
is a progressive reduction of all the distances betwees,lin&le of lines, etc. (Scaling
down). This has lead that in scaled technologies there isngortant interaction in
the lines near to each other. This is know as crosstalk. Tieeconnections may be
responsible of until a 90% of the delay in an integrated diffg6]. The parasitic cou-
pling, induced by the proximity of two lines, includes cajpiae and inductive effects.
There is also mutual inductance between lines, which magrhes significant at very
high frequencies and long lines.

The first step for the analysis of crosstalk consists on thdysof the different
effects that can cause the Crosstalk on a basic scheme oir@gowith a problem of
coupling. One line is denominatédygressorr causative of the effect and another is
denominated lin&/ictim, which undergoes the consequences and effects of the psevio
one. In other words, if one of the lines remains in a permalogital state 0 or 1 is
denominated/ictim. If the near line has a change of logical stat®e# 1 or1 = 0 it
denominate aggressor line.

The basic scheme of the two coupled lines is showed in Figu8e Each line
connects the output of an inverter with the input of anotheeiter, there is a parasitic
capacitance between the lines. This parasitic capacit@ngeaepresents th€rosstalk
effect among them.

Ain [ : AOUt
Cav
Vin Vout
Cvo

Figure 1.8: Scheme of two coupled lines

One of these two lines will behave like aggressor (Let’s kae A and will be
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the one that will produce a wrong operation at the victim (jome V). The capacitive
coupling can take to a possible wrong operation of the dig@g&rmanent errors in the
logic) and to increase of power dissipation of the micragircOther detailed studies
on the Crosstalk behavior can be found in [69, 70]. In advdrieehnologies, with
pulses of short length, the capacitive coupling distorts dlgnals that travel in the
lines of metal with dispersion of frequencies to attenua{@®4]. The Crosstalk has
been analyzed by several methods [6, 8, 85] like the one tilulised parameters [23],
domain of the frequency and lines of communication [32, 3493].

The crosstalk effect may influence significantly the behawiothe circuit in the
presence of a defect. This thesis is focused to considenthence on the test de-
tectability of the lines near to a line presenting an intareection open defect.

1.10 Organization of the Thesis

This thesis is organized as follows: In Chapter Il, the psgubbasic electrical model
for interconnection opens is presented. Coupling effexdsstudied. Simulation re-
sults for one single coupled line and several coupled lines the floating node are
depicted. The effects of sensitization and unsensitinajaies are studied for different
cases. In Chapter lll, a methodology to generate enhanczdrsdor interconnection
opens considering the signals at the coupled lines is peapoBhis methodology has
been implemented in a CAD tool named OPVEG (Opens Vectore@eor). Exper-
iments and results obtained by applying OPVEG are exposedrmparative tables
for four Benchmark circuits ISCAS’85. In Chapter IV, a FaBimulator for Intercon-
nection Opens (FASOP) is presented which is able to evalulagedefect coverage of
interconnection opens (FASOP). The general environmertavRASOP works is de-
scribed and the structure of FASOP is explained. A methapolo estimate the range
of detection of interconnection opens is presented in 4b# résults of applying FA-
SOP to some ISCAS’85 benchmark circuits [12] are prese&80P is also used for
making detectability analysis. This may allow to improve tkst quality. Finally, in
Chapter V, the conclusions of the thesis are given.




Chapter 2

Interconnect Opens

2.1 Introduction

In this chapter the basic concepts and the importance ofofesttegrated circuits
are presented. Opens in interconnection paths disconmeciriven gate(s) from the
driving gate. Due to the break the PMOS and NMOS transistanected gates of
the driven gate(s) float. From experiments made on ISCAS&bmark circuits, it
has been found that interconnection opens have the highasalmlity of occurrence
among the different types of opens [10, 30, 81, 94]. Vias dileedy place for an open
to occur and there are a high number of vias in actual proagssaithe many metal
levels [59] [4]. Breaks defects have been found to be an itapbcontributor of test
scape. The effects on floating node, due to capacitive cogphre studied [61] [47].
An important effort has been dedicated to the tests focusele defects caused by
interconnection opens of a circuit. It has been found thiraonnection opens con-
tributes to the non-detection of faults. The problem haslieereased with the scaling
of the technology. The detection of these defects depentisearechnology and topol-
ogy of the circuits. In addition, the technology scaling maseased the sensitivity of
circuits that is had when slight defects appear. These teiiecrease the delay of the
circuits to a certain extent but they do not really cause atfanal fault. Nevertheless
in circuits that work at high speeds faults can appear. Antbege the faults caused
by opens have a complex behavior [50] [38]. Some authorsti@8¢ found that the
Crosstalk [18] [96] and the coupling with supply lines infhige [53] the detectability
of these defects. Simulation results are showed in thisssetto. The influence on
defective line by one coupled line and more than one coupiechiave been simulated.

17
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Different cases have been considered to study these efi@ifsrent coupling signals
are applied for different capacitive values.

In this chapter the properties that must have the stuckuéttf@odel are presented.
Also, the basic defect model proposed in this work is expoSedhe simulations results
from this basic defect model are depicted and extended tsidensome effects like
coupling effects, sensitization gates and trapped gatgeh&inally the proposed test
framework for interconnection opens is shown in section 2.6

2.2 Defect Modeling

In order to make the tests of integrated circuits the defeetsepresented a suitable su-
perior level of abstraction. This representation is usedhe generation of test vectors.
In order to obtain these vectors, models of faults are detinaddescribe the effect of
the physical defects in the behavior of the circuits [91]][58he modeled faults can
be made at different levels of abstraction, such as elatttmgical or functional. The
model of faults must have the following properties [10, 68]:

¢ It must be adapted to the type of circuit where it is going t@pplied.

e The complexity of the faults does not have to imply an exeessifort and cal-
culation.

e The model of faults must reflect the behavior of the physiaalt§ with an ac-
ceptable precision.

The fault model more widely used is tf&uck-at. This model assumes that a
certain node of a circuit always behaves as a “1” or “0” logi@aesult of the presence
of a defect. With the use of this model a structural test ferdbtection of faults can
be made in the logic circuits. This model considers a cirdcgta coupling of boolean
gates, and therefore it is assumed that the fault affectplicms between gates. The
modelStuck atconsiders two possible cases of fault for each node [26]:

1) fixed node permanently to "1” logical onst(ck-at-).
2) fixed node to "0” logical $tuck-at-0.

In a circuit severaktuck-atfaults can be presented simultaneously. A circuit with
n lines would have3™ — 1 possible states stuck-at. This is obtained considering the
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possible combinations states of the circuit where eachclamebe to stuck-at-0, stuck-
at-1, or free of fault. Obvious, this would take to a great bemof states of fault in
the circuit. Therefore, it is common to model single fastlick-atat the same time
(non-multiple faults In this way a circuit withn lines will have2n stuck-atfaults.
This number of faults is even reduced more by the compactéts filnat exists between
equivalent faults. The following considerations in the rledistuck-atare included.

a) Single line has fault.
b) The line with fault this permanent to O or 1 logical.

c) The fault can be to the input or output of a gate.
Some of the characteristics of this model are [69]:

1.- Many different physical defects can be modeled with Hraeslogic [70].
2.- The complexity is significantly reduced.
3.- Thestuck-atmodel is independent of the technology.

4.- A test using a simple stuck-at fault covers a great peéagenof not modeled
physical defects.

In spite of the great advantages of the stuck-at model, ibkas found that do not
represent some defects in CMOS technologies [26] [27] [#])e to this other fault
models have been proposed [82] [84].

Figure 2.1 shows the basic defect model proposed in this.widtkough basic, this
model can be extended to other gate(s) and consider any mwhbeupling signals
as will see explained in next chapters. The model (see figureshows different
capacitive couplings that affect the voltage at the floatiade ;).

Overlap capacitances of transistor Pmos@yg,, Cyi,p, andC,,,. WhereC,,,, is
overlap capacitance betwegate-sourceC,q,, is overlap capacitance between gate-
drain andC,,,, the poly-well capacitance. Nmos transistor pregeft,,, Cyaon, andCy,
overlap capacitances. Whetg;,,, is overlap capacitance betwegate-sourcegate-
drain overlap capacitance is defined®@y;,, andC,, is the poly-bulk capacitance. In
this model routing capacitances also affect the voltagéatflbating node.C! and
C? are those capacitances that run over the well and substsgeatively. Using this
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Routin
topology VDD
: vDD Cgsop Pmos topolog
! Cpw_
cli
T I dE—Vw
. ! . ! — e ‘
input Lo Vif . ngoigﬂ Feedback
signal Sgdg‘: topology
cl—— J=ERvA
Stuck-at i Cph- Ly
fault (0,1) cgsori Nmos topology

Figure 2.1: Basic electrical model proposed

model, simulation results showing the voltage at the flgatiodeV;; when the power
supply is are shown in figure 2.2. The principal goal of theudation is to show the
effect on the floating node caused by the surrounding topeddg the open defect. We
use TSMC 0.18:m SPICE LEVEL 49 CMOS technology.

Three different cases have been considered simulations.

1 .- CMOS inverter withV, = Wn.
2 .- CMOS inverter withV,, >> Wn.
3 .- CMOS inverter withV, << Wn.

Plots in figures 2.2, 2.3 and 2.4 shows 4 different curveg, dbarespond to the
power supply voltagé/;; and 3 different voltages at the floating nodg, = 0.35V,
Vip, = 0.55V andV;y, = 0.75V. Let's analyze the equal sized CMOS inverter (see
figure 2.2). It is possible to appreciate that the voltagdafloating node is increased
when being increased the voltagg. As a first order approach voltage is induced at the
floating node due to the Pmos overlap capacitadgg,() and the poly-well capacitance
(Cpw) (See figure 2.1). The voltage at the floating node is infludrgethe sizes (Wn
and Wp) of Nmos and Pmos transistors as will see in next figiy-eFlot of figure 2.3
have same characteristics to the previous plot. In this, ¢hedifference resides that
the channel width (Wp) of Pmos transistor is longer than nkeawidth (Wn) of Nmos
transistor. As we can see in figure 2.3 the final voltages ffer@int 1;; have been
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Figure 2.2: Floating voltage node analysis of symmetric CM@verteriVp = Wn

increased. In a first order approach this behavior is dueeditpher values o€,
andCy,,.

= !
"
HH

Voltage (lin)

Figure 2.3: Floating voltage node analysis of symmetric CM@verteriVp >> Wn

Figure 2.4 shows the ca$€p << Wn. Itis possible to see that the final voltages
for differentV;; is lower than exposed at previous cases. The induced vaitiatie
floating node is lower, due the smallgy;,, andC,,,.
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Figure 2.4: Floating voltage node analysis of symmetric CM@verteriVp << Wn

2.3 Coupling effects

The floating line can be influenced by signals running at aajacoupling lines and/or
by lines located above/below the floating line. In this setitoupling effects on the
floating node are studied. Different simulation resultsstdaring one and more than
one capacitive couplings on defective line are depictee. fidating node voltagef;)
depends on the transistor structure of the affected gatefdeled by its gate charge,
the surrounding capacitances to the floating line and tippé@ charge during the fab-
rication process.

Stuck-at Fault Floating Line

Vif Vo

% 5
-
Coupled Lines > :

Figure 2.5: A typical defective circuit topology

Figure 2.5 shows an inverter gate withumber of coupling lines. We will initiate
the study of the effect on the floating node due to one coupiimeg Adding a coupled
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line to the floating node of the circuit in figure 2.1, the citcshown in figure 2.6
is obtained. A more simplified circuit shown in figure 2.7. &ardifferent values of
capacitive couplings have been considered and one inmaldjgulse) applied.

Routing
Ve ! topology VDD
VDD Cgsop Pmos topolog
e B 9E—Vw
Input o i Vif ’—;« ngo‘m Feedback
signal 3 3 Cgdon topology
Coupling | oL | e |
Topology | Cr—— Vs
| Cpb-
J: P égso Nmos topology

Figure 2.6: Basic electrical model proposed

Plot depicted on figure 2.8 shows the simulation results. éclsat 0 fault has
been considered on the defective line. To detect this faisinecessary to set the input
signal to “1” logic and coupling signal to “0” logic (Input.). Initially a voltage on the
floating node of).3 volts is assumed. The first coupled line considerédis= 0.4f F,
this value correspond to 20% of the sum(§f;; + Cgna = 1.5fF 4+ 0.5f F (selection
factor). A signal (pulse) has been applied on inpit. This pulse goes from “0” to “1”
with time delay of 2;s, the rise time is 0.4 s and fall time 0.1)s. Due to the capacitive
coupling connected to defective ling; increases its voltage when the pulseCatis
at a high state. Plot in figure 2.8a shows input signaCen In figure 2.8b is depicted
different voltages on the floating node for different capaeivalues. It can be seen
that during the delay time (0+2s), the voltage on defective line is increased due to the
different parasitic capacitances of Nmos and Pmos tramsisthis effect, explained in
section 2.2, causes that voltage on defective line goes 8in to 0.55V depending
on the coupled capacitance value. The voltage on defetterdefective line stays on
this value until the effect of capacitive coupling (due te thputC() increases this
value. Behavior of floating line is determined by the inpit. When stimulus signal
goes froml1.8V to 0V, voltage on floating line returns to lower values.
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Input C LI vad
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Signal Vi >
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Figure 2.7: Stuck-at O fault

As were explained before, the value@f, = 0.4fF* corresponding to 20% of the
sum ofCy 44 andCg,4. It can be seen that the effect produced by this capacitiue co
pling is relatively small. However, this increment on thdtage of the defective line
can cause that stuck-at 0 fault can not be detected. Comgigérat thel;;, voltage of
Nmos transistor fof).18um CMOS technology i9.39V. The effect of the capacitive
coupling on floating line (inverter input) can be interpcetey the CMOS inverter as
“1” logic. If we want to detect stuck-at O fault, we need to Bpa high logic value
on the input signal terminal. Other capacitive couplingghiaeen considered, in order
to see the effect of different capacitive valu€s;, = 2fF? andCq, = 7fF? capac-
itances have been simulated under the same conditions.uire f&)8b it is possible to
see the effect of these two capacitances on the floating nélde.effect of this two
bigger capacitances is clearly well known. The volt&gereach higher voltages when
stimulus signal is applied.

Another important situation to consider is when more thaa coupled line influ-
ences the voltage at the floating node. For this case, theitcglcowed in figure 2.9
for stuck-at O fault has been considered. In this case thifesreht coupled signals
are influencing to the defective line and 3 different stinsusignals for each coupling
have been applied. Simulation results are shown in figur@. 2riput signals for each
coupled line have been applied, considering the capaciiliees, the following cases
appear:

Case 1- Consider the effect of all coupling lines to “0” or “1” (degble condi-
tion depending on the fault, SA-0 or SA-@
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Figure 2.8: Coupling effect on the floating line

Case 2- Consider the effect of smaller couplings. It is importemidentify if
couplings that were not considered as critical can influegheevoltage at the
floating node, and make that defect undetect.

Case 3- Consider the effect of high coupling capacitan

Case 4- Consider the non-favorable conditions of all capacitesiplings at
same time (non-desirable conditio

VoltageV;; from 0 t00.5 ns is due to the parasitic capacitances and power supply
voltage (see figure 2.10 (plej) @ During this time the voltage on floating node is
low, however when coupling signals 6%, andC¢, (plotsa andb) change from O to
1 this value is increas. Capacitive values of o, = 0.4fF andC¢, = 2.0fF
influence the voltage on defective line producing an in@eds this lapse of time
(0.5ns to 1.0ns) we can see the effect of two capacitive couplings with naorable
coupling signal to detect stuck-at O fault. In spite of, théso capacitive couplings
(Ce, andCyq,) (plotsa andb) are not highest couplings. Signal of capacitive coupling
Ce, = TfF (plot c) present the case when coupling signals have not been getera
favorable. In this case, it is possible to see that two of linee coupled signal€’(;,
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Figure 2.9: Stuck-at O fault with 3 coupled lines

andC¢,) have been generated favorable. Howeggy, (plot c) present a non-favorable
coupling signal, producing an increase on the floating naitage. This influence can
be seen at lapse of time frod9ns to 1.5ns @ Due to influence of’,, V;; reach
1V approximately. Finally, the case when none coupled siga flheen generated fa-
vorably is showed in figure 2.. In this case influence of all capacitive couplings
(voltage induced) is reflected on defective line. It is polesto see thal/; voltage is
1.2V approximately. Voltage induced on floating node, due to ffeceof coupling
signals, produce that the output inverter change from “tjiddo cero durin@ see
plot (d). Itis important to take account the number of coupling ditieat have been
generated favorable. The relation of capacitive valueh #ie number of couplings
generated favorably is an important measure that we willrsebapter 4.4.2. Simula-
tion results show the importance to get the most favoralsteviectors. This condition
Is achieved when all the couplings lines can be forced taclettes that help to fault
detection.

2.4 Sensitization gates

In this section, the detectability conditions for interoestion opens considering that
not all the gates affected by the open are sensitized, istigaged. Different simulation
results considering non sensitized gate are presenteceffdot of non-sensitized gates
with different conditions are considered.
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Figure 2.10: Different coupled lines for stuck-at O fault.

2.4.1 Topology of an non-sensitized gate

Non-sensitized gates can appear as a consequence of tiedapplt vector. Due to

the unsensitized gates the voltages at the drain/souroéias of the transistors of the
affected gates are unknown for the actual input vector. iFhggacts the charge at the
gate of the affected transistors. Hence the detectabdgjons of the interconnection
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opens are also impacted. A circuit with sensitized and wiseed gates is shown
in figure 2.11. Figure 2.11 shows four gates affected by theréonnection open.
Two of them, inverter and Nor gates are sensitized by thetimpctors. However, the
Nand on the input Nor gates (see Figure 2.11) remain ungaetsibr the applied input
vector. For the sensitized gates the power supply and gracenconnected through the
defective transistors (see Figure2.12 (a)).

Analytical expressions are used to determine the testabalgions of interconnec-
tion opens (see section 4.4.3). These regions are definedobyoltages at the floating
node: ay;; = Vry and by, = Vpp — |Vrp|.

Stuck-at

fault
IOV
if

2

Figure 2.11: Sensitized and unsensitized gates

For sensitized gates, using the two previous conditiorantiae known the voltages
at the drain-source terminals of the transistors affectedidopen. Using this, the
charge of the floating transistors are estimated. For uiisstsgates, the voltages
at the drain-source terminals may depend on the historyefytiie. This is shown
in figure 2.12 (b) for a three input Nand gate. The voltage aterioy can not be
determined by the actual input vector.

A schematic representation of a CMOS circuit with transsadfected by the open
is given in figure 2.13: The Nmos and Pmos networks can be cseapof series-
parallel connected transistors it is assumed that the wgetor do not sensitized the
open. Because this, the voltages at the drain-source talsrohthe transistors affected
by the open are unknown. These conditions will be considardgtie proposed ca-
pacitive model of the interconnection open. The resultoptogy is shown in figure
2.13.
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Figure 2.12: Example of sensitized and unsensitized gates.
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Figure 2.13: Capacitive model for Pmos, Nmos general umsegts network [70].

Figure 2.14 shows a circuit with inverter gate sensitizedi mend3 gate depending
on its input. The floating node presents a capacitive coggbrCc. It has been con-
sidered a capacitive valué. = 2fF. Different input signals are applied for Nand3

inputs, and capacitive coupling line. Simulation resuttsd stuck-at O fault are de-
picted in figure 2.15.

Nand3 inputs are showed in plots a) and b). Coupling signdected in plot
c). VoltageVy is showed on figure 2.15 (see plot (d)). Floating node vol@gg is

depicted on plot (e). Finally nand3 output is showed in flotfor voltageVy it can be
seen that the input vector A=0, C=0 and coupling sigria+0 produce a low voltage
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Input Cc s vdd
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Figure 2.14: Sensitization and unsensitization gatestsife

level in Vx andV;;. Then, A=1, C=0 and’'~=1 produce an increase of voltage B
node and/;; node. This is due to a path fro@s,,; to Vx node (lapse time from.5ns
andlns). The floating node voltag&’f;), in the same lapse of time, presents a voltage
of 1 volt. This voltage is produced for the high voltage vatumethe coupling signal.

The highest voltage at the nodlg appears when input A has a high state and the
input C is at logical 0, under this condition a path from thadf output to the node
Vx appears, charging this node (lapse of time fiofy s to1.0n S). Input vector given
from 1.0ns to 1.5ns cause a decrement of voltagg. Next input vector A=1, C=1
and coupling signal’~ remain to high voltage value, produce a strong increment on
Vx. However, these conditions do not allow that nd¢lebe considered like “0” logic.

If we want to detect a stuck-at O fault, and under these cmmdgitit could be difficult

to detect, due to the high voltage presentiop This voltage can make that nand3
output could be considered like “0” logic. Hence, avoidiogletect the stuck-at O fault.
Nevertheless, voltag€y depends strongly on the history of the gate inputs. Voltage
Vx can vary widely and depending on the different conditionpi{t vectors, coupling
signals, capacitive values) produce sensitization oransitization gates. Because of
this, it is important to considered the effects of sensitizad unsensitized gates.
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Figure 2.15: Simulation of Sensitized and unsensitized gHécts.

2.5 Trapped gate charge

Another important factor influencing the voltage at the flogthode is the trapped gate
charge,.. This trapped gate charge is deposited during fabricationgss. The be-
havior of the interconnection open defect is determinedieystructure of the affected
devices, the trapped charge on the floating node and theingugapacitances related
to the floating node [38,42,43,53,54,56, 71, 91]. It has Heand that the trapped
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charge influences significantly the behavior of intercotinacopens [41, 44]. Some
circuits with this defects may work logically correctly aw frequencies, but fail at
higher frequencies [38, 54]. Other researchers have odderstuck-at behavior and
negligible quiescent current values for an inverter withiveely interconnection open
defect [91]. Makki et al. [66] have made measurements omiideally-designed de-
fective circuits. They have found defect coverages of 90a9h 90.6% forl , o and
transition fault logic testing, respectively. Konuk [423Je analyzed the testability of
interconnection opens under a voltage (stuck-at) and mub&sed test. Using Spice
pre-simulations and analytical expressions the detditiabi interconnection opens is
investigated. Interconnection opens may also preseritaigms and sequential behav-
ior [43] under certain conditions. The influence of the caugplksignals in the test of
opens by delay testing is analyzed by Moore et al. [53]. Theatability of full opens
in the interconnections assuming certain conditions atthipling signals is analyzed
by Zenteno et al. [71]. The expression that describes thag®elat floating node in-
cluding the trapped gate charge tefy is as follows, the other terms will be defined
on section 4.4.1:

Cr VoD L ClVop Qb (CoaopVir + -+ Cop Vap)

V — gsop gsop
i Cr Cr Cr Cr
+ (O;son‘/ln +- C;SOTZV””) + <Cgld0n + Cgld0p>V01 +-t (C;don + ngop)VOn
CT CYT
CorlVer+ -+ CenlVon ~ Qu

2.1
Cr T (2.1)

Where:

Cr = Clion+ Clion + Cogop + Co,

gson gdop gsop

+Chy+CL+CY+Cr+Coy + ...+ Cq,

t t
T _ E n T _ E : n
Cgson - Cgson Cgsop - Cgsop
n=1 n=1
t t
T _ § n T _ § n
Ogdon - gdon ngop - gdop
n=1 n=1

t t
Cow = Z Cpw Qér = Z Qéry + Qérp
n=1 n=1
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In equation (2.1) can be observed the terms related withfteet®f the sensitized
and unsensitized gates. Whérg- to V,,p are thesourcevoltages for every PMOS
transistor);,, to'V,,, are thesourcevoltages for every NMOS transistor aig; to V,,
are the common voltages at drain terminal between PMOS an@8IMansistors.

Nand 2 gate have been considered to simulate the effect mpechgate charge
(Q:-). From this, initials voltages for nand2 inputs have be@ppsed. Coupling signal
at input “B” has been applied. Figure 2.16 shows a nand2 giéteome capacitive
coupling at its input “B”. Simulation results are depictadigure 2.17.

Input A l
|
| Ms

Stuck-at
Input B fault

[ my
Coupling m—]
CC -

signal

Figure 2.16: Trapped gate charge effects in nand2 gate

The first case to consider is when both inpuisahd B are to zero logical. From
this, it can be seen the voltageiaput Aon plot (a) (see figure 2.17) goes from cero
to almost 0.3 volts. However, the voltage ioput B follows coupling signal due to
capacitive coupling. In spite of, input B is interpretedelikl” logical (some periods
of timég by the M, (nMOS gate), input A is considered like “0” logical all thent.
These conditions set, the transisfds, OFF and allow to the conduction through the
transistorM,. Therefore the nand2 gate output, plot (d), always preskighavoltage.
Even though, the nand2 gate inputs have been fixed to zer yo#sent an increase
from the beginning of simulation.
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2.6 Proposed test framework for interconnection opens

It has been demonstrated that there is a high probabilityLiSI\tircuits that interco-
nnection opens exist [94]. For example, the great amounias i modern circuits can
cause that faults happen [10] [30], due to the several |eemsetal and to the same
complexity of the circuit [81]. Due to the scale of the teclugy some tendencies
will affect the present methods of test [59] [4]. Some faults escape to the used
conventional methods. Of such form that will be more and nm@e@essary to use non-
conventional methods of test [61] [47]. These methods milest&o obtain in addition
a high fault coverage, quality, minor cost and reduced tiofesst.

In this work large breaks are considered so there is nonfgignt influence from
the input signal over the floating node. Actually high r@gesbpens are also covered.
Further research will be devoted to define more clearly theatability of these opens.
The proposed test framework for interconnection opensas/shn figure 2.18.

Description Netlist of the circuits
( Verilog + Layout )

i YES

Test Set
Generated

Figure 2.18: Proposed test framework for interconnectjpens

Two CAD tools are proposed in this work. OPVEG is a tool to gatesfavor-
able test vectors for interconnection open defects. FASGHault simulator for these
opens. OPVEG generates test vectors in two stages. It aeemgenerate favor-
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able test vectors for the most favorable conditions at thelboeg signals for a given
selection factor. If the defect coverage evaluated by FA8Od&lequate the process
ends. Otherwise, OPVEG attempts to find a test vector forrematelection factor. In
other words, it attempts to generate a test vector consgléviver values of coupled
capacitances.




Chapter 3

Opens vector generator ( OPVEG )

3.1 Introduction

In this chapter the basic design of a CAD tool called OPVEGe@pVectors Gen-
erator) oriented to generate favorable test vectors fongpe presented using data
obtained from layout and circuit logic description, favoletest vectors considering
capacitive couplings between adjacent nodes are obtaifteske vectors can be used
to improve the detectability of interconnection opens.

The operation of the tool is based on the extraction of patasipacitances of a circuit,
ordering of data, calculation of parameters and generatidast vectors considering
coupling effects. This is obtained from the interactionwé tcommercial CAD tools
(CADENCE [14]) and TetraMAX [79]. With the information obteed from the extrac-
tion of electrical parameters of the designed circuits dagied out an analysis based
in methods and models proposed on this work which are useltr&tdi to process and
selection of information through different routines. Sinthas been observed, the ca-
pacitive effects between interconnection lines of a ctrcan cause negative effects in
the tests of integrated circuits when using the model ot$atlick-at Nevertheless this
situation can be improved looking for the suitable condi$iso that the fault coverage
is affected in smaller amount by capacitive effects. Thegedd on the controllability
and observability that has of them.

The designed CAD tool has the possibility of generatingetfagorable conditions
if previously they are established. The generation of testars uses conditions or
restrictions ¢onstraint$ that define the logical states that some nodes of the circuit

37
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must fulfill to generate favorable test vectors. Within tgeneration process cases
of partial controllability or noncontrollability may appe Hence vectors that do not
fulfill the favorable conditions totally or cases where timeycan be generated appears.
In addition, the conditions for the generation of test vectare shown. Effects of
different coupled lines from a floating node are explaine?] [52] [69]. The basic
form of the algorithm doing a search combinations of critmauplings is showed as
well as the detection ranges.

Results of tests made to four circuits ISCAS’85 using OPVE@ &are presented.
Comparative tables between conventional ATPG and OPVEGofadefect coverage
and times of calculation are shown.

3.2 Vector detection conditions

Testability is a characteristic that influences in severat€associated with the tests of
circuits. DFT (Design for Testability) Techniques imply esitgn effort to improve test
characteristics of a device of circuit. Two important &itites related to the testability
exist: controllability and observability [3]. Controlldity is the capacity to establish
the specific value on a signal of each node of the circuit apglyalues at the primary
inputs. Observability is the ability to determine the vabfethe signal at any node
exciting the inputs of the circuit and observing the outgut(n general, a node of a
circuit has low controllability if it requires a unique inpuector to establish the state
of that node. A node also has low controllability if an exigasequence of inputs is
required to establish its logical state. Circuits that gmdally difficult to control are
decoders, circuits with feedback, oscillators, and clomkegators. A circuit has a poor
observability if it requires a unique input vector of testorextensive sequence of test
vectors to propagate the state of one or more nodes to thatswpthe circuit.

A possible interconnection open defect at the floating natele influenced by
different coupled lines. The figure 3.1 shows the input ofreeiter.

Let’'s use a boolean test method based in the stuck at faukkhtmdetect this open.
The fault must be sensitized and propagated a primary auifhu logic state at the
coupled lines influence the voltage at the floating node. Eehe detection of the
open can be missed depending on the value of this voltageauBeof this the logic
states at the coupled lines influences significantly the oférrefore the process of
generation of the vector becomes more complex. The possbters of excitation for
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Input Vit Vout
Signal
Ci| Co

Figure 3.1: Floating node with multiple coupled lines

stuck-atfault model depend to a great extent on the topology of tlwaiitirThe possible
test vectors, considering that the coupled lines can beated simultaneously to 1 or
0 are shown in table 3.1. The detection ranges [70] are atsoezh

Input Signal| V¢4...Ve, | Detectable rang®;; | Fault
0 0 Voo — [Vrpl, Vop] | SA-1
0 1 Vbp — |Vrel, Vbp| | SA-1
1 0 [0, V] SA-0
1 1 [0, V] SA-0

Table 3.1: Possible test vector condition

All the test vectors for the detection of a fault that appsain the previous table
can be generated. However differences in the conditionadf ef them exist although
they are destined to detect the same fault. For a Stuck-attbrvieigh levels on the
signalsV,,, help to detect stuck-at 1 faults at the floating node becautigs case the
voltage at the floating node tends to a higher value. Nevedbkgelow levels would
help to a behavior without fault; that would cause in somesalsat the open does not
detected. Similarly, for a stuck-at O fault the favorabl&sesof V., to detect would be
0. High logic levels do not favor the defect detection.

Let's show an example (See figure 3.2). In order to detecksatiO fault it is necessary
to apply logical “0” at the input inverter. This would causéigh logic level on the
faulty line with that would allow its sensitization. The opis detectable if the voltage
at the floating node is sufficiently low that is interpretedaggcal O by inverter 2. This
voltage must be in the rang®[ Vv ] (see Table 3.1) to guarantee that it is interpreted
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like O logical. It is observed that the adjacent lines (aggoe Lines) present a coupling
with the floating line. The capacitive couplings may play mportant role in the open
detection because they induce voltage at the line with tlopAs a consequence
the line does not remain in zero logic although exists an apefact and a logical

level 1 is obtained. This would cause that the output of it@are2 goes to logical

0. Therefore the open is not detected because of this faeocamditions should be

applied at the coupled lines to increase the likelihood ¢écteon of the open. Most

favorable conditions to detect the open would occur whemnigaa zero logical in the

adjacent lines as is observed in figure 3.2.

Qg

Aggressor g
lines*
no

Capacitive
couplings no"

Figure 3.2: Effect of capacitive couplings

Candidated linegvictim) are those line with its coupled lines can be obtdifrem
layout information. However, it is not necessary to consalethe lines of a circuit.
The strengths of the drivers handling a line under analysisthe coupled lines are
not important when a full interconnection open is conside@ritical nodesare those
lines that have at least one coupled line of capacitive vgheater or equal than the
sum of this capacitive values of the line@,, andVpp, multiplied by a factor. Then,
the ATPG tool attempts to obtain an input vector forcingr(strain) proper input val-
ues at the coupled signals of the selected critical linesad@ions are only imposed
on those coupled lines with significant coupling capacikand simple algorithm is
used for running ATPG for the different constraints of aicat line. The algorithm
gives priority to the signals with higher coupling capacde [1]. The used algorithm
is presented with more detail in appendix B.

When attempting to generate a test vector situations camdsemed where the gen-
eration of favorable vectors is not possible or partial [6B- As follow some of the
possible situations are analyzed next.
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Full controllability.

Partial controllability.

e Non Controllability.

Non Observability.

3.2.1 Full controllability

For this case all the logical states of the coupled lines easdb to the desired states.
As it was depicted in figure 3.2, the floating node presentaeksat O fault, favorable
condition that help to detect is when all the coupled lingsloa set to logical 0. This
is called full controllability.

3.2.2 Partial controllability

In this case, not all the coupling signals can be controlietlkaneously at 1 or 0
logic. Hence some of the most favorable conditions (seetald) to test the inter-
connection opens can not be generated. A simple circustititing a situation where
controllability for certain conditions can not be genedateshown in figure 3.3.

o
v, SAO M

Vc

|
|
Cc
Figure 3.3: Partial controllability case [69]

For this circuit, the vectorg; V=00, 01, 11 can be generated. However, the vector
V; V=10 can not be generated. It must be noted that this vectbeisbs favorable
condition for a stuck-at O fault at the open.

3.2.3 Low controllability

In this case the two most favorable conditions of table 3 mat be generated. A
circuit example is shown in figure 3.4.
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2C . Vi Vo

>0

Figure 3.4: Non controllability case [69]

For this circuit, the vectors that establish the followirgguesV;V. = 00,11 can
be generated. Nevertheless, the most favorable vectoig ¥or= 01, 10 can not be
generated.

3.2.4 Non observability

In this case the effect of the open can not be propagated gtimiost favorable con-
dition. Next an example of non-observability is shown. Gdesthe following circuit

(figure 3.5).
%}V_'X WO
C
T

1

Figure 3.5: Non observability case [69]

For this case, all the combinatiold/. can be controlled (00, 01, 11, 10). However,
the most favorable vector for a testtick-at lat the open i3/;V,. = 01, which will make
to the output gaté, to remain in “0” independently of the value ®f. In this case
V;V, is possible to control the values but the behavior of a faatnot be observed.
Using V;V,. = 00 will be able to be detected the fault, but it will not be adaqua
considering possible capacitive couplings, reason why e detection probability
will be reduced.
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3.3 OPVEG Tool description and flow algorithm

It has been developed a test framework, called OPVEG, tarofagorable test vec-
tors for interconnection open defects in the presence gflowysignals. It also allows
to identify those critical cases which have non-favoraldeditions. Using this infor-
mation, DFT techniques can be applied for improving detslity for interconnection
open defects. The signals at the coupling lines may havehalbgic value {/»p) or
low logic value (GND). The value at the coupling signal imisagignificantly the de-
tectability of the interconnection open defect. Let’'s ddesthe circuit shown in Figure
3.6. For testing an Stuck-at 0 at the interconnection opgale of 0 logic at the cou-
pling signal favors detection of the open defect. This isase the coupled signal(s)
pulls to a lower level the voltage at the floating node. Hemioe,signal can be inter-
preted as a low logic level which is the wrong logic value.Ha bther hand a value of
1 logic at the coupling signal makes the open more difficullétect. This is because
the coupled signal(s) pulls to a higher level the voltagenatftoating node. Hence,
the signal can be interpreted as a high logic level whichesctbrrect logic level. The
same is true for testing an Stuck-at 1 at the interconnedpen but the logic values
are opposite.

0(1)
0 (1)
ow

SA-0

Input
[: (iziziziﬁzjﬁ/a: E:
coupling Td—

lines 0(1)

Figure 3.6: Favorable signals coupling influence for dé&secof an interconnection
open

A simplified flowchart of OPVEG tool is given in Figure 3.7. OB® uses infor-
mation obtained from a circuit layout and a commercial ATBA .t

The input files are the Verilog circuit description, coupliextracted capacitances
and node equivalences between the Verilog and Cadence Tites coupling capaci-
tances have been obtained from the circuit layout using @zaldesign tools. In the
first step (See Figure 3.7) the coupling capacitances to eadé are identified. Also,
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the capacitances of each node to VDD and GND are obtainededons step, the
critical nodes affected by significant values of couplingaatances are selected. The
nodes influencing to the critical nodes are also identifiedthé third step, Tetramax
ATPG tool is run for the selected critical nodes imposingstoaint values for the sig-
nal values coupled to the critical nodes. The constraintesatorrespond to the most
favorable conditions to detect the interconnection opémghis way a test vector set
for testing interconnection opens under favorable coowl#iis obtained. This set of
vectors complements the set obtained using convention@GAT

The code of the program was made in language C (structureat) operating system
Solaris Versiorp.8 (UNIX atmosphere) with a compiler GCC versip®5.1. The pro-
gram is made up of several subprograms that are executedquersgal form. Within
the process archives with commands are generated to matg@gal automatic form
tool the CAD tool used for the generation of test vectorsr@did X).

In order to better understand the developed CAD tool (Sear€i§.7), the different
steps of the simplified OPVEG flowchart are further explaind@the generated files
and some of the subprograms and routines that composesrtiate system are de-
scribed. Some of the required input files for the operatiotheftool are obtained from
the extraction of electrical parameters and generatioetishof layout of the designed
circuits. Another input file is the netlist description irghtlevel language (Verilog) of
the circuits. In summary, the input information is made ughoée files.

e List of capacitive connections between nodes of circuitligtg

e List of equivalences between real nodes of the circuit abhdltaassigned by the
generator of netlist (Spectre).

e Description of the complete circuit in Verilog language.isTtircuit description
is used by the design and ATPG tools.

Let’s further comment the three main steps shown in figure 3.7

STEP 1- The first step in the flow of the tool, is the ordering of théoirmation. A
subprogram makes ordering and format of the netlist. Thes tise list of equivalences
of the nodes to classify the information stored in the listotiplings of the circuit.
Three files are obtained:
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Input Files

Circuit Relation of Equivalence
Description (Verilog)  Couplings of Nodes
. |oPveG |
C eten 1 Yy oy ;
| Step 1 ‘ Ordering and Format of Netlisr
|dentify Couplings to VDD :
GND and between Nodes™
P —— — yooo y
| & : Identification and Selection of: |
| Selection__~| " critical couplings between| |
; Factor nodes victim and aggressors '
‘ e Yoo .
- Step 3 [ Optaining favorable test
1 ~| patterns selected coupli

capacitances

Figure 3.7: Simplified Flowchart of OPVEG
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¢ One file contains the nodes with couplingsigp.
e The second the nodes with couplingsiq p.

e The third files contains the couplings between non-globdeso

In this step it is also made the replacement of the labelsatetssigned in the
creation of netlist (CADENCE extraction) by the real naméthe nodes (original in
Verilog and used by CADENCE at schematic level). Those ndldaiscorrespond to
internal points of logic gates are not considered.

STEP 2- In the second step, the critical couplings between vistand aggressors
nodes are identified and selected. The critical nodes Jleresthose that have at least
one coupled line with its capacitive value greater or echehthe sum of the capacitive
values toGyp and Vpp multiplied by a 'Selection Factot. The critical nodes are
considered for attempting to generate a favorable tesbxdct this step an output file
containing the list of nodes victim with its correspondirggeessors is obtained. Only
those critical nodes according to the selection factor appe this file.

STEP 3-Inthis step, test vectors with favorable logic condis@hthe coupling signals
are obtained. In the previous step the critical nodes (Jines also the couplings of
these nodes are obtained. UsifgiraMAXa test vector is obtained for each critical
lines forcing favorable constraints at the coupling sign&@ simple algorithm is used
for running ATPG for the different constraints of a critidade. The algorithm gives
priority to the signals with higher coupling capacitancg [This is further explained
in the next subsection. A list of test vectors for fatsck-at-Candstuck-at-1of those
nodes considered as critical is obtained.

3.4 Experiments and results

OPVEG has been used to obtain favorable test vectors forcorieection opens in
four ISC AS’85 benchmark circuits. These circuits have been designed stamdard
design layout techniques [1Chip Assembly Routérom Cadence [14] has been used
for automatic place and route. First, a conventional ATP& lbeen run for the four
ISCAS’85. The ATPG is run for the selected critical nodes asipg the favorable
conditions in the signal values coupled to the critical reodaifferent selecting factors
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have been considered. In TetraMAX [79], the default numbenfaximum number of
allowed iterations has been used. For analyzing the reswdtscs for OPVEG have
been defined. These are explained next:

Critical (lines) are those lines that have at least one coupled line of capacélue
greater or equal than the result of multiplying a fac®election Facto) to the sum of
the capacitances to Gnd am@ of the floating line. In other words for a line to be
considered as critical one of its coupled lines must satisfy

CEr > f(CERp +CPE) (3.1)

Vbp

e Possible Faults- Is the maximum number of considered faults obtained for a
given selection factor.

e Generated Vectors- Vectors generated with at least one favorable condition.

e Vectors 100% Ok- This metrics gives the number of vectors generated with al
the favorable conditions. For a specific line with some cmggdines (aggressors)
obtained for a “ selection factor ”, all the coupled lines lhagic states that help
to detect the open.

e Repeated Vectors One favorable vector can be able to cover more than one
fault. This vector would be repeated in the set of favoraldetars in case of
covering several faults. Nevertheless, it is necessarpmsider only a single
vector for all these faults. Repeated vectors is the setcbve for those faults
having already generated a favorable test vector.

e Vectors Contained in conventional test The vectors generated with OPVEG
tool can also appear in the set of vectors obtained from theesdgional ATPG
process. The vectors that already are contained in the senhgéntional vectors
of test can be deleted in the set of vectors obtained with GRPW6!.

e Compacted vectors- This set of vectors is obtained eliminating repeatedorsct
and vectors that already contained in the set of vectorsradatavith conventional
ATPG.

e Percentage of aid to the conventional test The conventional test of circuits
needs a certain set vectors. This set of vectors has a cedesmage of faults
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(Above of 95% in the analyzed circuits) for the total faullkie capacitive effects
can cause non-detection of faults or a reducing the actwarage. According
to this, the the number of faults that can be seen affected¢amaentional test is
obtained, the corresponding percentage of conventionarage is also obtained
. It is considered that this percentage will be covered bytwtors generated
with OPVEG (Percentage of Aid). The amount of faults covergdOPVEG
corresponds to the number of vectors obtained by OPVEG pwittieleting re-
peated vectors, and do not taking into account the convaaittest vectors. This
percentage of aid is obtained with the following expression

TF — F(J)C) (3.2)

: (
P t Aid = C —
ercentage of Ai C ( TF

Where
TF: Total number of faults stuck-at of the circuit.

C: Conventional coverage of faults.

FC: Total faults covered considering OPVEG capacitive cogdi(Number of
vectors generated with OPVEG).

e Time of selection of nodesls the time that takes the tool (OPVEG) to select all
the victim and aggressor nodes of the circuit depending ersé¢lection factor
provided by the user.

e ATPG Time.- It is the amount of time that OPVEG uses to make the ATPG
considering capacitive couplings. Besides to considetithe that takes ATPG
program (TetraMax) in generating vectors, it takes intmaot the file generation
of control for ATPG tool; generation, reading and analy$isuiput archives and
selection of vectors with the most favorable conditions.

3.4.1 Logic Effectiveness

Logic Effectiveness- This definition gives a metric about how successful is tloegss
of test generation for all the considered critical lines tawbrable constraints in all the
considered coupled signals. It is calculated as follows:
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Logess = %xloo (3.3)

where:

G, is the total number of couplings of a critical line for whigtwas found suc-
cessfully a test vector under a favorable constraint.

P,: is the total number of couplings of a critical line.

t: is twice the total number of critical lines. Note: a vectsmgenerated for every
critical line for both stuck-at 0 and stuck-at 1 faults.

The results obtained using OPVEG for the four ISCAS’85 bematk circuits are
given in Tables 3.2-3.13. Three tables are given for eaclAE385. Tables 3.2, 3.3 and
3.4 shows the obtained results of the C432 circuit. The tesfithe C499 are presented
in tables 3.5, 3.6 and 3.7. In tables 3.8 to 3.10 the resul®l808 are showed. Finally
tables 3.11, 3.12 and 3.13 present the results of C2670.

Let's begin with the results for the ISCAS’85 C432 (See talde?, 3.3 and 3.4).
In Table 3.2 the row at the top gives the number of faults aereid by a conventional
ATPG stuck-at {otal Faultg process. Different selection factors (from 20% to 100%)
have been considered (first column). Data separately foksit:O and stuck-at-1 faults
is given for each selection factor. Also the data considgitie total number of possible
faults (stuck- at 0 and stuck-af 1s given. Second column gives the number of possible
faults for the critical lines according to the selectiontfac It is observed that the
number of possible faults decreases as the selection filati@ases. This is because
when increasing the selection factor the value of the cagpiapacitances to define a
critical line increases.

It has been found than a significant number of vect@srerated Vectorg are
generated with at least one favorable constraint at thelicmugignal. For the consid-
ered selection factors, the number of vectors obtained alittihe most favorable test
conditions {ectors 1004 OK) are depicted in column 4. This depends on the type of
analyzed circuit as you will see in the results given for tkieeo benchmark circuits.
Thelogic effectivenesgives a more realistic metric of the impact of the generated f
vorable constraints. This is high for the analyzed ISCASI8&chmark circuits. It can
be seen that for a selection factor of the 20% the effects®s84%.
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Total Faults = 364

Selection | Possible| Generated | Vectors Logic
Factor Faults Vectors | 100% OK | Effectiveness
20% 320
Stuck-at-0 148 82 73%
Stuck-at-1 150 147 95%
Total 298 229 84%
40% 201
Stuck-at-0 78 66 73%
Stuck-at-1 95 95 94%
Total 173 161 83.5%
60% 88
Stuck-at-0 34 28 71%
Stuck-at-1 40 39 91%
Total 73 67 81%
80% 52
Stuck-at-0 20 17 71%
Stuck-at-1 23 23 88%
Total 43 40 80%
100% 32
Stuck-at-0 13 10 72%
Stuck-at-1 14 14 88%
Total 27 24 79.7%

Table 3.2: Results of Circuit C432 a)

In the second table (See Table 3.3), due to completenesg ¢dlhes, is repeated the
information of number ofenerated vectordor both stuck-at 1 and stuck-at O faults.
Depending on the selection factor the number of generatetrgegoes from 298 (for
20% selection factor) to 27 (for 100% selection factor). cAl is given the number
of repeated vectors Repeated vectoiig table 3.3 shows 72 vectors of a total of 298
generated vectors with a selection factor of 20%. Theseegaliecrease as the selec-
tion factor increase. As it can be seen in the last row, forlacten factor of 100%
the number of repeated vectors is 0. Columidrftained vectors in conventional test
shows the number of those process vectors generated wittEGR®0Il which were
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also generated with conventional ATPG. For this case, ieddently of the selection
factor the number ofontained vectors in conventional tés0. The number of vectors
after compactionqompacted vector$ are shown in column 5. The number for com-
pacted vectors goes from 226 to 27 for 20% and 100% of sefefaior respectively.
Finally, the sixth column contains theercentage of aid to the conventional teHtis
possible to see that this percentage is between 81.19% 35h Tor different selection
factors.

) Contained Percentage of
Selection | Generated | Repeated _ Compacted _
Vectors in Aid to the
Factor Vectors Vectors ] Vectors )
Conventional Test Conventional Test
20% 298 72 0 226 81.19%
40% 173 29 0 144 47.13%
60% 73 2 0 71 19.89%
80% 63 0 0 63 11.71%
100% 27 0 0 27 7.35%

Table 3.3: Results of Circuit C432 b)

In the third table (See Table 3.4) the computer time for oltgj favorable test vec-
tor conditions is given. The time data are in minutes andrsg@sm:s). For every time
of processing (Selection of Nodes and ATPG) is the percentdgise of used CPU.
The time of ATPG divides irstuck-at-Oandstuck-at-1 Table 3.4 shows different se-
lection factors in first column. In second colurtime of selection of nodes depicted.
These values (expressed in minutes and seconds m:s) iahétat takes the OPVEG
tool to select all the victim and aggressor nodes of the ttirdine third column gives
the percentage of CPU usage that correspond at the time dBATPne of ATPG is
divided instuck-at-Gandstuck-at-1 It is possible to observe for selection factor of 20%
correspond 16:11 (m:s) of time of ATPG. As the selectiondasicreases the time of
ATPG decreases. This is because the number of nodes catsakecritical is smaller
for a high selection factor (100%) than the number of nodesidered as critical for
a low selection factor (20%). It can be seen in columns 5 arte TPU usage time
of ATPG. This value increases when the selection factoredsas. The percentages
goes from 93% (Selection factor 20%) to 89% (selection fabt@®%) in column 5. In
column 7 the percentages of CPU usage of stuck-at 1 is bet92%rand 76%.

Results for the C499 ISCAS’85 are showed in tables 3.5, 363an
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. Time of Time of Time of
Selection , CPU CPU CPU
selection of ATPG ATPG
Factor Usage Usage Usage
Nodes (m:s) Stuck-at-0(m:s) Stuck-at-1(m:s)
20% 00:42 47% 16:11 93% 06:09 92%
40% 00:57 34% 04:15 92% 03:22 92%
60% 00:45 45% 01:59 90% 01:31 92%
80% 00:45 43% 00:65 89% 00:41 85%
100% 00:46 42% 00:48 89% 00:28 76%

Table 3.4: Results of Circuit C432 ¢)

Total Faults = 486 \

Selection | Possible| Generated | Vectors Logic
Factor Faults Vectors 100% OK | Effectiveness
20% 412
Stuck-at-0 180 151 83%
Stuck-at-1 207 159 91%
Total 387 310 87%
40% 252
Stuck-at-0 104 99 82%
Stuck-at-1 125 114 90%
Total 229 213 86%
60% 154
Stuck-at-0 60 57 78%
Stuck-at-1 77 72 90%
Total 137 129 84%
80% 91
Stuck-at-0 34 34 72%
Stuck-at-1 45 43 89%
Total 79 77 80.5%
100% 45
Stuck-at-0 14 14 67%
Stuck-at-1 24 23 88%
Total 38 37 77.5%

Table 3.5: Results of Circuit C499 a)
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In Table 3.5 the row at the top gives the number of faults aereid by a con-
ventional ATPG stuck-atTptal Fault9 process (In this case 486). Different selection
factors (from 20% to 100%) have been considered (first cojuffine number of pos-
sible faults is 412. The total of generated vectatsi¢k-at Candstuck-at ) is 387 for
a selection factor of 20%. This number decreases to 38 gedevactors for 100%
of selection factor. A similar behavior to the C432 is obserin column 4 ( Vectors
100% OKk). For a selection factor of 20% 310 of total vector8%@k are found. As
the selection factor increase this number decrease to 3¥delection factor of 100%.
Thelogic effectivenesgives an important metric of the number of test constraimas t
were successfully generated. It can be seen that for a meldattor of the 20% the
total OPVEG effectiveness is 86%. This mean that a high numibelues of coupled
signals are forced successfully to aid to detect the delecbther cases the value of
OPVEG effectiveness for different selection factors areviben 82% and 88%.

Table 3.6 repeats the information of the numbergeherated vectorsfor both
stuck-at 1 and stuck-at O faults. Depending on the seletaichor the number of gen-
erated vectors goes from 387 (for 20% of selection factoBBt¢for 100% of selection
factor). Also, the number akpeated vectorsis given. Repeated vectolis table 3.6
shows 104 vectors of a total of 387 generated vectors withegtsen factor of 20%.
These values decrease as the selection factor increasecaksbe seen in the last row,
for a selection factor of 100% the number of repeated vec$ats

The number of contained vectors in the conventional teshi®IC499 circuit (3.6)
Is between 44 and 11. This behavior is different to that olesefor the ISCAS’'85
C432 (See Table 3.3). The number of compacted vectors (eokum table 3.6) is
between 240 and 23. Finally the percentage of aid to the coiovel test is between
78.15% and 7.50%. It is possible to observe than these gageshare lower than those
observed in table 3.3.

Table 3.7 shows the time and CPU usage for different seletdiciors. These times
are longer than those obtained with the previous benchmiankitc this is because the
number of detected faults is higher and takes more time tergémthe vectors. The
times are between 19:04 and 1:00 (m:s) for time of ATPG satdkand 8:25 and 0:39
(m:s) for time of ATPG stuck-at 1.

Table 3.8 shows the obtained results for the circuit C1908e fw at the top gives
gives the number of faults considered by a conventional ABR@Gk-at Total Faulty
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] Contained Percentage of
Selection | Generated | Repeated ] Compacted ]
Vectors in Aid to the
Factor Vectors Vectors ] Vectors )
Conventional Test Conventional Test
20% 388 104 44 240 78.15%
40% 229 77 35 117 45.66%
60% 137 35 30 72 27.31%
80% 79 16 20 43 15.75%
100% 38 4 11 23 7.50%

Table 3.6: Results of Circuit C499 b)

] Time of Time of Time of
Selection ] CPU CPU CPU
selection of ATPG ATPG
Factor Usage Usage Usage
Nodes (m:s) Stuck-at-0(m:s) Stuck-at-1(m:s)
20% 01:44 41% 19:04 93% 08:25 92%
40% 01:34 46% 05:17 93% 04:16 91%
60% 01:26 49% 03:16 92% 02:29 89%
80% 01:26 50% 01:55 91% 01:20 85%
100% 01:25 50% 01:00 89% 00:39 75%

Table 3.7: Results of Circuit C499 c)
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process (For C1908 circuit 578). The possible faults fdiedgnt selection factors are
between 428 and 20. The total of generated vectors goes f2ano4l7 (for 20% and
100% selection factors) respectively.

| Total Faults = 578 |

Selection | Possible| Generated | Vectors Logic
Factor Faults Vectors 100% OK | Effectiveness
20% 428
Stuck-at-0 212 185 93%
Stuck-at-1 209 183 92%
Total 421 386 92.5%
40% 204
Stuck-at-0 95 90 91%
Stuck-at-1 95 90 91%
Total 190 180 91.0%
60% 104
Stuck-at-0 46 45 88%
Stuck-at-1 49 47 92%
Total 95 92 89.9%
80% 50
Stuck-at-0 22 21 86%
Stuck-at-1 23 22 90%
Total 45 43 88.0%
100% 20
Stuck-at-0 8 8 80%
Stuck-at-1 9 9 90%
Total 17 17 85.0%

Table 3.8: Results of Circuit C1908 a)

The total number of vectors 100% OK is between 386 (20% seleéactor) and
17 (100% selection factor). It can be observed in this cirthat the number of faults
considered as critical is higher respect to previous discuColumn five (See table
3.8) gives the different percentages of the logic effecigs. These values goes from
92.5% (20% selection factor) to 85% (100% selection factor)

The number of repeated vectors are given in table 3.9 for ##08€ circuit. The
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number of these vectors goes from 94 to 0. Similarly to theZ3&&uit, the number
of contained vectors in conventional test for the C1908uiiris very low. Column 5
gives the number of compacted vectors that goes from 326 tordifferent selection
factors. The percentages of aid to the conventional tesgiges in column 6. For a
selection factor of 20% correspond 72.58%. This percerdageeases as the selection
factor increases. A percentage of 2.93% is obtained wheoldiGselection factor is

selected.
] Contained Percentage of
Selection | Generated | Repeated ] Compacted ]
Vectors in Aid to the
Factor Vectors Vectors ] Vectors )
Conventional Test Conventional Test
20% 421 94 1 326 72.58%
40% 190 33 0 157 32.75%
60% 95 13 0 82 16.38%
80% 45 3 0 42 7.75%
100% 17 0 0 17 2.93%

Table 3.9: Results of Circuit C1908 b)

Table 3.10 gives the different times obtained for C1908usircThe different per-
centages of CPU usage are also given. In table 3.10 can bevetigbat the time of
selection of nodes has been increased considerably resptet previous analyzed
circuits. For 20% of selection factor the time to select thdes is 03:12 m:s. Thistime
decreases as the selection factor increases the time ti seldes at 100% is 03:00

m:s.
. Time of Time of Time of
Selection , CPU CPU CPU
selection of ATPG ATPG
Factor Usage Usage Usage
Nodes (m:s) Stuck-at-0(m:s) Stuck-at-1(m:s)
20% 03:12 41% 11:28 93% 11:14 94%
40% 02:45 47% 03:42 92% 03:41 91%
60% 02:56 44% 01:41 93% 01:41 93%
80% 02:57 45% 00:46 92% 00:47 91%
100% 03:00 43% 00:19 86% 00:20 91%

Table 3.10: Results of Circuit C1908 c)

Time of ATPG stuck-at O is given in column 4. The necessargs$for different
selection factors goes from 11:28 m:s to 00:19 m:s. The p&age of CPU usage for
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stuck-at O is between 93% and 86%. Time of ATPG stuck-at 1 &MdRU usage show
similar values that obtained in stuck-at 0.

Finally de results obtained for the C2670 circuit are showtables 3.11 to 3.13.
Generated vectors, vectors 100% and logic effectivenssdtsaare given in table 3.11.
In this case it is possible to observe that the number of fatdts has increased sig-
nificantly showing 2204 faults. Different selection factdrave been considered. For
every selection factor the number of possible faults goas ft442 to 206 (for 20%
and 100% of selection factor) respectively. The total nundfegenerated vectors is
between 1318 (20%) and 197 (100%). The selection factoeas&s as the number of
generated vectors decrease.

\ Total Faults = 2204

Selection | Possible| Generated | Vectors Logic
Factor Faults Vectors 100% OK | Effectiveness
20% 1454
Stuck-at-0 686 591 89%
Stuck-at-1 632 539 81%
Total 1318 1130 85.2%
40% 682
Stuck-at-0 304 273 85%
Stuck-at-1 309 285 88%
Total 613 558 86.4%
60% 408
Stuck-at-0 183 170 87%
Stuck-at-1 190 185 92%
Total 373 355 89.6%
80% 270
Stuck-at-0 121 111 87%
Stuck-at-1 131 127 96%
Total 252 238 91.3%
100% 206
Stuck-at-0 95 87 89%
Stuck-at-1 102 100 98%
Total 197 187 93.3%

Table 3.11: Results of Circuit C2670 a)
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Vectors 100% Okn column 4 give those vectors generated with all the faverab
conditions. In this column the total numberwctors 100% Oks between 1130 and
187. This means that a high number of vectors were geneiatethable to detect faults.
In other hand, logic effectiveness could achieve good peages. Percentages of logic
effectiveness for different selection factors are betw&®2% and 93.3%. Table 3.12
gives the total generated vectors for different selectaatdrs. Column 2 in table 3.12
gives the repeated vectors that goes from 251 to 42. Cowultasxetors in conventional
test is zero for all cases of the selection factors. The gatdecompacted vectors is
between 1067 and 155. Finally, different percentages bddior percentage of aid to
the conventional test are showed in column 6. These valué®go57.41% to 8.58%.
Doing a comparison of the obtained results for the previasiits with obtained from
C2670 circuit it is observed that the percentage of aid tacthwentional test is lower
for this case. In table 3.13 different values of percentdg€RlU usage and times of
selection factors and ATPG stuck-at 0 and stuck-at 1 arectbpi

] Contained Percentage of
Selection | Generated | Repeated ] Compacted ]
Vectors in Aid to the
Factor Vectors Vectors ] Vectors )
Conventional Test Conventional Test
20% 1318 251 0 1067 57.41%
40% 613 124 0 489 26.70%
60% 373 63 0 310 16.25%
80% 252 43 0 209 10.98%
100% 197 42 0 155 8.58%

Table 3.12: Results of Circuit C2670 b)

It is possible to see that the time of selection of nodes isisogntly higher than
for the previous analyzed circuits. This circuit (C267Qhis circuit that present a great
amount of interconnections due to the great number of gates.time of selection of
nodes goes from 43:40 m:s to 52:48 m:s. The times of ATPG sati€kand stuck-at
1 are large and also its CPU usage. Time of ATPG stuck-at Otisdam 49.17 m:s
and 04:22 m:s. Percentages of CPU usage of both cases &tQ&ad stuck-at 1) are
greatest obtained from the 4 analyzed circuits ISCAS’85.

From the obtained results showed in tables, it is possibddserve in all cases that
the percentages generated by OPVEG tool in comparison hatipeércentages gener-
ated by conventional ATPG are better. One of the obtainadteesf great importance
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) Time of Time of Time of
Selection , CPU CPU CPU
selection of ATPG ATPG
Factor Usage Usage Usage
Nodes (m:s) Stuck-at-0(m:s) Stuck-at-1(m:s)
20% 43:40 48% 49:17 94% 46:04 94%
40% 48:15 44% 18:39 94% 17:48 94%
60% 50:53 41% 11:15 86% 09:53 89%
80% 49:38 41% 07:43 81% 06:28 90%
100% 52:48 34% 04:22 94% 04:08 93%

Table 3.13: Results of Circuit C2670 c)

for this work is to guarantee if the set of generated vectotis aconventional ATPG
contains the most favorable test vectors considering dagacouplings. The results
showed that the percentage of guaranteed favorable vextitamed by a conventional
ATPG is very low or zero in 3 of the circuits (C432, C1908 andb@?). Single in
the analysis of the C499 circuit the case appears where nddeaf the obtained vec-
tors of conventional form capacitive couplings are favteab detect faults considering
(Vectors Contained in the Conventional Tesk

Another registered important data is the percentagliodfto the Conventional
Testwith OPVEG tool. Itis possible to observe that in all the casfien the selection
factor decreases the percentage of aid to the conventiestahtreases. Nevertheless,
this is inversely proportional to the number of generatectars compacted that are
those that helps to complement the cover of conventional tlrghese two measures
it is observed that a commitment exists because when havamg wectors of test the
time of crucial test in the design of the circuits rises, Imgréased to the percentage of
aid.

With respect to the times that are used for the data manipualahd generation of test
vectors, it is observed that the selection of nodes consansasilar time for all the
selection factors. This must to that although the numberritital nodes is reduced
with the selection factor, the search is done in the sameflgita and analyzing all the
nodes. In the case of the time of ATPG, it increases with thecten factor and the
size of the circuit when varying the number of victim and a&ggor nodes. This made
vary the times of the processes from tens of seconds to albrosir.
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3.4.2 Coupling capacitance effectiveness

The benefits of OPVEG in terms of the amount of coupling capace having a logic
condition favoring the open detection by stuck-at vectoi@yzed. Two metrics have
been defined to analyze the OPVEG results. The first metri@imbthe amount of
favorable coupling capacitance of interconnection opepsistely for both stuck-at 1
and stuck-at 0 vectors. This metric is calculated as follows

¢ 0 t 1

= 2 g—; - 7; g—; (3.4)
Where:
CY: is the amount of the coupling capacitance of a critical iaging a favorable logic
condition for the stuck-at O vector.
Cl:is the amount of the coupling capacitance of a critical hiaging a favorable logic
condition for the stuck-at 1 vector.
Cr: is the total amount of coupled capacitance to a critica.lin
t: is the number of interconnection opens.

The results obtained for the ISCAS’85 benchmark circuigsgawen in the third col-
umn of table 3.14 for different selection factors. It can bserved that the favorable
coupling capacitance increases for a lower value of thegsetefactor. For C432 cir-
cuit (Table 3.14) it can be observed that the coupling capace effectiveness is in the
range between0.33% and80.52% and for C499 circuit the coupling capacitance effec-
tiveness is in the range betweesls and85%. Again, for C1908 circuit the coupling
capacitance effectiveness is in the range betwég&nhand85%. Finally, the percentage
range of coupling capacitance effectiveness is in the reggeert’% and80%.

The second metric gives a better approximation of the reafits of OPVEG. This
is because for each interconnection open, only one of theksttivectors is selected
(stuck-at O or stuck-at 1). The vector with the highest ¢ifecess is selected. This
metric is calculated as follows:

t

=2 (35)
n=0

n
T
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Where:
<77 1s amount of coupling capacitance of a critical line for thestfavorable stuck-at
vector (stuck-at O or stuck-at 1).

The results obtained for the ISCAS’85 benchmark circuies@ven in the fourth
column of table 3.14 for different selection factors. Agalme favorable coupling ca-
pacitance increases for a lower value of the selection fa€tee coupling capacitance
effectiveness increases significantly with this metricthar the previous one. Actu-
ally, this metric gives a more realistic measure.

o . Lo Lol Lot
Circuit | Selection factor] C2¢, = nZ:O ot T;O o | Cetr = nZ:O Yo
100% 89.01% 65.40%
80% 89.78% 67.58%
C432 60% 89.97% 69.35%
40% 90.90% 74.10%
20% 93.52% 74.68%
100% 89.18% 73.18%
80% 89.77% 74.18%
C499 60% 90.95% 75.86%
40% 91.00% 77.62%
20% 94.07% 79.13%
100% 81.25% 72.73%
80% 84.42% 73.63%
C1908 60% 86.06% 75.74%
40% 88.16% 76.62%
20% 84.63% 78.70%
100% 75.01% 65.55%
80% 81.69% 67.43%
C2670 60% 85.13% 70.37%
40% 87.10% 71.56%
20% 89.42% 73.81%

Table 3.14: Capacitance effectiveness of four benchmackits ISCAS’85.

In general, table 3.14 shows the results obtained for faauitiiSCAS’85. In this,
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it can appreciated that the percentage for the amount ofdhl®coupling capacitance
of interconnection opens separately for both stuck-at 1samck-at O (Eqg. 3.4) vectors
goes from70% and85%, and the percentages obtained for equation 3.5 showed-in col
umn 4, goes fron97% to 100.00%.

Table 3.15 shows the results obtained for conventional AVB&Gors. From this,
obtained results with conventional vectors applying trevjmus metrics, it is possible
to see that percentages depicted in 3.15 are smaller thdtsrésr OPVEG vectors.
This results were obtained for selection factor of 100%. tha case, the percentage
for the amount of favorable coupling capacitance of intengztion opens separately
for both stuck-at 1 and stuck-at 0 (Eq. 3.4) vectors goes fi6%h and69%, and the
percentages obtained for equation 3.5 showed in columneg fjom70% to 85%.

t 0/1
; ; sa t e t ch sax Chn
n=0
C432 72.17% 57.59%
C499 81.80% 64.67%
C1908 73.69% 65.86%
C2670 67.54% 57.17%

Table 3.15: Capacitance effectiveness for conventionetiove. Selection factor of
100%.
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3.5 Conclusions

A test methodology has been proposed to obtain favorabtevéesor conditions to
detect interconnection open defects. This methodologyyagmoper logic states at
the coupled lines to enhance the defect detectability. Ariamed OPVEG has been
developed to allow to generate favorable test vectors fesdhdefects. This tool uses
circuit logic description, layout information and a stuaktest pattern generator.

The operation of the tool is based on the extraction of patasipacitances of a circuit,
ordering of data, calculation of parameters and generatidast vectors considering
coupling effects. This is obtained from the interactionwé tcommercial CAD tools
(CADENCE [14]) and TetraMAX [79].

Some metrics have been defined to illustrate the performah@PVEG. Logic
effectiveness, this metric indicates that so effectivdnesfault coverage of the gener-
ated favorable vectors with OPVEG (depending on the obdeiiaeorable conditions).
Other metric presented was percentage of aid to the coovettiest, this metric gives
the percentage of fault coverage for favorable test vetiatst guarantees an improve-
ment in the cover of the conventional vectors.

OPVEG has been applied to four ISCAS85 benchmark circulis.r&sults indicate
that the test vectors obtained using OPVEG present moredblologic states at the
coupled lines than those obtained with conventional ATP&gss. From this it is
expected that the defect coverage of interconnection apereases.

The logic effectiveness for the four analyzed ISCAS benakmicuits goes from
77% to 93%. Using a conventional ATPG process the logic g¥fecess is in the range
of 46.8% and 54.4% for a selection factor of 100%.

The percentage of aid that is provided to a conventionalriestases as the selec-
tion factors decreases. For the ISCAS C432 this metric iS%8.8r 100% selection
factor. The aid to conventional test increases to 81.19%@@6 selection factor.

The benefits of OPVEG in terms of the amount of coupling cdpace having a logic
condition favoring the open detection by stuck-at vectorayzed. Again some met-
rics have been defined to illustrate the performance of OP\HOGC432 circuit it can
be observed that the coupling capacitance effectiven@sshis range betweer).33%
and80.52% and for C499 circuit the coupling capacitance effectiverigsn the range
between78% and85%. Again, for C1908 circuit the coupling capacitance effesti
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ness is in the range betwe&g®’% and85%. Finally, the percentage range of coupling
capacitance effectiveness is in the range betvégéhandg80%.




Chapter 4

Fault Simulator for Opens ( FASOP )

4.1 Introduction

In this chapter a Fault Simulator for Interconnection Oper@esented which is able
to evaluate the defect coverage of interconnection opeASOP also gives useful
information to evaluate the detectability of these defe®ased on this information
better test vectors may be generated to improve the defeetage or DFT measures
can be undertaken. FASOP uses circuit logic descriptionlaywut information as
inputs. The former comes from the netlist description of ¢ireuit in a high level
language and the latter is a file containing layout infororaggiven by Cadence. The
test vectors to evaluate the defect coverage may be the sefctdrs generated by
OPVEG or vectors obtained by a traditional ATPG process.@R8onsiders the effect
of the coupling lines and the sensitized and un-sensitiaéesgnfluencing the floating
line of the interconnection open. FASOP also evaluatesefecticoverage considering
the gate trapped charge. FASOP gives the extremal conslitibtrapped gate charge
in order to detect the open. This is made for both stuck-atdlstunck-at O vectors. In
this case, it is evaluated its range of detection due to teertainty of the value of the
gate trapped charge.

The rest of the chapter is organized as follows. In secti@rtle general working
environment of FASOP is presented. In section 4.3 the strecf FASOP is described.
In section 4.4 the methodology to estimate the range of tleteof interconnection
opens is presented. This is the core of our methodology. dhose4.5, FASOP is
used to evaluate the defect coverage of some ISCAS bencluineuks. In section 4.6
FASOP is used for making detectability analysis. This maysed to further improve
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the detectability of interconnection opens. Finally inteet4.7 the conclusion of the
chapter are given.

4.2 General environment for FASOP

In this section the general environment under which FASORswis briefly described.
FASOP mainly receives as inputs a circuit logic descripéind a layout extracted file.
The input vectors could come from our developed OPVEG toalaynventional ATPG
process. Using this information FASOP evaluates the defastrage of the intercon-
nection opens for the set of input of vectors.

When OPVEG is used a possible test strategy consists onajemngethe most fa-
vorable conditions at the coupling signals for a certairugadf coupled capacitance.
This is made defining a given Selection Factor. If the defeeerage is not adequate it
can be improved by two means: a) applying constraints taetbospled signals with a
lower coupled capacitance value, and b) sensitize moredhargate connected to the
floating line.

Description Netlist of the circuits
( Verilog + Layout )

'|'|
>
(0]
O
T
A

Defect
Coverage

OK?

i YES

Test Set
Generated

Figure 4.1: Proposed test framework for interconnecticeansp
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4.3 Description of FASOP

This section describes the basic structure of FASOP. FAS&Fbken built using C
language (structured) in an operating system Solaris &Mersj8 (UNIX atmosphere)
with a compiler GCC version 2.95.1. The program is made ugeéral subprograms
that are executed sequentially. Different factors thatierite the voltage at floating
node are taken into account. Figure 4.2 shows a simplifieccflawt of FASOP.

FASOP is based in a circuit logic description and layoutrinfation. FASOP es-
timates the range of detection for each fault. Using thisdbgect coverage of in-
terconnection opens is evaluated. FASOP includes taskstewndine the number of
transistors affected by each one of the critical no@gical nodesare those lines that
have at least one coupled line of capacitive value greateqoal than the sum of this
capacitive values of the line @, andVpp multiplied by a factor.

The different blocks composing FASOP tool are explainedwel A simplified
flowchart of FASOP is given in figure 4.2 which allows in broaicbkes shows the flow
of information and the output information. For the rest @& tiapter it is assumed that
OPVEG is used to generate the set of input vector unlessvadeenoted. However,
FASOP can also evaluate the defect coverage using a diffeeenf input vectors.

e STEP 1- The first block shown in the figure 4.2, after the input filesthe
step of search and simulation. In this block the first critisade of the file
generated by OPVEG is selected (critical nodes). In theaetitm file generated
by CADENCE, all those devices related to the critical nodgh their respective
topology characteristic&y and L) are identified.

This process is carried out for each critical node that &fet least one logic
gate. The search of the dimensions (W and L) has as mainimieitobtain the
overlap capacitance€’fs,n, Cydon, Cysop ANAC,,,,) for all the transistors affected
by the critical node. This information is used to calculdte &rror regions and
will be seen with greater detail in section 4.4 on page 68.

At the same time that is made the searching of affected stonsiand its dimen-
sions, a logical simulation using a commercial ATPG toolasried out. In this
work TetraMaxis used. The goal of the logic simulation is to obtain all thg-|
ical states of the lines coupled to the critical nodes and allsthe the voltages
in the terminals of transistors affected by critical nod€kis allows to identify
which affected gates are sensitized or unsensitized duretstate of the critical
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nodes (see section 4.4 on page 73). Until this point stepry cart the task of
compiling the information and to give format contained iffetient files. All this
information will be used to calculate the region of errorhe hext step.

e STEP 2- Step 2 processes all the information obtained througpria@ous step.
The main task of the first block of step 2 consists principaflgalculating (de-
pending on fault stuck-at 1 or stuck-at 0), by means of theesgions described
in the section 4.4, the maximum or minimum floating routingaeitance ¢! or
CY) allowed to have at leadt,p, — |Vrp| or Vi respectively. The information
is processed for each critical node and stores temporardyrays.

e STEP 3- In the block of step 3, the evaluation of the coverage ofdékect is
carried out, this stage consists of determining if the exawhicritical node is
within the detectability range or not. The processing of thformation carries
out a subroutine to it contained in the main program whictxganed to detail
in the appendix. Finally the program determines the peaggnof detection for
each node (SA-0 and SA-1 faults) and obtains a general r@fsudtdes analyzed
for each selection factor, which is stored in file results.

4.4 Computation of the Defect Detection Conditions

Opens in interconnections produce NMOS and PMOS transistdhe affected gate(s)
to float. The behavior of a gate(s) with an interconnectioenos determined by the
voltage at the floating nodé/{;). This voltage depends on the transistor structure of
the affected gate(s), the surrounding coupling capaasite the floating line and the
trapped gate charge during the fabrication process.

In this section, the basic procedure to estimate the rangetettability of a given
interconnection open is described. This process is deststarting from a basic elec-
trical model of an interconnection open until to analyze finé model. Analytical
equations for each considered model have been developest, the basic model is
considered. Coupling is considered as a lumped model, aeagsensitized and it is
assumed zero trapped gate charge. Next, the effect of thail'coupling capacitances
is added to the basic model. Next the effect of the differ@ssible sensitization gates
is added to the previous model. Finally, the effect of thedetpped charge is added
to the previous model. This is the full model of the intercection open defect.
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Input Files
Circuit description | Circuit description  List of Coupling
( CADENCE ) (Verilog)  |candidated| Capacitances Test Pattern
Nodes Equivalence Opens (Cadence)
I #ﬁ 7777777777777777 $ ””””””””‘[”Tﬁ
l Search of transistors Search voltages Logic '
.1 | affected by critical nodgs | of transistors affected« -ogic L
b Type and Dimensions by critical nodes and Simulation| |-
! (pch—-nch) and (W, L) states of coupling lings | (TetraMax) 5
I [N
i STEP 1 :
L ; 777777777777777777 |
| Compute detection |
; range for each open w
L [______.____STEP2,
oot L 2
! Evaluate defect ;
l coverage ‘
1 |
| !
| v |
| DataAnalysis | |
. STEP 3 :
v
‘ FILE RESULTS ‘
FASOP

Figure 4.2: Simplified Flowchart of FASOP

4.4.1 Basic detection computation

The basic electrical model for an interconnection open @whin figure 4.3. In this
model, the effect of coupling capacitances to the floating i considered as a lumped
model, only one gate is sensitized and zero trapped gatgeliais assumed. Five
topologies are identified in this model:

e The Nmos topologyis formed by the gate-source Nmos overlap capacitance
(Cyson), the poly-bulk capacitanc&,) of the floating line and the influence of
the intrinsic part of the Nmos transistor.

e The Pmos topologyis formed by the gate-source Pmos overlap capacitance
(Cysop), the poly-well capacitanceCy,,) of the floating line and the influence
of the intrinsic part of the Pmos transistor.
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e The feedback topologythat takes into account the gate-drain Pmos overlap ca-
pacitance (,4.,) and the gate-drain Nmos overlap capacita¢gf,).

e The coupling topologythat takes into account the effect of the coupling capaci-
tance from neighbor lines.

e The routing topology that takes into account the running metal layer capacitance
of the floating line. One part of this capacitance runs ovenmkll and the other
one over the substrate.

, | Routing
Ve o topology VDD
| vDD Cgsop Pmos topolog
| Cpw_~
- C | Cl
‘ . | ' I d——Vw
. 1 . ! . \
Input | ! vibe , 0, Cedopy,  Feedback
signal 1 Cgdon topology
Coupling | oL | AN |
Topology Cr—— Vs
i Cph-
P égso Nmos topology

Figure 4.3: Basic electrical model for an inverter

Using the basic electrical model of the interconnectionnoge equation (4.1) has
been obtained that express the voltage on the floating naal@uastion of the different
factors that influence it.

Cysop + Cpuo Cydon + Cadop Qer C,1 C.
L A ) vV, — V —V 4.1
Cr pp + Cr o Cr + o DD + cr c (4.1)

Vip =

Where:
Cr = Cyson + Cyaon + Cyaop + Cysop + Cpw + Cpp + CY + CH + C

andClysop, Cgaons Cyaop, are the overlap capacitances,, is the poly-well capaci-
tance,(qr is the induced charge at the floating gates by the intringicqfahe tran-
sistors,C! andC( are the related charges to the break position, wheéreorresponds
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to the floating routing capacitance that may have one telnsmranected to the bulk
which is biased td/;yp and the other part to the well which is biasediig,. The
coupling capacitance to the floating lidg: can influence significantly the voltage at
the floating line. The signals at the adjacent lines may hdwgtalogic value Vpp) or

a low logic value Vgnp).

The previous equation can be re-arranged to obtain expressd determine if a
given interconnection open is detectable or not. One eguaideveloped to assure a
stuck-at 0 condition (guaranteé@ ) and the second to assure a stuck-at 1 condition
(quaranteed’rp — |Vrp|) at the floating line.

Guaranteed Vi y

From the equation described above are obtained the negeswaditions to assure
an induced voltage at the floating node non greater than tleshbld voltage of the
n-channel transistor. This condition assures that thedatenection open behaves as a
stuck-at O fault. It is assumed that the n-channel transigterates in the cut-off region.
Relating the charges to the capacitances and the voltagesatrem, after substituting
Vi = Vrn in equation (4.1) an explicit expression can be obtainedstonate the
minimum value of capacitance to ground of the floating li6€)(to have at most an
induced voltage o’y at the floating line. This gives the following equation:

CYDD(‘/DD - VTN) . C(gson‘/TN . QGT + CC<VC - VTN)

b >
VTN VTN VTN VTN

(4.2)
where:
Cpp = Cyson + Cyaon + Coaop + Cpw + CF + Cc

Qcr = Qarn + Qarp
CO'=CY+Cp

Guaranteed Vpp — |Vrp|

In a similar way an expression to estimate the minimum valu® capacitance to
Vpp of the floating line C') to have at least an induced voltagelfp — |Vrp| can be
obtained. This condition assures that the interconnectman behaves as a stuck-at 1
fault. This gives the following equation:
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ol Coc(Vop —|Vrpl)  Cysop((Vrrel)  Qar CcVe
- VDD - |VTP| VDD - |VTP| VDD - |VTP| VDD - |VTP|
(4.3)
where:
Cac = Cyson + Cyaon + Coaop + Cpp + C + Cc
C'=Cl+Cpy

4.4.2 Including Coupling Effects

A floating line can have a high number of coupled signals wmélhence significantly
its behavior. The coupled signals may take different logitugs. This is taken into
account in the circuit model shown in figure 4.4 where a cagptopology has been
defined.

i Routing
Ve, Ve \Vi | topology VDD
1o>2 N vDD Cgsop Pmos topolog
| Cpw_-
G Ce ct
q;l 2 X %: ' E d—Vw
. L ! e ]
input : - Vif Cgdopy,  Feedback
signal Sgdg‘: topology
Coupling topology cV— Vg
| Cph
P égso Nmos topology

Figure 4.4: Basic Electrical model for an inverter with cbog lines at its input

Using this enhanced electrical circuit model of the intaroection open an equation
4.4 has been obtained that express the voltage on the floaiohgas a function of the
different factors that influence it:

C1gsop + Opw ngon + Ogdop QG’T 07‘1
~gsop T pwy, v, —

PP T o Cr T Op
001V01 + ...+ CCnVCn

Cr

‘/if = VDD

(4.4)
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In this expression the terms modeling the coupling capacés and its voltage
values can be observed. Different states of the couplingatsgare considered/{,
to Vo, ). They can take values dfp,p (Gyp = 0V) for the 1 (0) logic value at the
coupled signal.

Let’s define next the assured detectable conditions.

Guaranteed Vry

Relating the charges to the capacitances and the voltagesatrem, after substituting
Vir = Vey andVp = Vpp an explicit expression can be obtained to estimate the
minimum capacitance to ground’() of the floating line to have at most an induced
voltage ofVy at the floating line. This gives the following expression:

C(DD<‘/DD - VTN) . CgsonVTN . QGT

VTN VTN VTN
CC1 (VC1 — VTN) + st + CCn(VCn — VTN)

VT N

c’ >

(4.5)

GuaranteedVpp — |Vrp|

In a similar way an expression to estimate the minimum valtieeocapacitance top
of the floating line to have at least an induced voltag&ef, — |Vrp| at the floating
line has been obtained. This gives the following expression

CGG(VDD - |VTP|> C(gsop“/TP| QGT CCI VCI +ee CCnVCn

ct - -
- VDD - |VTP| VDD - ‘VTP| VDD - ‘VTP| VDD - ‘VTP‘

(4.6)

4.4.3 Including sensitization gates

In this section the effect of sensitized and un-sensitizaggis taken into account.
More than one gate can be connected to the affected floatag3iee figure 4.5). De-
pending on the input vector one or more gates can be semki#dzsensitized gate has
a conducting path fronp to ground through the transistors affected by the floating
line. For the sensitized gates the voltages at the trangestaninals can be known.
However, for unsensitized gates the voltages at drainegsderminals of the transistors
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of the affected gates are unknown for the actual input ve@tus impacts the charge at
the gate of the affected transistors. Hence, the deteityadiithe interconnection open.

The used model to analyze the effect of sensitized and umigedsgates is shown in

the figure 4.5.

; 1 1 [
signal Cgdon ovg, topology
i

Coupling topology

77777777777777777 Pmos topolog
‘ tROUtling cl 1
v Ve | topology 0P Vs
Ci1 'Cp Cn | p
R I
Q:’I C:CZ Ccni i C% I d
1 e0e0 | T —
| } . | L }—i
. | Vi | Cdop *Vdp Feedbac

. L

pb —
; Céson V%n
Nmos topology

)
((

Cgsop <Vsp

CBWE
g
o
Cgdop Vgp
Cg n
gdon oV
—
|
!
Chobr ]
p
bjfL CSson Van

Figure 4.5: Electrical model for an inverter with sensitiznd unsensitized gates

In the circuit shown to illustrate the effect sensitized amgensitized gates, the
inverter and the Nor gates are sensitized by the input vectéowever, the two Nand
gates are not sensitized for the applied input vector.

For the sensitized gates the power supply and ground arectaththrough the de-
fective transistors. Analytical expressions are used terdene the testability regions
of interconnection opens. These regions are defined by tltages at floating node
(Vig): @) Viy = Vpy, and b)V;; = Vpp — |Virp|. For sensitized gates, using the two
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previous conditions it can be known the voltages at the esaurce terminals of the

transistors affected by the open. Using this, the chargheflbating transistors is es-
timated. For unsensitized gates, the voltages at the dmince terminals may depend
on the history of the gate.

The expressions described previously can be modified taatéor sensitized and
unsensitized gates. Using the model shown in the figure 4eXaression that describes
the voltage at the floating nodé; considering the effect of the sensitized and unsensi-
tized gates on the floating line can be obtained. This givesaliowing expression.

Where:

Cr

T
Cop

cT or! T
Vii = “PVop 4+ IV — 26T
f CT DD CT DD CT
1 1 n n 1 1 n n
+ Cgsopv:ep +-t Cgsopv:ep + Cgson‘/sn +-t Cgsonv:en
CT C1T
+ O;donvdln +oot O;Ldonvdz + C1gld0p‘/0llp +ooet C;dopvdg
CT OT
CoVe, +---+Ce, Ve
+ n_n 4.7
e @
T T T T T T 0 1
C(gson + ngon + ngop + Cgsop + pr + C(pb + Cr + Cr + CCl +...+ CCn
t t
n T . n
Z Ogson Cgsop B Z Ogsozv
n=1 n=1
t t
n T _ n
Z gdon ngop - Z gdop
n=1 n=1
t t
Z Cpw Q6r = Z Qéry + Qérp
n=1 n=1

t
n
pb
n=1

In equation (4.7), it can be observed the terms related wigheffect of the sen-
sitized and unsensitized gates. For this case, the pentputltages to the overlap
capacitances are considered of each transistor affectedebffoating node. Where
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V., to V! are thesourcevoltages for every PMOS transistdf,, to V;}, are thesource
voltages for every NMOS transistor aif}, to V' are the common voltages at drain
terminal between PMOS and NMOS transistors.

The expression to estimate the detecting conditions tor@assuck-at 0 and 1 be-
havior are presented next.

Guaranteed Vry

Relating the charges to the capacitances and the voltagesatrem, after substituting
an explicit expression can be obtained to estimate the nuimiwapacitance to ground
of the floating line to have at most an induced voltag&g{. This gives the following
equation:

N —Ven(CLpn + CL + CLp + Clopp + CLy + G+ Coy + -+ - + C,)
- Vrn
+ VDD<pr + 07}) + gT
VTN VTN
1 n n n n
Cgsop‘/sia +eet Cgsopv;‘p C;son‘/s%z +teet Cgsonv;‘n
+ -
VTN VTN
C;don‘/dln +teet ngonvd?z C;dopvd; +eet C;dopvdz
+ -
VTN VTN
Ce, Vi w4+ Co, Vi
4 Lala +---+0Cc, Ve, (4.8)

VTN

Where:C° = C) + C,

Guaranteed Vpp — |Vrp|

In this case conditions to assure a voltage no lower than — |V p| at the floating
node are obtained.
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o < ~(Vop = Vep)(Cleon + Claon + Chaop + Cozop + Cor + -+ -+ Ca,)
o Voo — |Vrp|
n Vop(C?) n ar
Vop — |Vrp| Vop — |Vrp|
+ Cglsopv;) +eeet C;Lsopv;z Cglsonv;‘ln +eeet C;LSOTZ‘/;Y;L
Vbp — |VTP| Vbp — |VTP|
+ Cgldon‘/dln Tt C;don‘/d?z C;dop‘/d; Tt ngop‘/drgl?
Vbp — |VTP| Vbp — ‘VTP‘
Ce, V, o+ Ce Vi
4 Lol +---+Cg, Ve, (4.9)

VDD - |VTP|

Where:C' = C} 4+ C],

4.4.4 Including trapped gate charge

Another important factor influencing the voltage at the flogithode is the trapped gate
charge@),,. This trapped gate charge is deposited during fabricafidre expression
that describes the voltage at floating node including theped gate charge ter@,. is
as follows:

‘/if _ ngVDD 4 C;VDD B QgT
Cr Cr Cr

ct vi+...+cn vr Cl VI 4.4 O VD

gsop "’ sp gsop "’ sp gson ¥ sn gson "’ sn
- +

CT C(T

1 1 n n
ngon Vdp ot ngOPVdP

gdop

Vi + 4 Coon Vi n C,
CT CYT

OCIV01 + - OCnVCn Qtr
+ Cr + Cr

(4.10)

In this equation (4.10) it can be observed the term related thie effect of the
trapped gate charg@,,.. This term is used to consider the variation for the trapped
gate voltage. The value of the trapped gate charge depeawnagiston the technology
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used and on the topological considerations. The amounttoébirapped gate charge
deposited during fabrication can not be predicted. Becatifi@s our fault simulator
does not assume any particular value of the trapped gatgehhlustead, it calculates
the range of trapped gate charge which would be detectable.

Guaranteed Vry

In this case high negative trapped gate charges help totdreamnection open to have
a stuck-at O behavior. For the stuck-at O vector, the intereotion open is detected
from infinite negative trapped gate charges to a lower vafueegative (or maximum
positive) trapped gate charge. Hence, an expression taastithe lower negative(
maximum positivieof trapped gate voltagi; ! to assure a stuck-at 0 behavior can be
obtained:

oo s VN (Coon + Coion + Cogop + Cosop + Chy + CY + O + Con + - - - + Cey)
tr - CT
+ (_ng + C;)VDD + QgT
Cr Cr
. O;sop‘/si) +-+ O;Lsop‘/sr;) . Cglson‘/s%l +eet C;son‘/:‘;?z
CT OT
N O;donvdln +ot O;Ldonvdz . C1gld0p‘/d1p +ot O;Ldop‘/;lz
CT C1T
Cc ‘/c T Ccn‘/cn
o CaVat: & ) (4.11)

Cr

Guaranteed Vpp — |Vrp|

In this case high positive trapped gate charges help to theconnection open to have
a stuck-at 1 behavior. For the stuck-at 1 vector, the intereotion open is detected
from infinite positive trapped gate charges to a lower valupasitive (or maximum
negative) trapped gate charge. Hence, an expression moagstine lower positiveof
maximum negatiyeof trapped gate voltag\égtj” to assure a stuck-at 1 behavior can be
obtained:
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Jrsat (Voo = [Vep)(Cheon 4 Clion + Chaop + Csop + Cy + CY + Co1 + ... + Cey)
tr — CT
Gr Vrp)(Cr + Ch)
+ GT r pw
Cr Cr
1 1 n n 1 1 n n
Ogsop‘/sp +...+ Ogsop‘/sp . C1gson‘/;m +...+ Ogsonv;m
OT OT
. O;donvdln +...+ O;Ldonvdz . C1gld0p‘/0l1p +..ot C;Ldop‘/dz
OT C1T

CarlVer + ...+ ConVon
Cr

Figures 4.7-4.12 show the detectability ranges for difiefesC' AS’'85 benchmark
circuits. They have been obtained for a selection factdi06¥. Stuck-at Gandstuck-
at 1 vectors are considered for each open. Forstinek-at lvectors, in X-axe appears
the minimum Or maximum negatiyevalue of trapped gate voltage detectable for each
vector. The stuck-at 1 vector is able to detect large pasitapped gate voltages. This
is because the voltage at the floating gate increases asdhiwg@gate trapped becomes
higher. Hence, the open is detected as a stuck-at 1 faultekEwthere is a minimum
(or maximum negatiyevalue of trapped gate voltage which it is not detected. Alaim
behavior appears for for the stuck-at O vector. In this cagledn negative trapped gate
voltages are detectable for the stuck-at O vector. Theréoiser negative@r maximum
positive trapped gate voltage which will be detected by stuck-atdore

Let's analyze ISCAS C432 (See Figure 4.7). Sixteen opens haen considered
according to the selection factor. For the opén, the stuck-at 1 vector is able to detect
trapped gate voltages in the rarnjgex, 0.12V]. The stuck-at O vector is able to detect
trapped gate voltages in ranfieco, 0.51V]. Because both ranges intersect, this open
is detectable no matter the value of the trapped gate voltage

For the open “3”, the stuck-at 1 vector is able to detect tegpgate voltages in
the range defineft-oo, —0.21V]. The stuck-at 0 vector is able to detect trapped gate
voltages in the range-oo, —0.78V]. In this case the open is not completely detected
in the range of trapped gate voltageco, +00]. Assuming that the range of trapped
gate voltage is known a probabilistic measure of the defeet@ge of this open can
be obtained. This can be obtained as follows (see (4.134)4.

(4.12)




80

4.4, Computation of the Defect Detection Conditions

0.0 if Vo' < R™

Voat% = % if R- < V520 <0 (4.13)
50 if 0 < V50
0.0 if R < Vah

Vot% = W;T‘f%n if 0 < VS < RY (4.14)
50 if VS <0

Where:

VEe? and V' %: percentage obtained fronv§:°, Vi5:).

R: is the total range ofi/g;,.

V%;‘*ro: Is the voltage of trapped charge f6tA0 test vector.

V%ﬁ}: Is the voltage of trapped charge f6tA1 test vector.

R~ andR™: is the negative and positive range of the voltage of trappedge.

A case is considered to illustrate the exposed in the equai(4.13) and (4.14).
Taking as example open 3 from the C432 benchmark circuit IS83\ is observed
that the voltagé/g,;;?1 = —0.21V covers the60.5% of the established range, whereas
VoY = —0.78 V covers thell% of the established range. Adding the percentage
generated by/5;'! andV;5:° is equal to71.5% (see figure 4.6).

Figure 4.7 showd/52° and V5! voltages for the benchmark circuit ISCAS'85
C432. The case of 100 selecting factor for OPVEG has been considered. For the
stuck-at O (1) vector condition it can be observed that safig” (V5;') voltages
crosses to positive (negative) values. This means thag thy@sns are detectable in the
entire range of possible negative (positive) trapped galiages. They are detectable
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R= Range[-1,1] = [R |+R
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Figure 4.6: Range for voltage,,,
in the positive (negative) part depending on the stuck-&9 I/éctor condition.
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Figure 4.7: Detectable ranges for ISCAS C432 with non-zatoes of the trapped gate
voltage, Selection factor of 100@PVEG

For those opens with5:1° (V;5;') in the negative (positive) side their detectability
depends also in the stuck-at 1 (0) vector. Similarly are tt@ dollected for conven-
tional vectors. The data of the tests made for conventiogetiors are shown in figure
4.8.

The figure depicted in 4.8 shows the trapped gate voltage®farentional test vec-
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tors. The figure shows a different distribution than thosentbusing the set of inputs
vectors obtained by OPVEG. It is possible to observe thatex smaller number of
crossings between valuesgf, ' andV5; .
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Figure 4.8: Detectable ranges for ISCAS C432 with non-zatoes of the trapped gate
voltage, Selection factor of 100%onventional

Let's assume that the trapped gate voltage is in the ran§e+11V]. In figure 4.8
it is possible to observe that a higher number of opens arfeeimange established by
the voltagelV,. As a consequence the defect coverage using the OPVEG ségtor
greater than for conventional vectors.
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Figure 4.9: Detectable ranges for ISCAS C499 with non-zatoes of the trapped gate
voltage, Selection factor of 100®PVEG
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The figures 4.9 and 4.10 shows the voltages for the C499 ber&haircuit 1S-
CAS'85. It is observed that the distribution &f;;\~" for OPVEG, is more negative
than the distribution for conventional vectors. The presgigdhing indicates that the
percentage covered in the defined range, 1] is greater by the vectors generated by
OPVEG, than the conventional vectors.

13 .20
079 22 * ;
19 :
16 19‘ 14‘ 1
17
\ 21
20 |12 11 12| 10,23 15 19
175 9 16 818 13[ 11|10
21
14 3|7 l(f Tzﬁ T T f ET Tg T TT
- T T T - A HLLL—

-08 -06 -04 -0.2 0 02 04 06 08 1 1.2 1.4Oo

1 2 3 4 5 6 7 8 9 10 | 11 12 113 | 14 15|16 | 17| 18| 19| 20| 21 | 22

0| 1.16] 1.23|-1.43 1.31|-1.41 0.90/-1.4Q 0.67| 1.03 1.27| 1.15/-1.40Q 1.02/-1.47 0.92|-1.40-1.47 -1.271.18] -1.451.01| -14
1

0.19/-0.18§-0.06-0.15-0.2§ 0.2 0.30 0.22 -0.17 0.160.31-0.04-0.294-0.008 0.14-0.09-0.03 0.23 -0.36 0.150.13 O.

Figure 4.10: Detectable ranges for ISCAS C499 with non-x@taes of the trapped
gate voltage, Selection factor of 100%6nventional

The figures 4.11 and 4.12 show the voltages obtained for’tt#8 benchmark
circuit /lSC AS’85. Which is appraised that the voltages obtained with OPVE&Sgmt
a greater number of crossings bythis represents a greater percentage of coverage. In
addition it is possible to be observed that two of faglfs-Ohave a total coveragéaults
1 and 7). Whereas two of the faultSA-O(faults 4 and § obtained with conventional
vectors (see figure 4.12) do not contribute any percentage.
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Figure 4.11: Detectable ranges for ISCAS C1908 with now-zafues of the trapped
gate voltage, Selection factor of 100@®VEG
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Figure 4.12: Detectable ranges for ISCAS C1908 with now-zafues of the trapped
gate voltage, Selection factor of 100%6nventional
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4.5 FASOP Evaluation

In this section the results of applying FASOP to four benctkn@arcuits ISCAS’85
are presented. First the results obtained for benchmankitsiSCAS’85 C432, C499,
C1908 and C2670 using conventional and OPVEG vectors foradue of the trapped
gate charge(@,. = 0) are presented. Next, the results assuming a certain ramge f
trapped gate charge are presented. The metrics used ta tigabtal trapped voltage
V4., coverage are presented and a fault of the C432 circuit iyzedlas example.

Let's analyze first the case of zero trapped gate charge. eTiessllts are given
in Tables 4.1, 4.2, 4.3 and 4.4. Selection factors @f%, 80% ...20% have been
considered. The tables are divided in four columns, thedoktmn considers different
selection factor. The second column contains the infolmnatbncerning the number
of analyzed opens. In column 3 the results using vectordraatavith a conventional
ATPG process are presented. Finally, in the last columnidbelts obtained with the
vectors obtained with our developed tool (OPVEG) are preskrThe tables 4.1, 4.2,
4.3 and 4.4 showed in this section, present the obtainedtsesithe tests made with
OPVEG vectors and compared with the results obtained withextional test vectors.

Table 4.1 shows the defect coverage of interconnectionofuedSCAS C432. As
expected the number of opens increases as the selectingtasta lower value. For the
considered selecting factors, the defect coverage usimgeotional vectors is between
50% and69.8%. The defect coverage using OPVEG vectors increases simtifyc In
this case, the defect coverage is betwé®fi5% and79.5%.

C432
Selection facton # of Opens| Conventional ATPG OPVEG
100% 32 50.00% 68.75%
80% 50 64.33% 70.00%
60% 88 66.00% 74.20%
40% 200 69.50% 78.00%
20% 314 69.81% 79.54%

Table 4.1: Defect coverage for interconnection opens foy zalue of the trapped gate
charge.
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Table 4.2 shows the results for the ISCAS C499. In the sameawdlye previous case,
the expected number of opens increases as the selectiogtiasta lower value. For the
considered selecting factors, the defect coverage usimgeational vectors is between
52.2% and71%. The defect coverage using OPVEG vectors increases simfyc In
this case, the defect coverage is betwegea% and83%.

C499
Selection facton # of Opens| Conventional ATPG OPVEG
100% 44 52.27% 77.27T%
80% 88 63.76% 78.98%
60% 138 68.77% 80.68%
40% 218 69.31% 81.19%
20% 352 71.01% 82.95%

Table 4.2: Defect coverage for interconnection opens foy zalue of the trapped gate
charge.

Table 4.3 shows the results obtained for circuit C1908 foo xalue of the trapped
gate charge. As it can be observed the defect coverage usivgrtional vectors is
between52.50% and71.4%, whereas the obtained coverage using OPVEG vectors is
betweert9.8% and85.7%.

1908
Selection facton # of Opens| Conventional ATPG OPVEG
100% 14 52.50% 69.78%
80% 40 63.18% 74.17%
60% 90 66.66% 80.00%
40% 182 68.55% 80.00%
20% 388 71.42% 85.71%

Table 4.3: Defect coverage for interconnection opens foy zalue of the trapped gate
charge.
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Table 4.4 shows the defect coverage for the ISCAS C2670. Heocase using
conventional vectors the defect coverage is betwgetb% and70.8%, whereas the
obtained defect coverage using OPVEG vectors is betwgafio and78.7%.

C2670
Selection factor # of Opens| Conventional ATPG OPVEG
100% 222 53.15% 65.31%
80% 280 58.57% 73.24%
60% 394 62.94% 73.57%
40% 628 69.84% 74.89%
20% 1406 70.85% 78.68%

Table 4.4: Defect coverage for interconnection opens foy zalue of the trapped gate
charge.

In the previous results it can be clearly observed than tliectieoverage using
OPVEG process is significantly improved with respect to teeausing a conventional
ATPG process. This shows that the effect of controlling propthe coupling signals
play an important role in the detectability of interconn@ctopens.

Tables 4.5 - 4.8 show the obtained results considering sertorghe trapped gate
charge. Two cases for the range of trapped gate voltagesh®mreconsidered. Ta-
bles 4.5, 4.6, 4.7, 4.8 shows the cases of a trapped gatgeaiage of —1V, 1V]
and[—0.5V,0.5V]. The tables are divided in seven columns. The column 1 shiosvs t
ISCAS’85 circuits analyzed. The second column considdfsrdnt selection factors
that goes fromi00% to 20%. The third column contains the information concerning
to the number of analyzed opens. In column 4 the results mddaising OPVEG are
presented. The column with the results obtained using ctioreal ATPG vectors are
presented in column 5. Columns 6 and 7 shows the results G#WEG and conven-
tional ATPG vectors with trapped gate voltage bounded betw8.5 and 0.5.

Expression 4.15 can be used to calculate the defect covierattpe entire set of consid-
ered interconnection opens assuming that the range ofadagate voltage is known.
This expression is used for both conventional test and OPYdsGvectors. This ex-
pression is as follows:
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N

> VSR + Vet
pr = n=t 1 4.15
Qur 5N x 100 (4.15)

Where:

ng is the total defect coverage for trapped gate voltage raivga g percentage (%).
V5l is the trapped gate voltage coverage for stuck-at 0 tesbvbetween—oo and
0.

5;;‘2 is the trapped gate voltage coverage for stuck-at 1 tesbvbetweentoo and 0.
N is the half of the number of faultsNumber of faultks

Table 4.5 shows the results for the ISCAS’85 C432. The firkirna shows the cir-
cuit under test. In second column the selecting factors ff60% to 20% are showed.
The third column shows the number of opens which increaséiseaselection factor
decreases. The defect coverage using OPVEG and convdrAibiR@ vectors within
[—1V, 1V] range is showed in fourth and fifth columns respectively.tRerconsidered
selection factors, the defect coverage using conventiesetors is betweef4.75%
and90.45%. Furthermore, the defect coverage using OPVEG vectorsases. In this
case, the defect coverage is betw&er34% and95.33%.

Vo.. (-1V, 1V) Vo.. (-0.5V,0.5V)
.. | Selection| Number of Conventional Conventional
Circuit OPVEG OPVEG
Factor Opens ATPG ATPG
100% 32 89.34% 84.75% 85.57% 81.99%
80% 50 90.12% 85.19% 87.68% 84.80%
C432 60% 88 91.68% 86.92% 91.37% 85.43%
40% 200 93.45% 91.00% 92.68% 87.09%
20% 314 95.33% 90.45% 94.85% 89.92%

Table 4.5: C432 For Non-zero valuebqunded) of the trapped charge.

The defect coverage for the circuit C432 using a gate trappkage of[—0.5V,0.5V]
is shown in table 4.5 (columns 6 and 7) . The defect coveraigg esnventional vec-
tors is betweer81.99% and 89.92%. Whereas, the obtained defect coverage using
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generated OPVEG vectors is betwegn57% and 94.85%. It can observed that the
defect coverages in columns 6 and 7 are smaller than thoaaettin columns 4 and
5 (see table 4.5). This is because a lower number of openseaesed for a reduced
range of the trapped gate voltage. This will be further exyeld later.

For table 4.6, are showed the results of C499 circuit ISCA3E ranges ofl/,,
[—1V,1V] and[—-0.5V, 0.5V]. For the results showed in table 4.6, the defect coverage
using conventional test vectors is betw&ér64% and82.63%. Using OPVEG vectors
the defect coverage is betwe8n.97% and 96.13% (columns 4 and 5 in table 4.6).
However, the defect coverage in columns 6 and 7 at table 4§ aenventional vectors
is between5.03% and80.85%. Whereas, coverage using OPVEG vectors increases
significantly. In this case, the defect coverage is betv#&ger8% and94.47% (columns
6 and 7).

Vo, (-1V, 1V) Vo.. (-0.5V,0.5V)
.| Selection| Number of Conventional Conventional

Circuit OPVEG OPVEG

Factor Opens ATPG ATPG

100% 44 85.97% 76.64% 82.78% 75.03%

80% 88 92.45% 79.90% 90.02% 75.86%

C499 60% 138 93.12% 80.79% 91.46% 76.02%

40% 218 94.59% 81.96% 92.65% 79.47%

20% 352 96.13% 82.63% 94.47% 80.85%

Table 4.6: C499 For Non-zero valuebqunded) of the trapped charge.

The results of the columns four and five in tables (4.5, 4160ws a greater per-
centage than showed in columns 6 and 7. This must that mdialyangeg—1V, 1V]
contains a greater number of faults, than the rdrge5V, 0.5V]. Therefore, when be-
ing within the established range they cover a certain péagenwith the predetermined
range.

In table 4.7 are the defect coverage for the C1908 circuis. possible to observed
like in the results obtained previously for the C432 and Cdiéuits , the defect cov-
erage using OPVEG vectors is greater than obtained pegentsing conventional
vectors. In this case, the defect coverage is betvggen % and85.10% using con-
ventional vectors. Comparing these results against theradad results using OPVEG
vectors the difference is significantly greater.

In table 4.7 are the defect coverage for the C1908 circuis. ppssible to observed
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Vo.. (-1V, 1V) Vo.. (-0.5V,0.5V)
... | Selection| Number of Conventional Conventional

Circuit OPVEG OPVEG

Factor Opens ATPG ATPG

100% 14 87.64% 81.41% 85.71% 77.11%

80% 40 91.71% 80.72% 90.72% 78.26%

C1908| 60% 90 93.06% 82.90% 91.30% 82.22%

40% 182 95.32% 83.34% 93.51% 82.85%

20% 388 95.56% 85.10% 94.69% 83.56%

Table 4.7: C1908 For Non-zero valueBqunded) of the trapped charge.

like in the results obtained previously for the C432 and CdB8uits , the percent-
age of detection cover using OPVEG vectors is greater thearau percentage using
conventional vectors. In this case, the defect coveragetisden’1.41% and85.10%
using conventional vectors. Comparing these results agtia obtained results using
OPVEG vectors the difference is significantly greater.

For the different selecting factors, the defect coveragegusonventional vectors is
betweert7.78% and92.64% showed in table 4.8. Whereas, the defect coverage using
OPVEG vectors is betweer2.46% and94.12%.

Vo, (-1V, 1V) Vo, (-0.5V,0.5V)

.| Selection| Number of Conventional Conventional
Circuit OPVEG OPVEG

Factor Opens ATPG ATPG

100% 222 92.46% 87.78% 89.21% 85.20%

80% 280 93.38% 89.03% 91.71% 86.35%
C2670| 60% 394 92.07% 90.17% 89.38% 86.54%

40% 628 93.02% 91.51% 89.43% 88.01%

20% 1406 94.12% 92.64% 92.29% 89.55%

Table 4.8: C2670 For Non-zero valuesqunded) of the trapped charge.

In columns 6 and 7 are depicted the results of the C2670 tifmuvoltage range
Vorr between—0.5,0.5]. It is observed that when decreasing the selection factor in
creases the defect coverage. Using conventional vedberdeffect coverage is between
85.20% and89.55%. Using OPVEG vectors the defect coverage is betvigdehl % and
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92.29%.

For a smaller range of the trapped gate voltage there is a&higimber of faults that
will not be detected. The results show a difference of defecerage when reducing the
range of the trapped gate voltage. With the objective toanas the percentage shown
in the tables are obtained, we will take the example showrgurdi 4.6 from section
4.4.4 (see page 81). Taking), ' = —0.21V (V52" = 60.5%), V5" = —0.78V
(Vo = 11%) and makingV = 1, applying and replacing in 4.15:

0.110 + 0.605
by = | -~ } 100 = 31.75%

The previous is supposing that single a fault SA-O and SAHai$. The results
shown in the tables are for 16 faults SA-0 and 16 faults SAth wiselecting factor of
the 100%.

4.6 Detectability Analysis

In this section the actual coupling detectability conditavith FASOP (4.6.1) and the
effort for generating vectors depending on the values otthupling capacitances with
OPVEG (4.6.2) are evaluated. In experiments 100% of seledtctor is assumed.
Some opens have 100% defect coverage and others a loweagevéior both of them
logic status at the coupling lines is found. Using this infation, it is possible to de-
termine ( using FASOP ) if for the detected faults, the cougplines were at the most
favorable exciting conditions or not. Also, the logic s&ai the coupling lines for the
non-detected faults are evaluated. This is evaluated fdox®generated with OPVEG
tool. Plots with the faults in x-axes and capacitance cogplalues in y-axes, for each
fault indicate the total value of coupling at 1 and 0 logicgev

On the other hand, using OPVEG for a high coupling factor (%2pthe number
of faults is fixed. The fault coverage for the condition of ¥0f selection factor for
the coupling lines is evaluated 4.6.2. While the number olt$aremain fixed, the fault
coverage for the conditions of selection factor lower th@@% for the coupling lines
is examined. This experiment allows to investigate how thétfcoverage increases
depending on the values of the coupling capacitances wathisle of OPVEG for gen-
erating favorable test vectors.
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4.6.1 Evaluation of actual coupling detectability conditons

In this subsection the states of the coupling lines with st vectors generated by
OPVERG is further investigated. The logical statdsqf 0 ) at the coupling lines affect
the voltage at the floating node. Actual circuits presentgh mumber of couplings.
Some of them may have a favorable condition and others noB(HAIs able to give
data statistics of the state of all the coupling of the caosr®d interconnect opens.
FASOP also gives the defect coverage of each one of the @esdidpens. This infor-
mation may be used for attempting to improve the defect ameeof some defects or
to take DFT measures.

This is analyzed for the ISCAS benchmark circuit C432 and(819 A Selection
factorof 100% is used. The results shown in figures 4.13 - 4.16 are presast@ilow:
The bar charts represents the number of coupling lines xig/-dhe x-axis represents
the considered opens for a selection factot@f’%. Two different bars are depicted in
figures 4.13 - 4.16. The white bars are the coupling signals favorable condition.
The black bars are those coupling lines with non-favorabteddion.

20

15+

10—

Number of Couplings

Fl F2 FS F4 FS F6 F7 F8 F9 FlO Fll F12 Fl3 F14 F15 F16
Faults

Figure 4.13: C432 stuck-at 0

Sixteen opens are considered foSalection factoof 1000%. The number of fa-
vorable and non-favorable couplings of each open for theksati O case is given in
Figure 4.13 The defect coverage for each open is also giveranl be observed that
for high number of opens (opens F1 to F13 ) the number of cogplwith favorable
conditions is larger than the number of couplings with navefable conditions. The
defect coverage of the opens tends to be higher as the nurhbeujplings tends to
be higher However, for some opens (opens F14 to F16 ) the nuohloeuplings with
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non-favorable conditions is higher than with favorableditons. These opens tends
to have a lower defect coverage. Furthermore open F15 wilaistalsignificant higher
number of non-favorable conditions than favorable coodgipresents a poor defect
coverage.
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Figure 4.14: C432 stuck-at 1

The number of favorable and non-favorable couplings of egemn for the stuck-at
1 case is givenin Figure 4.14. A similar behavior to that deed for the previous case
is observed. Those opens having higher defect coveragemntraiso a high number of
couplings with favorable conditions. The last three opdiisi(to F15) also present
a higher number of coupling with non-favorable conditiomart favorable conditions.
The defect coverage is low for these opens.
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Figure 4.15: C1908 stuck-at 0
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Figure 4.16: C1908 stuck-at 1

Figures 4.15 and 4.16 shows the results of the circuit C180&& stuck-at 0 and
1 cases, respectively. UsingSelection factoof 100% seven opens are considered.
A similar behavior to the circuit C432 is also observed. Gpeaving couplings with
more favorable conditions than non-favorable presentdriglefect coverages. How-
ever, open F7 present more non-favorable conditions thamdhle. This open presents
a low defect coverage for both stuck-at 0 and 1 cases.

The previous results suggest that the defect coverage maygreved trying to
generate better test vectors for those cases presentingdfaet coverage. This can
be carried-out attempting to generate favorable test v&ctsing OPVEG, for cou-
plings with lower coupling capacitance values. This isHartinvestigated in the next
subsection.

4.6.2 Evaluation of the effort for generating vectors

In this subsection the benefits of considering more couptaqgacitances to generate
favorable test vectors is investigated. Until now Belection factoallows to obtain
the set of interconnections which are considered by OPVHG.factor also determine
the couplings that are considered by OPVEG. As a conseqsence coupling signals
may have non-favorable conditions for detection. Becaws$eah circuits present a
large number of couplings the benefit, in terms of defect e, of the effort (com-
putational time) to consider more coupling signals to afteta generate a favorable
condition needs to be evaluated. To accomplish thisSbkection factois used to
fix the set of interconnection opens which are used by OPVH{& fbol attempts to
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generate favorable test vectors for this set of opens féerdifit Selection couplings
Those coupling signals with its capacitive coupling greateequal than the sum of
the capacitance to GND and VDD multipliedSelection couplin@re considered by
OPVEG.

A Selection factoof 100% is used with different values ddelection Coupling
(100% to 20%).

In table 4.9 are showed the percentage obtained for theainitode)/3/ X EC0/Y
of the C432 circuit ISCAS’'85.

The following definitions are used:

e % Total Favorable: It gives the relation between the total number of coupling

lines with favorable conditions and the total number of capae couplings.
Favorable generated

Total F ble = 100
% Tota auoranie Total Coupled %

(4.16)

¢ % Selected Favorable This represents the relation between the number of cou-
pling lines considered bgelection factohaving favorable conditions and the
total number of Selected coupling lines

Selected Favorable generated
% Selected Favorable = Total Selocted x 100
(4.17)

¢ % Non-Selected Favorable This represents the relation between the number of
couplings not considered by tiselection factohaving favorable conditions and
the total number of Non-Selected coupling lines.

Non — Sel Favorable generated
% Non — Sel Favorable = Total Non — Selocted x 100
(4.18)

An example to illustrate how these definitions are used isrgivext. Figure 4.17
shows an inverter gate that presents an open at its input.sflic&-at 1 case is con-
sidered. The input line of the inverter gatédating line) has 10 coupled line§",
Cs,... Cho (total coupled. Let's assume a selection factor of%60For this factor two
critical linesC; andCs are selected). The remaining coupled lin€s, (Cy,. .. Cho)
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are non-selected. The favorable (non-favorable) statéseo€oupled lines that favor
(unfavor) the detection of SA1 fault are the high (low) logiates.

The figure 4.17 also shows 8 coupling signals generated awtbréble conditions.
There are a total of 10 coupling lines. From the previousgrazh and applying (4.16)
we obtain:

8
% Total Favorable = 10 x 100 = 80%

SelectedO Non-Selected :

SA-1

—
I

G G

Figure 4.17: Example

In figure 4.17 can be observed that two selected lines werergeu with favorable
conditions. The percentage obtained, applying (4.17) apthcing the information, is
100%. Finally to obtain the percentagen-selected favorablet is necessary to count
the non-selected lines that were generated with favorairiditons. The figure shows
that 6 out of 8 coupled lines non-selected were generatédfavibrable conditions{s,
Cs,Cq, C7,Cs andCyg). Cy andCy . Replacing in (4.18) we obtain the following result:

6
% Non — Selected Favorable = 3 x 100 = 75%

Tables 4.9, 4.10, 4.11 and 4.12 shows the obtained resuliwdoopens. These are
opensM3/XEC0/Y and InTbus[7] from the C432 and C2670 benchmark circuits
ISCAS’85, respectively. The tables are divided in five casmThe column 1 con-
siders differenBelection Couplingshat goes from00% to 20%. The second column
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contains the information concerning to the percentagmtail favorable In column

3 the results oselected favorablare presented. The column fourth presents the non-
selected favorable results. Finally, the coverage of tieatéor the particulaGelection
Couplingis give in columns 5.

C432 M3/XECO/Y
Selection| % Total | % Selected % Non-Selected % Otr

factor | Favorable| Favorable Favorable

f100% 46.15% 100% 41.66% 72.95%
fso0% 46.15% 100% 41.66% 74.93%
feo% 53.84% 100% 50.00% 75.89%
fa0% 53.84% 100% 50.00% 76.01%
f20% 61.53% 100% 54.54% 79.38%

Table 4.9: Evaluation of the effort for generating vectofs(®

In table 4.9 (M3/XEC0/Y SAQ ) is observed that the number of total favor-
able conditions increases (frof6.15% to 61.53%) as the selection coupling increases
(from 100% to 20%). This is because more couplings are considered for thetamie
coupling to attempt to generate a favorable test condit@RVEG is able to generate
the favorable test conditions for all the couplings in algh cases showed in column
3. Hence, the number of total favorable conditions increaSelumn fourth shows
the coverage in percentage for those coupling lines that wet selected and OPVEG
could generate favorable test conditions (logic statedibia to detect the defect). The
coverage ofNon-selected favorablis between 33.33% and 81.81% for different se-
lection factors that go from 100% to 20% respectively. Theecage of the defect is
depicted in column 5%Qtr). The way of the obtaining is explained at detail in section
4.4.4 on page 81.

Table 4.10 shows the results of natl/ X EC0/Y for stuck-at 1 fault. The results
have a similar behavior to the stuck-a O fault. In the sameagahe previous case, the
number of total favorable increases as the selecting faetera lower value. Selected
favorable is 100% for all the considered selection couglingon-selected favorables
is betweer33.33% and81.81%. The defect coverage also increases asblection
couplingis decreased.

Tables 4.11 and 4.12 shows the results for opefibus|7] of 1SC AS’85 bench-
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C432 M3/XECO/Y
Selection| % Total | % Selected % Non-Selecteg % Otr

factor | Favorable| Favorable Favorable

f100% 38.46% 100% 33.33% 54.50%
f80% 46.15% 100% 41.66% 59.54%
feo% 46.15% 100% 41.66% 60.66%
fa0% 61.53% 100% 58.33% 61.19%
f20% 84.61% 100% 81.81% 63.67%

Table 4.10: Evaluation of the effort for generating vect®és 1.

C2670 InTbus[7]
Selection| % Total | % Selected % Non-Selected % Otr

factor | Favorable| Favorable Favorable

f100% 63.63% 100% 60.00% 54.89%
fso0% 68.18% 100% 65.00% 55.08%
feo% 72.72% 100% 68.42% 55.57%
fa0% 77.27% 100% 70.58% 64.11%
fo0% 81.81% 100% 73.73% 69.20%

Table 4.11: Evaluation of the effort for generating vect®#s0.
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mark circuit C2670. The obtained results are similar to the masianalyzed open.
The defect coverage increases asSb&ection couplings decreased.

C2670 InTbus[7]
Selection| % Total | % Selected % Non-Selected % Otr

factor | Favorable| Favorable Favorable

f100% 54.54% 100% 50.00% 45.44%
fs0% 59.09% 100% 55.00% 45.82%
feo% 63.63% 100% 57.89% 47.93%
fa0% 68.18% 100% 58.82% 52.86%
f20% 72.72% 100% 60.00% 56.50%

Table 4.12: Evaluation of the effort for generating vect®efs1.
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4.7 Conclusions

In this chapter a general environment under which a CAD taded FASOP works
is described. FASOP has been built using C language (stegbtin an operating sys-
tem Solaris Version 5.8 (UNIX atmosphere) with a compiler@¥&rsion 2.95.1. The
program is made up of several subprograms that are execedeestially. Different
files as a circuit logic description and also a layout exeddiles are the principal in-
puts. FASOP take into account different factors that infbgetine voltage at floating
node. Using this information FASOP can evaluate the def@atm@age of interconnec-
tion opens. A simplified flow chart of FASOP is described.

Also, the different factors that influence the voltage atftbating node are studied.
The basic charge equation have been exposed and proced@ssate the range of
detectability of a given interconnection open are desdritihis process is described
starting from a basic electrical model of an interconnecbpen and five topologies
have been identified. Analytical equations for each comsiienodel have been de-
veloped. Two basic equation have been developed to assutelaa 0O condition
(guaranteed/ry) and a second equation to assure a stuck-at 1 conditiong(giesd
VDD - |VTP|)

The effects of different coupling lines that affect the agk of floating line {;; ) are
considered. Different equations that describe the behaWithis effects are obtained.
Section 4.4.3 is oriented to study and analyze the effecdsmditization and unsensiti-
zation gates. More than one gate can be connected to thenfldete. Depending on
the actual input vector it is possible to have a sensitinagiod unsensitization gates.
For the sensitized gates the voltages at the transistoirtalsican be known. However,
for unsensitized gates the voltages at drain-source tetmof the transistors of the
affected gates are unknown for the actual input vector. ithgacts the charge at the
gate of the affected transistors. As same way, the respeetjuations of this effect
are developed. The trapped gate chargg,() is another important factor influencing
the voltage at the floating node. For this reason has beendeved the importance
to know the effects on the voltage of the coupling line. Difet metrics have been
developed to obtain the results on C432, C499 and C1908tsiexposed in 4.4.4.

In section 4.5 the exposed in previous sections is appliée résults using conven-
tional and OPVEG vectors for zero value for the trapped ghtege (0, = 0) are
presented. Cases of study are exposed in comparative .tables defect coverage
obtained from the tests made to four circuits ISCAS’85 witimantional vectors is
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between 69% and 71%. The same test using OPVEG vectors goefee coverage
between 78% and 85%. It can be seen that the defect coverageQRVEG is higher
than obtained whit conventional vectors, from this, it igonant to improve conven-
tional ATPG’s. Another important test is considering narezvalue for the trapped
gate charge. In this results it is possible to see that thdtsesbtained with OPVEG
vectors has a higher percentage for all the cases than ettairth conventional vec-
tors.

Finally the actual detectability conditions with FASOP &ahé effort for generating
vectors depending on the values of the coupling capacisanithn OPVEG (4.6.2)
were evaluated. Cases of study are depicted in histograthg#sarespective metrics
explained. An example applying those metrics is exposedddition, tables exposing
the effort for generating vectors depending on the valugeetoupling capacitances
with OPVEG are showed.
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Chapter 5
Conclusions

In this thesis a test framework to improve the detectaboitynterconnection open
defects has been proposed. First a test methodology basgipiying proper logic
states at the coupled lines is proposed. This methodologyean implemented in a
CAD tool called OPVEG. Second a fault simulator for intencetion open defects has
been developed. This simulator allows to estimate the tet®erage for these defects.

OPVEG allows to obtain favorable test vectors for inter@stion opens using a
boolean based test. The tool OPVEG uses layout informatidrmaacommercial ATPG
(TetraMAX [79]. The main characteristics contained in ORY/&re:

e The operation of the tool is based on the extraction of ptasipacitances of a
circuit.

e OPVEG generate test vectors considering coupling effesitsgua commercial
ATPG. The generation of test vectors uses conditions anicgsns (constraint$
that define the logical state that some node of the circuitt folfdl for the gen-
eration of this vector.

e OPVEG can be used for any combinational circuit. The tooldeen applied to
four ISCAS’85 benchmark circuits (C432, C499, C1908, C3670

The OPVEG CAD tool developed was applied to 4 ISCAS’85 berafroircuits.
Test vectors with favorable conditions at the coupled dgyware generated.

Several selection factors have been considered. It waslfihia the logic effective-
ness of the tests for all the cases goes from 70% and 90% dapgendthe topology of
the circuit. Another obtained result was to determine if ao$evectors obtained by a
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conventional ATPG guarantees a cover of faults that comsicepacitive couplings. It

was observed that providing a higher percentage of aid todheentional test (depend-
ing on the selection factor) requires a higher number ofwtestors, this increases the
test time. Therefore, a commitment between the aid to cdroread test that provides

and the required of number of test vectors.

The time of calculation of the tool considers the orderinthefcollected data of the
extraction of the parasitic capacitances of the circuit&ldo includes the calculation
of the selection factor, the identification and the selectd critical couplings. This
time also considers the search of the favorable conditibtessb making the automatic
manipulation of a tool ATPG. This manipulation includeseatatining the conditions
of generation of vectors, accomplishment of the ATPG, megdif results and compar-
ison of such for each critical coupling. Therefore, a smakdection factor requires a
greater time of calculation of the tool because the numberitaal couplings increases
considerably.

The time of calculation can be higher when the tool is appicedircuits of high
complexity (million transistors). In this case a restretfactor important can be the
time of ATPG for an elevated number of constraints. A possiitategy is to consider
only those cases of faults in interconnections where thaatye coupling is impor-
tant. Thatis to say, would be taken a high selection facigpr&0% or greater). Another
strategy would be to apply OPVEG tool to certain logical kkof an integrated cir-
cuit. The selection of OPVEG could consider blocks that haygortant routing that
it is possible to be translated in significant capacitiveptimgs. Additionally, also the
capacitive coupling is more severe when the routing becam&sperior metal levels.

With the results of the tool cases could be analyzed in which mot possible to
obtain favorable test vectors which they consider capacéffects. Examples of cases
of non-controllability appeared and non-observabilityn the first case the suitable
logical values in the nodes can not be obtained becausedbss bt allow to obtain
the logical value in the node with necessary fault for itsedgbn. In the second case,
it is possible to obtain the suitable logical values in thdewith fault and the nodes
that present couplings with this. Nevertheless, theseegadio not allow to propagate
the fault to the output of the circuit so that it is observed.

The results of the tool OPVEG mainly are focused to the obtgitest vectors,
nevertheless, the analysis of the generated data can bal tsedflentify cases like
the described ones previously. With this information faxu®FT techniques can be
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applied to avoid negative effects in the tests caused by dheplings. For example,
when identifying the lines with critical couplings the segi#gon can be increased of the
lines in the design of layout to decreases the effect.

The other CAD tool developed was FASOP (Fault Simulator faericonnection
Opens). It was mentioned previously, FASOP was built usingmguage (structured)
in an operating system Solaris Version 5.8 (UNIX atmospherth a compiler GCC
version 2.95.1. The program is made up of several subpragthat are executed se-
quentially. The tool is able to evaluates the defect coveiEgnterconnection opens.
Aditionally FASOP also gives useful information to evaki#sihe test quality of these
opens. Based on this information better test vector may bergéd to improve the
defect coverage of opens or DFT measures can be undertakersamAe way like
OPVEG, FASOP uses circuitlogic description and layout rimfation as inputs. The
former comes from a high level layout description and theeidtom CADENCE [14].
The used test pattern to evaluate the defect coverage mdnehettors generated by
OPVEG or vectors obtained by a traditional ATPG process. &oifthe principal
characteristics contained in FASOP are the follows:

e FASOP is based in a circuit logic description and layout iimfation. FASOP
estimates the range of detection for each fault. Using tesdefect coverage of
interconnection opens is evaluated.

e FASOP includes tasks to determine the number of transisftested by each
one of the critical node(itical nodes. are those that have at least one coupled
line with its capacitive value greater or equal than the sun the capacitive
values toGG yp and Vpp multiplied by a” Selection Factot.)

e FASORP is able to evaluates the defect coverage of interabioneopens. Form
this, DFT measures can be undertaken.

e Detectability Analyisis determine if for the detected tauhe coupling lines were
at the most favorable exciting conditions or not.

Different metrics and analytical expressions have beed ts@btain the results
showed. Comparatives tables between conventional ATPG &2 tools developed
in this work were exposedirapped gate chargsensitization and un-sensitization gate
effects have been considered to determine the voltage on the fijpatide. Files as a
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circuit logic description and also a layout extracted filesthe main inputs of the de-
veloped CAD tool. Different factors that influence the vgkat floating node are taken
into account by FASOP. Using this information FASOP evasdhe defect coverage
of interconnection opens. The basic charge equation weresexi and procedures to
estimate the range of detectability of a given interconinaatpen are described. This
process was described starting from a basic electrical habd@a interconnection open
to the full complex model. Analytical equations for each sidered model have been
used to compute the voltage on the floating node.

Depending on the actual input vector it is possible to haversisization and un-
sensitization gates. These effects are considered foethreaped CAD tool. However,
for un-sensitized gates the voltages at drain-source talmpf the transistors of the
affected gates are unknown for the actual input vector. ithgacts the charge at the
gate of the affected transistors. The trapped gate chafge X is another important
factor influencing the voltage at the floating node. For teason has been considered
the importance to know the effects on the voltage of the dngfline. Different metrics
were developed to obtain the results on C432, C499 and C1i8€dts exposed in
4.4.4.

The results using conventional and OPVEG vectors for zelwevior the trapped
gate charge@,. = 0) are presented. Cases of study are exposed in comparative ta
bles. The defect coverage obtained from the tests made teifouits ISCAS’85 with
conventional vectors is between 50% and 71%. It can be se¢thih defect coverage
using OPVEG and applying FASOP is higher than obtained vativentional vectors
the coverage is between 65% and 85%, from this, it is impotaimprove conven-
tional ATPG’s.

Finally the actual detectability conditions with FASOP ahd effort for generat-
ing vectors depending on the values of the coupling capagawith OPVEG (4.6.2)
were evaluated. Cases of study are depicted in histograthssaespective metrics ex-
plained. An example applying those metrics was exposeddditian, tables exposing
the effort for generating vectors depending on the valuge@toupling capacitances
with OPVEG are showed. In general, OPVEG and FASOP have beEsgreed that can
used for any combinacional circuit independently of thegtinology.




Appendix A

Gate Charge Equations

The used equations to calculate the charge gates are shdhis section. The equa-
tions are obtained from model BSIM level 13 of HSpice Mosfetddls ( Synopsis
). With the objective to simplify the calculations made bplt€AD ( FASOP ), the
transistors affected by the open interconnections jussiden two states either OFF or
ON ( Vgs<Vtho , Vgs>Vtho respectively ). The equations that describe the differ
regions of operation of the transistor to determine thegshgate are described as fol-
lows.

Accumulation Regionvgs< vtho, vgs<zvfb-vsb

Qg = cap - (vgs — vz fb+ vsb) (A.1)
Q= -0, (A.2)

Qs =0 (A-3)

Qa=0 (A.4)

Subthreshold Region vgs< vtho

- zk1 1
Q, = % ([zk12 +4 - (vgs — zvfb+ vsb)|z — zkl) (A.5)

Qb = _Qg (A6)
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Qs =0 (A.7)

Qa=0 (A.8)

Triode Region, vgs> vtho, vds<vpof

Qg = cap - (vgs — zvfb — zphi — 0.5 - vds + vds - argx) (A.9)

Qp = cap - (—vtho + zv fb + zphi + (1 — body) - (0.5 — argx) - vds)  (A.10)

Qa4 = —cap - (0.5 (vgs — vtho) — body - vds - (0.75 — 1.5 - argz)) (A.11)

Qs = —(Qy + Qp + Qa) (A.12)

Saturation Region, vgs> vtho

Qg = cap - (fugs — zvfb — zphi — %) (A.13)

Qy = cap - {zvfb + zphi — vtho + (1 — body) - 7055—_65220] (A.14)
Qa=0 (A.15)

Qs = —Qg — Qb (A.16)

The different parameters used in the equations are cadcliat the tool and intro-
duced in the equations. The tool collects the data of diffiesabprograms and routines
including into the main program, when it has collected thia aaakes the calculations
necessary to determine the charge gates affected by faHdse®id SA-1.




Appendix B

Algorithms Desription

B.1 Algorithm Description of OPVEG

In the flowchart of the figure B.2 the procedure to obtain theirfable test patterns
for those lines considered as critical is depicted. The AT&& TetraMAX is used.
The input is a file with a list of victims and aggressors nodgésst a victim node is
selected (1). Next the number k of aggressors of the selectéd is counted. In this
way all the possible combinations that can exist to applystamt conditions at the
aggressor lines in the test generation process are obt@hethe number of possible
combinations i2* — 1. Next the test vector is generated. This stage begins with th
selection of combinations of constraints in importanceso@). A simple algorithm
is used for running ATPG for the different constraints of gical line. The algorithm
gives priority to the signals with higher coupling capacde [1].

A victim node can have diverse couplings. At the time of thé>&lthese coupled
lines must remain in certain logic value to favor the detatdf defects. Nevertheless,
not always all the aggressor nodes can be controlled to aidetection of a fault. In
spite of this, some of the conditions of the aggressor node®e fulfilled, reason why
must determine of some form as they will be most favorablee dlgorithm is based
on a method of tree search. In this method priority will ocituthe greater capacitive
couplings of the aggressor nodes that can be controlledfdlllog/iing example shows
of one more a simpler way the procedure:

Let’s suppose a victim node with 4 coupled lines ( aggressesl|) ordered of
greater to minor according to its magnitude of coupling.
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Al, A2, A3, A4, with CAl > CA2 > CAg > CA4

Where(C'y; is the coupling value of aggressor node, C 4, is the coupling value of
aggressor nodd2 and so on. The operation of the algorithm is showed in figufe B.
where are possibl®* — 1 combinations of couplings.

LEVEL V1 LEVEL V2 LEVELV3 | LEVEL V4
LEVEL H1
LEVELH2 [A1A3] [A1A4] \AZAs’”\ VVV\VVA2A4\ -
Rl T - R
e | mREE e

Vertical level
within the branch

Figure B.1: Example of algorithm search of combinations

In the search, initially priority occurs to the greater cligs (vertical levels of
V'1to V4 or vertical levels within each branch), beginning by thet tarizontal level
(H1). If the proven condition can be fulfilled and it can generkagetor (by tool ATPG)
advances at the following horizontal levél 2 to H4). If a condition cannot be fulfilled
it advances at the following vertical level. This criterigrapplied until arriving at the
end of each ramification. Supposing the case in which theeaggr nodes that can
be controlled to generate a vector até, A3, A4. Initially, proves the condition of
Al (level V1 and H1). This must be fulfilled successful (the ATPG generatesorgct
Immediately advances at thé2 level, where test first combinatiofil A2. In this case
vector will not be able to be generated reason why it advaatctée following vertical
level within V1. Of this form the following combination to prove i1 A3. In this case
a vector will be able again to be obtained reason why it adesnt horizontal direc-
tion. The following and only combination to provedd A3 A4. In this case vector will
be able to be generated and it is the last combination in techr; therefore it is con-
sidered most favorable. In order to find this combinatiorsdstef the 15 possible were
made. In this algorithm to generate favorable test vectothimse capacitive couplings
of greater value is searched. If vector for greater valuetsobtained it continues in
the search of the favorable vector for the following cougiirof smaller value. If it is
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possible to be fulfilled (in the example) conditiet2 A3 A4 and conditionA1 A4, pri-
ority to A1.A4 will occur to contain a greater couplingl() in spite of containing less
aggressors. This algorithm reduces the number of testsstimade to find the com-
bination most favorable, being very important, since eashaf combination means a
ATPG. The case in that can be presented the sum of consid&peditive couplings of
smaller value in the combination does not surpass the vékegpacitance of individual
greater couplings. In order to identify these cases a stavégll the conditions can be
made that can be generated and be compared the sum of capeaiiplings of all the
aggressors in each case. This requires a greater time afgwiog, a greater time of
ATPG (when proving more combinations) and a greater stavédata.

Continuing with the flow of the program B.2 and knowing the ao@me with fault
and constraints that is due to apply it creates a manipul&tethat it activates to the
TetraMax tool and that indicates the conditions for the ATPG (4). Qirse, cases
will exist in which it is not possible to be generated the wveetith the most favorable
conditions due to the topology and operation of the ciraasgés of non-controllability
and non-observability). Therefore, the combinations efstaints for each ATPG of a
node must be proven and be replaced one by one of such formdémifies that vector
that presents more favorable conditions, giving priotgouplings that are greater. Of
such form that stops each node can be made more of a ATPG.

The most favorable vector is stored in an exit file (5). If ig mector for any
condition it indicates single the name of victim node, anth# single vector fulfills
some constraints are indicated as they are. Finally a setaibks for stuck-at O and
stuck-at 1 faults of each node will be obtained that could ®eered by the ATPG.
These vectors will be most favorable considering effectsapicitive couplings.
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’File of nodes victims and aggress#)rs

’ Count numbers of nodes victim$

>{ Takes node victim n‘ 1)

Count number of aggressorg K2)

Generates‘?_ combinations of the
aggressors in binary form search

'

_ | Takes combination in order  (3)
from importance

'

Store Information to generate
test patterns "Constraints’

'

Creates file .cmd to generate
the ATPG in TetraMAX with
the indicated conditions

i (@) Circuit
Open and Run TetraMAX generating uit
test patterns with the conditions dictat Description
by the file .cmd (Verilog)

'

Generates exit file with test patterbs

No

Pattern was

YeS_“tis the last
generated ?

combination 2

It is better condition
than the previous 2

Stores last combination generated ®)
in files of patterns SA-0 and SAr-1

Figure B.2: Sub-program of OPVEG
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B.2 Algorithm Description of FASOP

The stages shown in figure 4.2 contain different prograntsctiray out different tasks.
These programs allow to obtain the information of differies later to process it. The
algorithm shown in figure B.3 gives the different rutins froperation of this program.
The operation is described immediately.

Of the file that contains the critical nodes, a list is credhed is stored temporarily
in an array. Of the matrix of critical nodes, is selected ®fthst element ( critical node
n=0) and it is come to look for all the transistors affectedhmst node.

With the first node of the array, the search in the file begias¢bntains the dimen-
sions of the transistors (W and L). This search begins fofiteecritical node. In case
that it does not exist transistors affected by the criticadanis returned to the file of
critical nodes and another node is selected. For the casarthaansistors affected by
the critical node it stores the information temporarily dhi$ process is repeated until
any other transistor affected by nodealoes not exist. The process is repeated until
critical nodes do not exist. Finally the compiled infornaattis stored. A second stage
of this program is depicted in the figure B.4. This stage mkstdbjective to obtain the
voltages of the transistors affected by the critical nod&gviously the critical nodes,
the affected transistors and their dimensions in an arrag w®red. The data flow
initiates taking the first transistor from first node, aneidile of voltages is open and
the corresponding relation looks for, when the voltage$efiboked for transistor are
detected, the corresponding information is stored. Therafpon is carried out until
any other affected transistor does not exist. The progrdettsea new node and the
operation is repeated. Finally all the information is stbtemporarily in a file. The
following pseudo-algorithm describes the behavior of €&5OP.

GetCritical Nodeinit—to final(Critical N ode;y,, 10 Critical N ode fina)
Begin
WHILE(init < final)
DO
{
WHILE (Affected Transistors b§/ritical Node;,;; = TRUE )
DO
{

SearchDimensionsyy,, for each transistor
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}

ARRAY-A == Store information of affected transistors
WHILE (Affected Transistors b§/ritical Node;,;; < ARRAY — A)

DO

{

Search Voltages for each transistor

}

ARRAY-B == Store information of voltages of transistors

Increase init
Begin
WHILE(init < final)
DO
{
FOR (Vector,toVectory)
DO
{
FaultSimulationV ector,
Compute Detection Range

}

Increase n

}

Evaluate Defect Coverage
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Critical Nodes
File

n=n+l >

Obtaining Critical

node n
<
Transistors Identification and selection
characteristics—»  of affected transistors by
File critical node n

No Are there
affected
transistors %

Store transistor
characteristics W and L

Are there
more affected
transistors 2

Yes

Are there
more critical
nodes ?

Yes

No

Store critical nodes
and characteristics of
the affected transistors

.

®

Figure B.3: Flowchart (a)
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O,

A

A
Obtaining Critical node n

)
\ 4

Transistors Identification and selection
voltage File [ 7| of transistor k voltages

A 4

Store transistor voltage
for critical node n

v

k = k+1

)

Are there
more transistor
voltages 2

n=n+l

Are there
more critical
nodes ?

Store critical nodes
characteristics and
voltages of the affected
transistors

Figure B.4: Flowchart (b)




Resumen

En esta tesis se ha propuesto un ambiente de pruebas paramtepetectabilidad de
defectos de aberturas en interconexiones. Bajo este amlderirabajo se proponen
dos metodologias, que en conjunto, permiten determihas sasos considerados como
criticos (lineas de interconexion que presentan al memoacoplamiento capacitivo)
pueden ser detectados 0 no-detectados considerando stsswedpacitivos , estados
lbgicos, compuertas afectadas (compuertas sensiabaado-sensibilizadas), ademas
de las dimensiones de los transistores afectados por kueben la interconexion. Esta
metodologia se ha puesto en ejecucion por medio de unanhiemta CAD llamada
OPVEG. La segunda metodologia consta de un simulador @ fadra defectos de
aberturas en interconexiones (FASOP). Este simuladorifgeestimar la cobertura del
defecto para este tipo de fallas.

Como se menciond previamente, la finalidad es detectatlagtedlas que pudieran
presentar cierto grado de dificultad para ser detectadado Bae los pasos a seguir
para la etapa correspondiente a la herramienta CAD llam&YéEG serian los sigu-
ientes:

e El primer paso que se realiza en el flujo del funcionamientadesrramienta,
una vez con los archivos de entrada correctos, es el ordentnaie los datos. Un
sub-programa derdenamiento y formato de la netlistutiliza la lista de equiva-
lencias de nodos para clasificar los datos almacenadosistaldé acoplamien-
tos del circuito obteniendo tres listas o archivos difezentEstos archivos son:
Un archivo donde aparecen los nodos con acoplamientesl&@, otro donde
se muestran acoplamientos de los noddsyad” y por Gltimo el que regis-
tra acoplamientos entre nodos no globales. En esta parsakeartambién el
reemplazo de las etiquetas que se asignan en la creaciameléikt (dada por
la extraccion de&’ADENCE) por los nombres reales de los nodos (originales
en Verilog y usados pat' ADENCE a nivel esquematico) y la eliminacion de
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aquellos nodos que corresponden a puntos internos de coEpligicas, los
cuales no seran considerados.

e En segunda instancia se contintia con el sub-programileuntfica los acopla-
mientos ciiticos entre nodos victima y agresores que se determinan de acuerd
al analisis de datos dependiente de los valores de acapitoniEn este caso se
aplica la siguiente metodologia:

Se elige un determinado nodo victima, se obtiene su acigidoncon” vdd” y
"gnd”. Ambos acoplamientos se suman y de esta cantidad se eliggeenaje
determinado (factor de acoplamiento). Si una capacitaheiacoplamiento al
nodo victima supera este valor de referencia, esta cagheglconsiderada como
acoplamiento critico.

e Como parte importante de la herramienta se encuentifatéancion de vectores
de prueba favorables para la deteccion de falldgick-atconsiderando la ex-
istencia de acoplamientos capacitivos. Esta etapa tieme garte primordial
el uso del program@’etraM AX. Con la informacion del nodo victima que se
tengay los diversos acoplamientos con otros nodos seagabf ATPG del nodo
aplicando’ Constraints” (limitantes o condiciones) adecuadas dictadas por los
nodos agresores. De esta forma se intenta generar el veasofarorable para
probar esa falla. Pueden haber casos donde no sea posiblamenvector mas
favorable debido a la topologia del circuito y a la contodldad y observabili-
dad de las fallas. La herramienta obtiene el vector magdal® para cada nodo
del circuito en el mejor de los casos. Finalmente se obtiaadista de vectores
para las fallastuck-at-Oy stuck- at-1de los nodos determinados como criticos.

La herramienta OPVEG permite aumentar la cobertura paectbsf de aberturas
en interconexiones. Como consecuencia el nUmero de es@giectos que las pruebas
no detectan) se reduce. Algunas de las principales casttas de OPVEG son las
siguientes:

e La operacion de las herramienta esta basada en la extnagei capacitancias
parasitas de los circuitos analizados.
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e La herramienta OPVEG genera vectores de prueba considel@ndfectos ca-
pacitivos empleando una herramienta comercial de ATPGebaigcion de vec-
tores de prueba emplea condiciones o restricciones quedddmnestados I6gicos
de algunos nodos del circuito.

e OPVEG puede ser empleado en cualquier circuito combinati@urante este
trabajo la herramienta fue aplicada a cuatro circuitos ISBA (C432, C499,
C1908, C2670).

Para los resultados obtenidos de las pruebas realizadaslifédentes circuitos IS-
CAS’'85 se consideraron diferentes factores de selec@eros resultados obtenidos
se encontrd que la efectividad logica de las pruebas pdmstos casos se encontraba
entre el 70% y 90% dependiendo de la topologia del circ@too resultado obtenido
era determinar si un sistema de vectores obtenidos por mdedino ATPG convencional
garantiza una cubertura de defectos que considere ac@ptasicapacitivos. Se pudo
observar que aplicando un porcentaje mas alto de ayudaradhgconvencional (de-
pendiendo del factor de seleccion) requiere un nimeatié de vectores de prueba,
y por lo tanto se aumenta el tiempo de computo para la prueba.

La tiempo de calculo de la herramienta incluye el ordenatoiks datos obtenidos
de la extraccion de las capacitancias parasitas de logitcis analizados. Dentro de
este tiempo también se incluye el calculo del factor decsgbn, identificacion y se-
leccin de acoplamientos criticos. También consideraikgbeda de las condiciones
favorables de prueba haciendo la manipulaci'on automat&cla herramienta ATPG.
Esta manipulacion incluye la determinacion de las caode&s para la generacion de
vectores, de la realizacion del ATPG, de la lectura de tada$ y de la comparacion de
estos para cada acoplamiento critico. Por lo tanto, unrfaet seleccibn mas pequefio
requiere un mayor tiempo de computo de la herramientaddegbincipalmente a que
el nUmero de acoplamientos criticos aumenta considarabite.

El tiempo de computo puede ser mas alto cuando la herréerseraplica a los cir-
cuitos de mayo complejidad (millones de transistores). $f@ easo un factor restric-
tivo importante puede ser el tiempo del ATPG para un nimiexado de resticciones
(constraints). Una estrategia posible es considerar spisnesos casos de defectos en
interconexiones donde se presentan importantes acoplasieapacitivos. Es decir,
se consideraria un factor de selecci6 alto (e.g. 50% o mayotra estrategia seria
aplicar la herramienta de OPVEG a ciertos bloques logieoardcircuito integrado.
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La seleccion de OPVEG podria considerar los bloques guetiinterconexiones im-
portantes las cuales se pueden traducir como posiblesaaci@pitos criticos. Ademas,
también el acoplamiento capacitivo es mas severo cuandterconexion se encuentra
en niveles de metal superiores.

Con los resultados obtenidos con la herramienta OPVEGIgnod€ér analizados
los casos en los cuales no es posible obtener los vectoreslides de prueba que
consideran los efectos capacitivos. Se presentaron casos-dontrolabilidad y no-
observabilidad. En el primer caso los valores logicos earentes en los nodos no
pueden ser obtenidos porque éste no permite obtener &llégioo en el nodo con
falla, necesario para su deteccion. En el segundo casms@édeobtener los valores
l6gicos convenientes en el nodo con la falla y los nodos gasegmtan acoplamiento
capacitivos con éste. Sin embargo, estos valores no mgrmibpagar la falla.

Los resultados de la herramienta OPVEG se enfocan primegrdk a obtener los
vectores prueba, sin embargo, el analisis de los datogapg® puede ser Gtil para
identificar casos como los descritos previamente. Con@fstamnacion las técnicas en-
focadas de DFT se pueden aplicar para evitar efectos negatiMas pruebas causadas
por los acoplamientos. Por ejemplo, al identificar lasdgeon los acoplamientos
criticos se pueden separar y aumentar la distancia emstrguia presentan un mayor
acoplamiento capacitivo y de esta forma disminuir el efeafmacitivo.

La otra herramienta CAD desarrollada fue FASOP (simulaédiatlas para aber-
turas en interconexiones). FASOP fue desarrollado usa&mdibje de programacion C
estructurado (versin 5.8) con un sistema operativo SalaridNIX (versin 2.95.1). El
programa se compone de varios subprogramas que se ejeectensialmente. La her-
ramienta puede evaluar la cobertura del defecto de abgruranterconexiones. Adi-
cionalmente FASOP también da informacion Util para @eamla calidad de la prueba
de las aberturas. Basado en esta informacion mejoresrgsale prueba pueden ser
generados para incrementar la cobertura de los defectoslidasede DFT pueden ser
implementadas. De igual forma que OPVEG, FASOP emplea cochovas de entrada
la descripcion légica de los circuitos e informcion dejdut. Lo anterior proviene de
archivos generados por medio de una extraccion de capeieisaparasitas obtenidas
con una herramienta comercial CADENCE [14]. El patron despe usado para eval-
uar la cobertura del defecto pueden ser los vectores gersepad OPVEG o vectores
obtenidos por medio de un ATPG convencional. Algunas dedeacteristicas princi-
pales contenidas en FASOP son las siguientes:
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e FASOP esta basado en la descripcion logica del circunéoernacion del layout.
FASOP estima el rango de deteccion de cada falla. usanod@sbbertura del
defecto puede ser evaluada.

e FASOP incluye tareas para determinar el nUumero de transgstfectados por
cada uno de los nodos criticasflos citicos. son aquellos que tienen al menos
una linea acoplada de valor capacitivoas grande o igual a la suma de los
valores capacitivos dé&'np Yy Vpp multiplicado por un”Factor de Selec@n”.)

e FASOP es capaz de evaluar la cabertura del defecto de eseetn interconex-
iones. A partir de esto, se pueden aplicar medidas de DFT .

e Analisis de Detectabilidad determina si para las faltectadas las lineas acopla-
das tuvieron las condiciones de exitacion mas favorables

Diversas métricas y expresiones analiticas se hanadiipara obtener los resul-
tados demostrados en los diferentes capitulos de esggdraBe obtuvieron tablas
comparativas entre los resultados del ATPG convenciores Ylerramientas CAD de-
sarrolladas en este trabaj@argas atrapadas de la compueytfectos de compuertas
sensibilizadas y no sensibilizaddsan sidos considerados para determinar el voltaje
en el nodo flotante. Archivos como la descripcion légichdieuito y archivos de
extraccion son las entradas principales de la herrami@Afa desarrollada. Diver-
sos factores que influyen en el voltaje del nodo flotante sariderados por FASOP.
Usando esta informacion FASOP evalla la cobertura dekttefle aberturas en inter-
conexiones. Las ecuaciones basicas de la carga fueroestaply los procedimientos
para estimar el rango de detectabilidad de una interconetierta. Este proceso fue
descrito partiendo del modelo eléctrico basico hasta odate mas complejo. Las
ecuaciones analiticas para cada modelo considerado sdtilizerdo para calcular el
voltaje en el nodo flotante.

Dependiendo del vector actual de entrada es posible temgnesrtas sensibilizadas
y no-sensibilizadas. Estos efectos son considerdos pertarhienta cad desarrollada
(FASOP). Sin embargo, para compuertas no-sensibilizagagdltajes en las termi-
nales de drenaje-fuente de los transistores de las comapladectadas son desconoci-
dos para el vector de entrada. Esto afecta la carga en la estaple los transistores
afectados. La carga atrapada de la compuélta €s otro factor importante que influ-
encia el voltaje en el nodo flotante. Por esta razon se hadayado la importancia de
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conocer los efectos sobre el voltaje de la linea acopladeeréas métricas fueron de-
sarrolladas para obtener los resultados en los circuit82 32499 y C1908 expuestos
en4.4.4.

Se obtuvieron resultados usando vectores de prueba geseran un ATPG con-
vencional y vectores de prueba generados con APVEG pangsale cargas atrapadas
igual a cero @,. = 0). Diferentes casos de estudio fueron expuestos en tabhas co
parativas. La cobertura del defecto obtenida de las prusbasas a cuatro circuitos
ISCAS’85 con vectores convencionales estuvo entre el 5098126. Se pudb observar
que la cobertura del defecto usando OPVEG y aplicando FAS®Inhs alta que los
resultados obtenidos empleando vectores convenciotaleshertura obtenida estuvo
entre el 65% y el 85%. De lo anterior se puede conlcuir que egaleimportancia
mejorar los métodos convecionales de prueba para ciscimtegrados y la deteccion
de fallas en estos.

Finalmente las condiciones reales de detectabilidad c@CHFAy el esfuerzo para
generar vectores de prueba dependiendo de los valores chplastancias del acopla-
miento con OPVEG (4.6.2) fueron evaluados. Los casos ddiestan presentados en
histogramas con sus respectivas métricas. Asi, comagalbtenidas con OPVEG que
exponen el esfuerzo para generar vectores dependiends daltoes de las capaci-
tancias acopladas. En general, las herramientas OPVEG @FPAfan sido disefiadas
para poder ser empleadas en cualquier circuito combinaldiotiependientemente de
la tecnologia.
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