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Abstract

Testability Analysis for Mixed Analog/Digital Circuit
Test Generation and Design for Test

by Sam DuPhat Huynh

Chairperson of the Supervisory Committee: Professor Mani Soma
Department of Electrical Engineering

Industry trends aimed at procuring greater levels of circuit performance have trig-
gered a proliferation of analog and digital subsystems fabricated side-by-side on the same
die. The combined requirements for both high-speed digital and high-precision analog
functionality pose unique challenges to mixed analog/digital circuit designers and test
engineers. Specifically, monolithic mixed-signal ICs are often difficult to test (verify its
full functionality) and can require a significant amount of time. Long test times and diffi-
culty in developing test programs has been identified as a significant contributor to this
important problem.

This dissertation investigates computer-aided design (CAD) methodologies for
analyzing the testability of mixed-signal integrated circuits (ICs). Testability information,
if provided early in the design process, can help identify potential design and test prob-
lems and aid in the subsequent redesign. In our approach, SPICE compatible model
parameters are used to efficiently generate a set of testability models which are used in
novel design-for-test methodologies and automatic test pattern generation algorithms. The
new methods are applicable to virtually any analog, digital or mixed-signal circuits and
systems.

This manuscript also discusses the implementation of the testability analysis algo-
rithms in an industry-compatible test program development system called REIGN. For
validation, the strategy is effectively demonstrated using several mixed-signal benchmark

circuits.
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Chapter 1
A Rationale for Testability Analysis

The inherent noise immunity associated with digital circuits has been a key factor
influencing the remarkable evolution of digital VLSI design. The attainable complexities
of purely digital, standard-cell-based integrated circuits are primarily constrained only by
process feature size. On the other hand, many hardware tasks related to amplification and
signal conditioning are best implemented in silicon using analog circuit techniques. It is
not surprising that industry trends aimed at integrating higher levels of circuit functional-
ity have triggered a proliferation of analog and digital subsystems fabricated side-by-side

on the same die.

In any mixed-signal system containing both analog and digital subsystems, the
inherent discrete signal levels of the digital subsystems and the continuous signal levels of
the analog subsystems impose critical constraints on developing test programs to test the
mixed-signal system. Long test times and difficulty in developing test programs has been

identified as a significant contributor to this important problem [9], [59].

1.1 THE MIXED-SIGNAL TESTING PROBLEM



Testing of a system is an “experiment” in which the system is exercised and its
resulting response is analyzed to ascertain whether it behaved correctly. An explicit listing
of a step-by-step procedure for the “experiment” is referred to as a test program. The time
required to completely execute the test program from start to finish is referred to as the tes?
time. In particular, the mixed-signal testing problem refers to testing a system which has
both analog and digital subsystems tightly coupled together in an /C (integrated circuit),
MCM (multi-chip module) or PCB (printed circuit board). The inherent nonlinear relation-
ship between the continuous levels of analog signals and discrete levels of digital signals
makes testing a mixed-signal system especially difficult in terms of generating an appro-
priate stimuli and analyzing the resulting response. The stimuli and response can be either
an analog or a digital signal depending on the type of inputs and outputs of the system.

Therefore, the ultimate goal is two fold:
» Reduce the amount of time required to develop a test program.
» Reduce the test time.

Test program development time can be reduce through the application of design-for-test
(DFT) methodologies and test time reduction can be accomplished by developing auto-
matic test pattern generation (A7PG) algorithms and built-in self-test (BIST) techniques.
Both test program development time and test time are directly related to the product’s time
to market and by reducing these times, the product’s time to market is also shortened. A
product’s time to market is inversely proportional to profit; longer time to market, less
profit, shorter time to market, higher profit [3]. Recent studies have shown that test devel-
opment time exceeds product design time [80]. Simply stated, it costs more to test then to

design the product.
1.2 THE IMPORTANCE OF MIXED-SIGNAL C/O ANALYSIS

In testing a mixed-signal system, it is common practice to partition the system into



its corresponding analog and digital subsystems [36]. Test programs are separately devel-
oped for these subsystems and subsequently, these subsystems are tested separately. Test-
ing the analog subsystem is the bottleneck in mixed-signal test in terms of long test times
and the relative difficulty in developing a test program [64]. The presented work in this
thesis can be used to evaluate the controllability and observability of analog and mixed-
signal circuits and systems. Controllability is the ability to establish a specific signal value
at each node in a circuit by setting values on the circuit’s primary inputs. Observability is
the ability to determine the signal value at any node in a circuit by controlling the circuit’s
primary inputs and observing its primary outputs. Figure 1.1 shows how controllability/
observability (C/O) analysis fits into the design process for ICs. C/O analysis is usually
embedded as part of a test program development procedure as high lighted in the shaded

region. C/O analysis can be used in two different ways.

1. Good controllability and observability information is of significant use to
designers especially if it is available early in the design cycle. During the
design phase, C/O analysis can help identify potential problematic nodes
and guide the subsequent redesign for the purposes of enhancing circuit
controllability and observability. C/O analysis may be used as a feedback
tool for the design engineer. As the design engineer rearranges circuit
topology and possibly adds test points, the design engineer can observe the
effects of these actions on the circuit’s C/O and factor this information into
the design process. This is important in order to avoid expensive redesign

at a later stage especially after first silicon.

2. C/O analysis guides and eases the task of test generation. For example, an
automatic test generation program will be more likely to quickly succeed in
generating test vectors if it has access to node controllability and observ-
ability information. This intelligent guidance has the potential of substan-

tially improving the performance of automatic test generation programs.
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Figure 1.1: Design and test process for ICs

The primary objective of this work is to present a C/O analysis procedure which

analysis and related topics currently in existence.

directly addresses the problem with strong consideration to both efficiency and practical
implementation. A comprehensive overview of the relevant underlying fundamentals and
an exposition of the current state of the art provide an essential review of the theoretical
framework. Following a thorough elaboration on the C/O analysis formulation, we present
experimental results which validate the procedure. Implementation details confirm the
usefulness of the overall approach. Acknowledging the nature of the contribution as only a
limited part of a larger scientific problem, suggestions for future research directions are

provided in a closing chapter. The reference section represents a bibliography on C/O




Chapter 2
Theoretical Framework

This chapter describes the testing fundamentals and design issues relevant to C/O
analysis. These subjects are increasingly important, as the cost of testing is becoming the
major component of the manufacturing cost of a new product. Today, design and test are
no longer separate issues. The emphasis on the quality of the shipped products, coupled
with the growing complexity of the VLSI design, require testing issues to be considered
early in the design process so that the design can be modified to simplify the testing pro-

cess.
2.1 TESTING PRINCIPLES

An instance of an incorrect operation of the system being tested (or UUT for unit
under test or DUT for device under test) is referred to as an observed error. The causes of
the observed errors may be design errors, fabrication errors, fabrication defects, and phys-

ical failures. Examples of design errors are:

* incomplete or inconsistent specifications



» incorrect mappings between different levels of design
» violations of design rules

Errors occurring during fabrication include:
e wrong components

e incorrect wiring

shorts caused by improper soldering
e process variations

Fabrication defects are not directly attributable to human error, rather, they result from an
imperfect manufacturing process. For example, a dust particle landing on the wafer results
in either a (unintentional) short or open circuit between two nets. Other fabrication defects
include improper doping profiles, mask alignment errors, and poor encapsulation. Errors
and defects which lead to eventual failures of the UUT are collectively referred to as
Jfaults. For studies of physical faults in integrated circuits, refer to [5], [55], [79]. A fault is
detected by observing an error caused by it. The basic assumptions regarding the nature of

the faults are referred to as fault models.
2.2 FAULT MODELING

At any level of abstraction, a system or circuit can be viewed as a black box, pro-
cessing the information carried by its inputs to produce its outputs. A functional model of
a system is a mathematical representation of the system. A structural model describes a
box as a collection of interconnected smaller boxes called components or elements. A
structural model is often hierarchical such that a component is in turn modeled as an inter-
connection of lower-level components. The bottom-level boxes are called primitive ele-

ments and their functional model is assumed to be known. A structural model always



carries information regarding the function of its components. Faults defined in conjunction
with a structural model are referred to as structural faults; their effect is to modify the
interconnections among components. Functional faults are defined in conjunction with a
functional model. For example, the effect of a functional fault may be to change the truth

table of a component.

Unless explicitly stated otherwise, we will always assume that we have at most one
fault in the UUT. This simplifying single-fault assumption greatly simplifies the analysis
and computations. But even when multiple faults are present, the tests derived under the
single-fault assumption are usually applicable for the detection of multiple faults, because
a multiple fault can be detected by the tests designed for the individual single faults that
compose the multiple one. The total number of possible faults assumed for the UUT is

referred to as the fault universe.

In general, structural fault models assume that components are fault-free and only
their interconnections are affected. Typical faults affecting interconnections are shorts and
opens. A short, also referred to as a bridging fault, is formed by connecting nodes not
intended to be connected, while an open results from the breaking of a connection. For
example, in many technologies, a short between ground or power and a signal line can
make the signal remain at a fixed voltage level. The corresponding logical fault consists of

the signal being stuck at a fixed value (see figure 2.1).
2.2.1 Fault modeling for analog circuits

In the analog domain, there are no standard fault models, unlike in the digital
domain where the classic stuck-at-fault is the de facto standard [1]. The debate in the ana-
log domain focuses on four popular models: structural faults, parametric faults, inductive
fault analysis (IFA), and behavioral based models. Structural fauits consists of shorts
(bridging), opens and stuck-at-value. Experiments data seemed to suggest that these types

of faults are rare in analog circuits [70] and they do not provide much insight about the
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nature of the actual faults in the CUT. Parametric faults [23], or component variations are
better suited for analog circuits. However, these types of faults imply an infinite fault uni-
verse. IFA [46], [47], [63] seemed to suggest the most relevance to analog circuits, but the
major disadvantage is the long simulation and analysis time required to generate the fault
models. IFA also requires layout information of the CUT. Behavioral based fault models
[44] offer the best simulation times, however the methods used to generate the fault mod-
els are ad hoc at best. Since behavioral models are component-dependent and it is difficult
to model non-linear functions, it is difficult to standardize a technique for this type of

models.
2.3 AUTOMATIC TEST PATTERN GENERATION (ATPG)

Test generation (TG) is a complex problem with many interacting aspects. the

most important are

» Thecostof TG



e The quality of the generated test
» The cost of applying the test

The cost of TG depends on the complexity of the TG method. Random TG (RTG) is a sim-
ple process that involves only generation of random vectors. However, to achieve a high-
quality test -- measured by the fault coverage of the generated test - we need a large set of
random vectors. Even if TG itself is simple, determining the test quality - for example, by
fault simulation - may be an expensive process. Moreover, a longer test costs more to
apply because it increases the time of the testing experiment. RTG generally works with-
out taking into account the function or the structure of the circuit to be tested. In contrast,
deterministic TG produces tests by processing a model of the circuit. Compared to RTG,
deterministic TG is more expensive, but it produces shorter and higher-quality tests.
Deterministic TG can be manual or automatic. In this section, we will focus on automatic

TG (ATG) methods.

Deterministic TG can be fault-oriented or fault-independent. In a fault-oriented
process, tests are generated for specified faults of a fault universe (defined by an explicit
fault model). Fault independent TG works without targeting individual faults. Figure 2.2
shows a general view of a deterministic TG system. Tests are generated based on a model
of the circuit and a given fault model. The generated tests include both the stimuli to be

applied and the expected response of the fault-free circuit.

ATG

Figure 2.2: Deterministic test generation system



10

2.3.1 ATPG for analog circuits

A survey of literature shows that previous approaches to test generation have
focused on generating tests for each individual class of faults. For the parametric faults
[29], [49] work has focused on test ordering with an emphasis on finding an ordering of
the specification test which will result in the maximal fault coverage. Recent work [53]
generates impulse response based tests for analog LTI systems. In [43], a method is pre-
sented to correlate specifications to non-specification tests. In [22], [66], [67], and [69]
optimization and sensitivity based approaches are presented for determining test frequen-
cies for element diagnosis. In [81], the author presented an approach for linear analog cir-

cuits where a quadratic error objective was maximized.

Fault based approaches to analog testing have focused on the construction of fault
dictionaries before manufacture through simulation. In [54], the authors recognizing that
failures in analog circuits may assume a continuum of values, proposed a band-fault
approach for linear analog circuits where the signature for each fault assumed the form of
a band and the decision of pass/fail made on the basis of comparison of bands. Recently in
[78], an approach based on interval analysis is presented for generating fauit bands for lin-
ear analog circuits. In [50] the authors presented an algorithm to construct the signatures
and evaluate the detectability of a set of DC measurements. A search technique in the fre-
quency domain similar to the digital ATPG approach to select the best test frequency for
linear circuits was presented in [51]. Most of the prevailing methods are fault analysis

methods, where the effect of faults are analyzed under a known excitation.

In [67], the authors used sensitivity analysis as the basis for selecting test frequen-
cies but no automated procedure was described. A min-max framework was presented in
[13] and [14] however this approach requires building a surface response of the circuit
under test (CUT). The authors described building the surface response through simula-

tions and for small circuits, simulation times can be tolerable but not so for large analog
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and mixed-signal systems. In [12], a method was described to shorten simulation times
through behavioral modeling of macro blocks. The authors in [84] described a hierarchical
specification driven technique to capture faults using simulation based methods. Simula-
tion times may become intolerable. In [16] a hypothesis testing framework for test based
on current monitoring was presented where the distributions needed for hypothesis testing
are restricted to be gaussian. In [82] an optimization is performed over the continuous set
of input values with a goal of obtaining one test for all the faults. This optimization may
have no feasible solution if such a test does not exist. Further, the distance measure used
neglects the sensitivity of the faulty circuit. In this dissertation, we study the problem of
constructing a test set which can exploit the structural differences between the good and

the defective circuits.

For any test generation algorithm, automatic or manual, to be successful, the gen-
erated test set must be of sufficient quality. Typically, the quality of a generated test (or test

set) is measured by its fault coverage which is calculated by performing fault simulations.
2.4 FAULT SIMULATION

Fault simulation consists of simulating a circuit in the presence of faults. Compar-
ing the fault simulation results with those of the fault-free simulation of the same circuit
simulated with the same applied test set 7, we can determine the faults detected by set T.
Fault coverage is the ratio of the number of faults it detects and the total number of faults

in the assumed fault universe.
2.4.1 Fault simulation for analog/mixed-signal circuits

Analog fault simulation is a very tedious and expensive task. The number of fault
simulations that have to be carried out is estimated to be a power of two to six higher than
a digital circuit of comparable complexity [38]. There are also a large number of possible
errors due to deviation errors. Furthermore, until recently use was made of conventional

circuit simulators, like SPICE and other derivatives, which suffer from poor reliability,
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improper fault modeling insertion, inflexibility and inefficiency in terms of CPU time.

Serial fault simulation is the simplest method of simulating faults and it has been
the choice for analog fault simulation in the past. As the name implies, serial fault simula-
tion simulates one fault at time, hence this method is computationally intensive. Recent
advances [26], [27], and [86] have shown that some of the techniques from the digital
domain can be borrowed and applied to the analog domain. In [26] and [27], the concept
of concurrent fault simulation was developed for analog circuits called CONCERT and
experimental results showed that CONCERT is two orders of magnitude faster than serial
fault simulation. Concurrent fault simulation refers to simulating multiple faults simulta-

neously.

Thus far, the discussion has focused on modeling faults and generating a test set
based on the modeled faults. The test set is subsequently evaluated through some form of
fault simulation to determine the test set’s fault coverage or effectiveness in detecting the
modeled faults. However, in some cases, certain faults cannot be detected or tests cannot
be generated to detect a certain fault. Hence other techniques must be applied to help with

test generation and fault detection. One such technique is called design-for-test (DFT).

2.5 DESIGN-FOR-TEST

Most DFT techniques deal with either the redesigning of an existing design or the
addition of extra hardware to the design with the goal of improving controllability and
observability of the circuit. Most approaches require circuit modifications and can affect
such factors as area, I/O pins, and circuit delay. Hence a critical balance exists between the
amount of DFT to use and the gain achieved. Typically, DFT can be classified into two

categories:
e Test point insertion

»  Circuit reconfiguration
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2.5.1 Test point(s) selection

Test points are inserted to improve the circuit’s controllability, observability or
both. There are three types of test points, referred to as control points (CP), observation
points (OP) and control/observation points (COP). Control points are primary inputs used
to enhance controllability, observation points are primary outputs used to enhance observ-
ability, and control/observation points are both primary inputs and outputs used to enhance

controllability and observability.

The major constraint associated with using test points is the large demand on I/O

pins. This problem can be alleviated in several ways. To reduce output pins, a multiplexer

can be used, as shown in figure 2.3. Here the N = 2" observation points are replaced by a
single output Z and n inputs required to address a selected observation point. The main
disadvantage of this technique is that only one observation point can be observed at a time;

hence test time increases. A similar concept can be used to reduce input pin requirements

for control inputs. The values of the N = 2" control points are serially applied to the input

Z. Using a demultiplexer, these N values are stored in the N latches that make up register R

(figure 2.4).

Another way to enhance observability and/or controllability is by using a scan reg-
ister (SR). A scan register is a register with both shift and parallel load capability. The stor-
age cells in the register are used as observation points and/or control points. Over the
years, many different implementations for scan have been proposed and the interested
reader is recommended to follow up on the references [2], and [45]. IBM has developed
several scan designs referred to as Level-Sensitive Scan Design (LSSD), which have been
used in many IBM systems [11]. Perhaps the most popular of scan implementations is the
boundary scan in particular, the IEEE 1149.1 Testability Bus Standard [74] and its mixed-
signal cousin [EEE P1149.4 Proposed Testability Bus Standard [57].
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Although designing digital shift registers are trivial, it is rather challenging to
design an analog counterpart. Authors in [35], [40], [71], and [73] proposed designs of
analog shift registers based on the switched current concept. Current based scan tech-

niques are similar to digital scan except that the scanned signal is a current.

A voltage signal can be converted to a current using a voltage to current converter
(V-to-I). The current is sampled onto an analog scan bus, consisting of a series of analog
scan “flip-flops” operated by a 2-phase clock (see figure 2.5). Each flip-flop has a master/
slave current mirror and mimics the function of a digital scan flip-flop. If the sampled sig-
nal is a current, there is no need for the voltage to current converter. However, there are
several issues with this design. The current mirror never has an ideal gain of I, thus the
accuracy of the signal being scanned is limited by the length of the scan chain. To observe
more signals, an automatic calibration technique has to be incorporated into the design to
reduce this source of errors to meet accuracy requirements. Clock feed-through is another
source of error. Switched-current designers have already devised several techniques [28]
to reduce this error. These techniques improve the measurement accuracy at a slight layout

expense for each current mirror.

In some cases where adding more hardware is impossible because of silicon area

constraints, then other methods to improve the circuit’s controllability and observability

CP,
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— _ 2 _ | DEMUX
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Figure 2.3: Multiplexing monitor points Figure 2.4: Demux’ing control points
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Figure 2.5: An analog scan chain implementation

must be used. One such method is circuit reconfiguration, where the circuit is physically

altered to enhance its controllability and observability.
2.5.2 Circuit reconfiguration

Circuit reconfiguration is a concept which refers to the partitioning and rearrang-
ing of the subsystems in the DUT in such a way as to enhance controllability and observ-
ability. In mixed-signal systems, it is common practice to partition the analog and digital
subsystems into separate blocks and apply different testing strategies to each separate

blocks.

Circuits with feedbacks are a class of circuits difficult to test. In feedback circuits,
the current output is dependent on both the current input and the previous output. An
example is the phase locked loop (PLL) circuit. The PLL is a hard mixed-signal circuit to
test due to the presence of tight feedback and largely varying time constants. The PLL has
two feedbacks, a global feedback from output to input and a local feedback in the voltage
controlled oscillator (VCO). A general rule is to provide logic to break the feedback
path(s) [1] in test mode. [4] and [20] showed a DFT design for breaking the feedback path
of the VCO with minimal impact on the overall PLL performance. [72] showed a DFT
design to reconfigure a filter as a gain amplifier to test for various frequency domain

parameters.
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2.6 CONTROLLABILITY/OBSERVABILITY CONSIDERATIONS

As discussed in Chapter 1, C/O information can be used in two different ways: (i)
to help with ATPG and (ii) to aid in DFT. Any type of test generation algorithm would
require fault models. Fault modeling is a separate research field by itself, therefore, this
manuscript will not go any further then the exploratory introduction discussed earlier in
section 2.2. Instead, the generation of fault models is assumed to be done by others and

this work will only use the resulting models.

As figure 1.1 shows, the intent is have test program development a concurrent
activity with circuit design. This flow implies that layout information of the circuit under
test might not be available initially. Without layout information, it will be difficult to apply
IFA techniques to generate fault models. However, design is an iterative process between
simulations and physical design (layout). Therefore IFA techniques may be used during
the final stages of design when the layout is completed. During the initial design and test
program development phases, the two fault models which are applicable are parametric
and catastrophic faults. Since component variations is a continuous function, the fault uni-
verse for parametric faults is infinite. Therefore, only samples from this universe are stud-
ied. The intent is to sample this fault universe such that the sampled universe is a good
representative of the continuous fault universe. One can also interpolate between sample
points to infer more results. Behavioral based fault models is not considered in this work
because there are no standardized technique to apply these faults. In this work, circuits and

systems are examined in the context of parametric and catastrophic faults.

C/O information combined with the parametric and catastrophic fault models
forms the backbone for the automatic test pattern generation methodology and design-for-
test techniques presented in this manuscript. The generated test set is fault simulated to
reduce its size while maintaining a high fault coverage. Smaller test sets are more desir-

able because the size of the test set is linearly proportional to test time which implies that
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with a smaller test set, the test time is also reduced.

Fault simulation is a complex and challenging problem by itself as evidence by the
amount of research literature available (see section 2.4). This work does not include the
research nor development of fault simulation, rather it uses the results of other researchers
whose research focus is on fault simulation especially in the analog domain. For the ease

of implementation, the fault simulation strategy chosen is that of serial fault simulation

utilizing the HSPICE circuit simulator.
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Chapter 3
Previous and Concurrent Research

This chapter reviews the relevant current and previous research in the field of con-

trollability/observability (C/O) analysis.
3.1 OVERVIEW AND HISTORICAL PERSPECTIVE

Various algorithms for C/O analysis of digital circuits have been proposed since
1976 and have since developed into a mature field as evidenced by the wealth of published
literature. Analog C/O analysis, while having been proposed since 1977, has not matured
to the same extent. This can be attributed to the phenomenal growth in the popularity of

digital circuits.

In digital C/O analysis, the fundamental assumption that all signal nets are inde-
pendent fails to deal with reconvergent fanout nodes and accounts for large deviations
between the computed measures and actual test difficulty. Since reconvergent fanouts are
quite common in digital systems, many implementations of the algorithms have resorted
to ad hoc techniques which significantly increased the computational complexity. As a

direct consequence, brute force conversion of automated digital C/O analysis methodolo-
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gies to the mixed-signal paradigm has been largely unsucessful.

3.2 DIGITAL C/O ANALYSIS

Two major classifications of C/O measures are cost measures and probabilistic
measures. Cost measures assign low values to nodes easy to control or observe, thus the
lower the C/O measure, the better the C/O of the node. Probabilistic measures assign prob-
abilities to nodes, either in controlling them or observing them, thus higher probabilities

means a better C/O.
3.2.1 Probabilistic Approaches

Stephenson and Grason [21], [77] developed C/O measures as the probabilities for
controlling and observing nodes, without distinguishing between combinational and
sequential types. These algorithms produce either two figures of merit per node (one for
control probability and one for observe probability) or three figures of merit (two for con-
trol probability due to the two possible nodal logical values and one for observe probabil-
ity). For each digital component, a set of equations defining the controllability transfer
function and observability transfer function are derived, relating input and output proba-
bilities of that component. The computations of the probabilities for all nodes then use
graph-based techniques and these component-based probability functions. CAMELOT [6]
developed by Bennets, Maunder and Robinson used the same concepts. Other approaches
for testability analysis reviewed include VICTOR [58], ITTAP [17], and BETA [10]. Their
approaches are similar to the ones discussed above and therefore will not be discussed

here.
3.2.2 Cost Based Methods

Goldstein [18], [19] proposed six cost functions to characterize each digital node

for testability:
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1. Combinational-0 controllability: cost of setting a node to 0 in com-
binational circuits

2. Combinational-1_controllability: cost of setting a node to a 1 in
combinational circuits

3. Sequential-0 controllability: cost of setting a node to 0 in sequential
circuits

4. Sequential-1 controllability: cost of setting a node to 1 in sequential
circuits

5. Combinational observability: cost of observing a node in combina-
tional circuits

6. Sequential observability: cost of observing a node in sequential cir-

cuits

The algorithm for controllability and observability analysis assumes that all signal nets are
independent, all circuit inputs are controllable (initial cost either 1 or 0), and all circuit
outputs are observable (initial cost 0). For each gate or sequential component, a set of
equations is derived to relate the cost functions of the output to those of the inputs. The
computations of the cost figures for all nodes then proceed using graph-traversal algo-
rithms and these component-based cost functions. TESTSCREEN developed by Kovijanic
[41], [42] and COMET developed by Berg and Hess [7] used a similar approach.

3.3 ANALOG C/O ANALYSIS

Analog C/O measures, while having been proposed since 1977, have not matured
to the extent of the digital measures. Sen and Saeks [60], [61], [62] proposed a measure for
analog linear circuits using component connection model (CCM) and multi frequency
analysis technique. CCM is employed to distinguish between components (whose transfer
functions depend on frequencies and sensitivities of elements under study) and connec-
tions (whose transfer functions are purely algebraic equations since they are assumed

fault-free). Visvanathan et. al. [83] and G. Iuculano et. al. [37] used a similar approach.
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Stenbakken and Souders [76] considered linear models and defined the -testability
for circuits. The #-testability measure of a circuit, given a candidate set of test points, is the
percentage of the circuit components whose testability factors are greater than or equal to
a threshold value ¢. ¢ is called the circuit testability factor. The components whose testabil-
ity factors are less then ¢ are said to be untestable. However, the circuit testability factor ¢
seems to be chosen in an arbitrary manner without a clear guideline. Stenbakken ez. al.
[75] subsequently used the concept of #-testability to define ambiguity groups, which are
groups of components whose sensitivities to measurement errors are approximately equal
in all the measure data. The authors develop more algorithms to determine component
ambiguity groups based on the sensitivity model, and to decide where to insert test points

to improve C/O.

Hemink et. al. [24], [25] developed a tool called TASTE along the same line of
taking into account measurement errors in parameter estimations and deriving sets of
inseparable parameters that need more measurements. The approach relies on the sensitiv-
ity matrix that relates the sensitivities of the parameters p to the measurements x. If the
rank of this matrix is less than the number of parameters, then there exist inseparable
parameters. If the rank of the matrix is larger than the number of parameters, then fewer

measurements are needed, saving test cost.

Liu et. al. [44] defines the testability of a circuit as the extent to which faults can be
identified from measurements. There is no equation in this work to define a testability
measure. Instead, the authors focus on the fault diagnosis problem, assuming the linear
error model relating the measurement errors to the parameter estimation errors. The least
square estimate of the parameter errors can be computed based on the sensitivity matrix U,
which can be derived using behavioral modeling. The same concept of ambiguity groups
is described. The null space of U is the number of ambiguity groups. A fault diagnosis

procedure is described using this technique.
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Slamani er. al. [65], [67], [68] defines the observability measure for analog circuits

as follows:

The defect observability of a component x; is defined as the sensitivity of

the output parameter 7; with respect to the variations of component x;.

Note that the sensitivity matrix in this case relates the output parameter to a component
value without any concern for measurements. According to this definition, the higher the
sensitivity the higher the observability. Sensitivities defined in the manner can be automat-
ically computed by a circuit simulator such as SPICE. The paper proceeds to study fault
diagnosis issues by defining fault equivalence, fault masking, fault dominance, and fault

isolation.

3.4 MIXED-SIGNAL TESTABILITY ANALYSIS

In this dissertation, we propose an approach that is different from the methods pre-
sented previoulsy for analog circuit C/O analysis. We are not interested in diagnosis evalu-
ation or analysis for analog circuits or the study of dependencies between the set of
diagnosis equations to component deviations. Instead, we want to develop C/O models for
analog and digital circuits which can be used for test point insertion (a DFT application)
and implemented into a CAD tool. Our objective is to develop algorithms for C/O analysis

of mixed-signal systems based on these models.

This dissertation describes the development of two measures to characterize the
controllability/observability properties of the internal nodes of an analog circuit. The
intent is to provide a quantitative measure of the difficulty of controlling and observing the

signal values of internal nodes. We define two separate testability measures:

1. Controllability measure: the relative difficulty of setting a node to a



specific value. This measure is normalized to range from 0.0 to 1.0
with a 1.0 being totally controllable and 0.0 being totally uncontrol-
lable. Primary Inputs (PIs) are by definition totally controllable,
therefore the controllability at all PIs are 1.0.

2. Observability measure: the relative difficulty of propagating an
error from an internal node to a primary output. This measure is
normalized to range from 0.0 to 1.0 with 1.0 being totally observ-
able and 0.0 being totally unobservable. Primary Outputs (POs) are
by definition totally observable, therefore the observability at all
POs are 1.0.

These measures can be used to guide design-for-test (DFT) with the purpose of
enhancing C/O. One popular DFT methodology is test point insertion and a test point can
be either a control point, observe point or both [35], [40]. Examples of this methodology
include scan (IEEE Standard 1149.1, etc.). and multiplexer techniques. The controllability
and observability measures can serve as the basis to decide where to place control and/or
observe points into the circuit. These points will not necessary be placed on nodes with the
lowest controllability/observability measures but on nodes whose enhanced controllabil-
ity/observability measures enhances the overall controllability/observability of the circuit.
Furthermore when combined with fault models, these measures can be used to help gener-
ate test patterns which may externally be applied using an arbitrary waveform generator.
In this work, testability analysis refers to the procedure used for calculating a circuit’s (or

systems’) controllability and observability measures.
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Chapter 4
Testability Analysis Formulation

In works published to date, the most prevalent strategy for mixed-signal C/O anal-
ysis Is to partition the digital and analog subsystems and analyze each subsystem sepa-
rately using different techniques. Two popular methods used in digital circuits are
probabilistic based methods and cost functions. Sensitivity analysis, in one form or
another, is the method of choice for analog circuits. The main drawback lies in the wide
differences between the methods used. As a whole mixed-signal system, it is difficult to
combine the results, however, in cases where data are combined, the results are inconclu-

sive at best.

This chapter introduces a strategy to solve the mixed-signal C/O problem as a
whole instead of partitioning the mixed-signal system into its corresponding digital and
analog subsystems. The strategy borrows the concept of transfer functions from linear sys-
tems analysis and formulates the testability transfer factors. Nodal equations are formed
based on these testability transfer factors and these equations are solved for the testability
of the mixed-signal system. This chapter describes the derivations and relevant procedures

of this strategy.
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4.1 TESTABILITY TRANSFER FACTORS

The following derivations are for components and a component is defined as a
building block in which the designer can use but does not have access to the internal of the
component. Examples include resistors, capacitors, inductors, operational amplifiers (op-
amp), and operational transconductance amplifiers. Higher level component examples
include such macro blocks as analog-to-digital converters (ADCs), digital-to-analog con-
verters (DACs), phase locked loops (PLLs) and others.

The concept of Testability Transfer Factor (TTF), testability models, of a compo-
nent was first devised by Stephenson and Grason [77] for digital circuits and later
extended to the analog domain by Huynh, Soma and Zhang [34]. The underlying idea is
that test information must be propagated through components to other components or to
primary outputs, a means must be employed to determine how controllability and observ-

ability is affected in route. The TTF of a component represents:

L. The ease of achieving an arbitrary signal on its outputs by exercising its
Inputs.
2. The ease of determining whether a specific signal occurred on its inputs

by examining the values on its outputs.
4.1.1 Models for Passive Linear Components

Consider two subcircuits in a circuit coupled through a resistor with resistance R at
nodes a and b (refer to figure 4.1). Pls indicate primary inputs and POs indicate primary
outputs. Node 4 is controllable by node a only if a current of magnitude 7 can flow from

node a to node b. The current / is described by Ohm’s law as:

Figure 4.1: Two subcircuits coupled through resistor R
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4.1)

As the resistance R increases, the current / decreases and as the resistance R decreases, the
current [ increases. Respectively these two cases are known as tending towards the open
circuit condition and tending towards the short circuit short condition. Current cannot flow
into an open circuit and voltages are identical for both nodes in a short circuit. Then we
can conclude that node b is perfectly controllable by node a if R = 0 (short circuit). That is
any voltage appearing on node a will also appear on node b. Furthermore, if R equals to
infinity (open circuit), then node b is perfectly uncontrollable by node a since no current

can flow into an open circuit.

Similarly, node a is perfectly observable by node b if R = 0 because any voltage
appearing on node a will appear on node b as well. Also, node a is unobservable by node b
if R is equal to infinity because with zero current, voltage at node @ can not be inferred

even though the voltage at node b is known.

From the above analysis, we can conclude that controllability and observability
increases as R approaches zero (short circuit condition) and controllability and observabil-
ity decreases as R approaches infinity (open circuit condition). This can be expressed

quantitatively as:

_ R
THR) = 1-—>= (4.2)

Equation (4.2) is a quantitative expression which states that information cannot be
propagated through an open circuit while information is fully propagated through a short
circuit. The open circuit condition (OC) is commonly modeled by a resistor with a high
resistance [36]. In this work, the open circuit condition is modeled by a 10 mega-ohm
resistor. A 10 mega-ohm resistor is sufficient for our work because most of the resistance
values are well below 1 mega-ohm. Furthermore, the OP27 op-amp (a high performance
op-amp) has an input impedance of well over 6 mega-ohm (at DC) and that is considered

an open circuit for most analog applications.
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a is referred to the technology adaptor coefficient. Assume an experimental setup
shown in figure 4.2 where an ampere meter is attached in series with a 1 volt (voltage)
source and the circuit under test (CUT). Assume the CUT is a variable resistor and the
loop current (I) is measured by the ampere meter. The purpose of this experiment is to
determined the smallest measurable loop current, I. Given the 1 volt source, then the larg-
est measurable impedance for this setup is:

_ 1
RC'UT+AmpMeter 7 (4.3)

Assume the resistance of the ampere meter is much, much less then the CUT, then the

resistance of the CUT can be approximated as:

1
Reur = 7 (4.4)

This assumption is valid since the resistance of most ampere meters are on the order of
ohms while the resistance of the CUT is on the order of mega-ohms. Therefore, the tech-
nology adaptor coefficient is defined as:
R
_ cur
OC 4.5)

In this work, o is chosen to be 1, however, for equipments with higher or lower

resolutions, a can be chosen (measured) accordingly.

In most specifications, resistors are specified with a certain tolerance:

R, =R +AR (4.6)

Where R,,, is the total resistance, R,,,,, is the nominal resistance, and AR is the allowable

Metg.r CuT
___,» I
+ )

N S
Voltage source (1 V)

Figure 4.2: Experimental setup for determining a
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tolerance. Substituting equation (4.6) into equation (4.2), results in:

R
_ nom _ AR
Tp = 1-75¢ Fa0¢ @7
Which can be rewritten as:
TR = TRnom'T'AT (4.8)
Where:
R
_ nom
TRnom = 1——a0C 4.9)
AR
= a8 4.
AT ole (4.10)

Therefore, equation (4.8) can be used to map specification space into testability space for
analysis. We can also calculate a tolerance band around the nominal value, a concept sim-

ilar to the Pahwa’s and Rohrer’s fault bands [54].

Notice that equation (4.9) is identical to equation (4.2). In the fault free circuit, R,,,
is determined by equation (4.6) and therefore T is determined by equation (4.8). In case
of a fault (either parametric or catastrophic), AR is above the specified tolerance, T, rr(TTF

of a resistor at fault) will be outside of the tolerance bands described by equation (4.8).

A temperature dependent resistor can also be modeled by equations (4.2). The

HSPICE temperature dependent resistor model [48] has the following form:

R(T) = R(1.0+TCl OAt+TC20At2) (4.11)
Where TCl1 is the first order temperature coefficient, TC2 is the second order temperature
coefficient, 7},,,, is the nominal temperature in degrees Kelvin, and T is the temperature
under analysis. At is defined as the difference between T and T, (At =T - T,,,,)- TC1

and TC2 are a function of the process technology and material used to fabricate the resis-
tor. They represent the rate of change of resistance with respect to temperature. R(7) can

be calculated first by equation (4.11) and then substituted into equation (4.2) to calculate
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the TTF.

Capacitors and inductors can be viewed as frequency dependent resistors. There-
fore, the resistance R in equation (4.2) can be replaced by |[R(w)]| or in general |Z(w)| where
Z represents the component’s impedance and o is the radian frequency. Table 1 summa-
rizes the passive components TTF. The bi-directional nature of these components can be
modeled a signal flow graph (SFG). The bi-directionality is modeled as two uni-direc-
tional links with identical weights but opposite directions. The weights of each link is the
TTF value.

Table 1: TTF for R, L, and C

Circuit element TTF SFG
R,L,C | _1Z(w, temp)|
a0C Z
a b

Also, the temperature dependence equation for resistors (4.11) is directly applica-
ble to capacitors and inductors. The capacitance and inductance temperature dependence
equations have the same form. The effective capacitance or inductance can be calculated
by replacing the resistance value and its temperature coefficients with either capacitance

or inductance and their corresponding temperature coefficients.
4.1.2 Models for Nonlinear Components
Diodes

Diodes can be viewed as a nonlinear resistor as shown by its [-V characteristic in
figure 4.3. Piece-wise linear techniques can be use to model its nonlinearity. The diode’s

conductance can be modeled as three separate linear regions of operation:
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Vg = Breakdown voltage

V4 = Voltage across diode
I = Current through diode

Figure 4.3: I-V characteristic of diodes

Forward bias: V4>V,

In this region of operation, the conductance of the diode is equal to the

partial denivative of I with respect to V4. By evaluating this partial
derivative at V,, the result is a linear conductance or equivalently, a
linear resistor as described by:
g dl 1
foovy, , R

on

(4.12)

Typically, V,, is 10 times Vp where Vt is the thermal voltage (26 mV

at room temperature). However, a quick DC simulation will produce a

much more accurate V.
Reverse bias: Vg <Vy<V,,

In the reverse bias region, the diode is basically an open circuit with
only the reverse saturation current flowing. Therefore, the conductance
in this region can be estimated by:

[S

Von=Vba

1
g, = R (4.13)

Breakdown: V4 <V,

30

Von = Turn on voltage of diode
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Cp

—
W

Figure 4.4: Complete diode model

In the breakdown region, the voltage across the diode remains constant
while the current through it can be of any magnitude. However, most
diodes have a maximum power rating which limits the maximum
amount of current which can flow through the device. Therefore, the
conductance or equivalently the resistance in this region is:

g = l[maxl = 1 (4.14)
bd Wy Rpg

Figure 4.3 shows the actual I-V characteristic of a typical diode superimposed with
the piece-wise linear model used. The region of operation and the various parameters can
be determined by running a quick DC simulation. Once the resistance is known, equation

(4.2) can be used to calculate the TTF of the diode.

Lead resistance and junction capacitance can be incorporated into the diode model
by placing a resistor in series and a capacitor in parallel with the diode as shown in figure
4.4. Rg and C, values can be either estimated, read from data sheets or one can run a simu-
lation to determine these values. Once these values are know then, table 1 can be used to

calculate the appropriate TTFs. Table 2 summarizes the diode TTF.
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Table 2: TTF's for diodes
TTFs SFG
Forward bias:
ol
el —
&~ ary Rf a
Von

Reverse bias:

53,

I 1
= s = L
or Von - Vbd Rr e 0
Breakdown:
g, = [Imaxl = 1
bd Vpy  Rpg

MOSFETs

A typical MOSFET is characterized by its I-V characteristics. The output current
(drain to source current) is dependent on its input voltage (gate to source voltage) and out-
put voltage (drain to source voltage) as shown in figure 4.5. The following derivation is for
N type MOSFETs, however this derivation is also valid for P type MOSFETs with the dif-

ferences being the signs of the voltages and currents.

The drain to source current, ipg, 1s @ multi-variable function:

iDS = f(vGS,vDS) 4.15)

The equivalent circuit model for the MOSFET is shown in figure 4.6. The transconduc-

tance, g,,, is the partial derivative of the drain to source current, ipg, with respect to the
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Figure 4.5: N type MOSFET Figure 4.6: MOSFET equivalent circuit

gate to source voltage, v and the channel conductance, gpyg, is the partial derivative of

the drain to source current, ipg, with respect to the drain to source voltage, vpg.

oi
g, = 25 =L (4.16)
m avGS -

oi
gre =25 =1 (4.17)
DS avpe rpg

Once r,, and rpg are known, then equation (4.2) can be used to calculate the TTF for each
component. Table 3 shows the signal flow graph representation of the MOSFET with T, r
representing the testability transfer factors as a function of the respective component. The

appendix details the derivations for g, and g, ¢ for the MOSFET.
Table 3: TTFs for MOSFETs

TTFs SFG

fm " gs  m © {”’i

oo = Oips 1 )
DS " Bvaa ®/'
GS DS %"
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Figure 4.7: Complete MOSFET model
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Figure 4.8: Complete SFG for MOSFET

The above derivation was done assuming an ideal MOSFET neglecting parasitic

resistances, capacitances and body effects. These issues can be addressed by incorporating

the HSPICE model [48] as shown in figure 4.7. The testability transfer factor for capaci-

tors, resistors, and diodes are discussed in previous sections. Once all the parasitic values

are known, figure 4.7 can be transformed into a SFG as shown in figure 4.8. TTFs for other

types of transistors (such as BJTs) can be derived using a similar analysis.

4.1.3 Models for Transformers

An ideal transformer with single primary and single secondary is shown in figure

L

+

Vp

Figure 4.9: An ideal transformer



35

4.9. Most importantly, transformers are characterized by its turns ratio between its primary
and secondary. Let N, represent the number of turns for the primary side and N represent
the number of turns for the secondary side. The following are the ideal transformer equa-

tions which relate the primary and secondary voltages and currents.

14 v

ATP = _= (4.18)
D S

Np[p =NJ (4.19)

Where N, is the number of turns of the primary, Ny is the number of turns of the second-
ary, Ip is the current on the primary side, /; is current on the secondary side, Vp 1s the volt-

age on the primary side and V; is the voltage on the secondary side.

Fundamental field device theory states that transformers can be modeled by two

coupled inductors with inductances defined by equations (4.20) and (4.21).

) N
P~ Tmr, (4-20)
Wp’ua
s T 421)

Where L, is the inductance of primary, L is the inductance of secondary, 4 is the cross-
sectional area of the core, 7,,, is the average radius of the core, and p is the magnetic per-

meability of the core material. Typically, Lp and L; are written as follows:
L = (N )2P (4.22)
p p P )
L =(N 2P 423
s = (NP (4.23)

Where P, and P; is referred to as the permeance of the primary and secondary respec-

tively. For a symmetrical core and constant magnetic field, P, = P; = P which implies
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(from equations (4.22) and (4.23)) that the ratio of the primary and secondary inductances
is equal to the ratio of the number of turns of the primary and secondary. Quantitatively,
L N

= _P
N, (4.24)

o b

If we write the Kirchhoff’s law equations around the two loops in figure 4.9, we

have the equations:

=7 + 4.25
VP jcoLpIp JoMI (4.25)
Ve = jcoMIp+ijS[S (4.26)

Where M is the mutual inductance defined as:

M= LPLS 4.27)
Combining equations (4.19) with (4.25) and (4.26), it can be shown that:
zZ = Q = jm[L +Miv—EJ (4.28)
p I p P N
Vs . Ns
Z = -[—; = jm[LS+M]V-pJ (4.29)

From equations (4.28) and (4.29), we see that Z,and Z; are impedances of the primary and
secondary. Once Z, and Z; are determined, we can use the impedance equation to calculate

its testability transfer function, Tf

For an ideal transformer, the voltage and current of the secondary side are func-
tions of the physical structure of the transformer and the voltage and current of the pri-
mary side. Hence, if the voltage and current of either side is known, then the voltage and
current of the other side can easily determined (calculated). This implies that both sides
are controllable and observable. For an ideal transformer, the mutual coupling is 100%
between the two sides. Therefore, the testability transfer factor between the two sides is
1.0. Figure 4.10 shows the signal flow graph (SFG) for the ideal transformer.



37

Figure 4.10: SFG for an ideal transformer

Single primary and multiple secondary transformer

We can extend the derivations above to include general transformers of single pri-

mary and multiple secondaries. The equations for an ideal transformer with a single pri-

mary and & secondaries are:

Vp _ Vsl _ Vs2 _ Vsk

N TN, N, W, (430)
D sl s2 sk

Nplp = Nsllsl + NSZISZ *.. +Nsklsk (4.31)

Kirchhoff’s law equations can be written around each loop (both primary and secondaries)

to result in the following:
Vp = jcoLPIp -i-jcoMpSllsl +jcoMpS?_IS + ... +j@Mpsk[Sk(4_32)
Vsl = jo.)MpSl[p +jm[‘sllsl (4.33)

Vsk = ja)MpSkIp+jooLSkIs/c

Equations (4.30) through (4.34) can combined to yield:
N N N
14 M —p] (4.35)

(4.34)

14
z =_£ =jco£L +M LM L+
p Ip p pslNS1 ps2st psstk
14 N
_ sl _ . 1 sl
ZSI = Zl— = _]CO(LSI +ZMP51N_pJ (4.36)
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Vv N
_ sk _ . 1 sk
o = T, Jm(Lsk+ ZMPsk_J\T;) (4.37)

In general, equations (4.35) through (4.37) can be summarized as:

Vp k Mpsi
Zp =T T Lpt Ny X w (4.38)
p i=1 " si
V.. N .
_ s . 1 Si

Equation (4.38) describes the impedance seen at the terminals of the primary and equation
(4.39) is the impedance seen at the terminals of secondary i where is: 1 <i<k. Notice
that equations (4.38) and (4.39) are equivalent to equations (4.28) and (4.29) with £ =1
(for a single primary).

Non-ideal effects

Two major non-ideal effects, core loss and series impedance, contribute to the
transformer’s deviations from ideal. The core is not infinitely permeable, it does require
ampere turns to establish the flux, and in addition, there are internal energy losses in the
core when the flux varies with time. The power absorbed by the transformer under the
above conditions is lost to the circuit and goes into heat in the core. This non-ideal effect is
referred to as core loss and is typically modeled [8] by a shunt combination of a resistive

element (R,) and an inductive element (Z,).

For an ideal transformer, we assumed that no complex power (real power or reac-
tive voltamperes) was consumed in the transformer. In the actual transformer, both real
power and reactive voltamperes are “consumed.” The real power goes into the heat dissi-
pated by the winding resistance and the reactive voltamperes go into the charging of the

magnetic field between the windings. By placing resistance (R,,) in series with the ideal

transformer mode, we can account for real power loss, and similarly, we can account for
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Figure 4.11: Complete circuit model for transformers

the reactive voltampere loss by placing an inductance (L,,) in series with the ideal trans-

former windings.

For an ideal transformer, the mutual coupling is a perfect 100%, however due to
the two major non-ideal effects discussed above, the mutual coupling is less than 100%.
The coefficient of mutual coupling, X is defined as the ratio of the actual (real) amount of

coupling to that of the theoretical value or:

k=X (4.40)

/LpL s

Where M is the mutual inductance, L, and L are the inductance on the primary and sec-

ondary side. Figure 4.11 shows the complete circuit model for an actual transformer and
figure 4.12 shows the corresponding SFG. Typically, these parasitics are given as specifi-
cations for the transformer. Otherwise, these parasitics can also be determined by running

an electrical level simulation.

4.2 HIERARCHICAL MODELING

Hierarchical modeling [30] refers to developing testability transfer factors for

macro blocks, i.e. operational amplifiers, filters, phased locked loops, analog-to-digital



Figure 4.12: SFG for an actual transformer

and digital-to-analog converters, etc. A hierarchical model describes a box as a collection
of interconnected smaller boxes called components or elements. The components are in
turn modeled as an interconnection of lower level components. The bottom level boxes are
primitive elements and their testability transfer factor is assumed to be known. Most prim-

itive circuit elements were discussed in section 4.1.

TTF for MOSFETSs was discussed in subsection 4.1.2. Further, MOSFETSs can be
viewed as a transconductance amplifier, a differential voltage is converted to an output
current. Using a similar analysis, we can develop TTFs for the three other classes of
amplifiers, voltage amplifier (operational amplifiers), current amplifiers and transresis-

tance (differential input current is converted to an output voltage).

Figure 4.13 illustrates the equivalent circuit model for an operational amplifier
(op-amp). It is very similar to the equivalent circuit model for the MOSFET (figure 4.6).
The op-amp’s output terminal can be “tickled” by stimulating the input terminals with a
small differential signal. The output of the op-amp is equal to the differential gain times

the voltage difference between the input terminals. An ideal op-amp will only respond to

Vi
+
Vo
Adm (VI - Vy
Vv,

Figure 4.13: Equivalent circuit for an op-amp
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differential signals and common mode signals are rejected. Thus, it is more appropriate to
consider both the common mode gain and differential mode gain when calculating the
TTF from the input terminals to the output terminal. For an op-amp with a high common
mode rejection ratio (CMRR), it is easier to control the output and observe the inputs.
With a low CMRR, it is more difficult to control the output and observe the inputs. Since
the CMRR may have a wide range of values, the logarithm function is chosen for compu-
tation of the TTF. The underlying idea is similar to expressing the CMRR in decibels,

however, the TTF values are bounded in the region between zero and one.

T (A gy A ) = 1= L (4.41)

4
log( Ad’” + 10J

cm

Where Ay, is the differential gain and 4., is the common mode gain. 44, can be a user
defined function of frequency. For a first order approximation, 4, is a three pole gain
function [15] shown in equation (4.42).

A

[+ )]

Where 4, is the differential gain at DC, f'is the frequency under analysis, f; is the first

(4.42)

A ()

(dominate) pole, f; is the second pole and f; is the third pole. TTFs for other types of

amplifiers can be developed using a similar analysis. The SFG for op-amp is shown in fig-

ure 4.14.

The model derived thus far is for an ideal op-amp. Non-ideal effects may be mod-
eled by circuits elements, similar to the MOSFETs, and once the effects have been prop-
erly modeled by circuit elements, the TTFs can be evaluated. For hierarchical modeling,
the approach is similar to network theory where a higher level block is model with a col-
lection of interconnected lower level blocks (circuit equivalent). This traversal is contin-

ued till a level is reached where all its lower level blocks have its TTFs defined.
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Figure 4.14: SFG for op-amps

4.4 CONTROLLABILITY, OBSERVABILITY AND TESTABILITY MEASURES

The input controllability of a component represents the ease of achieving an arbi-
trary signal value at the component’s inputs and it depends on the controllabilities of the
input connections and the components it is connected with. The output controllability of a
component represents the ease of producing an arbitrary signal value on the outputs of the
component. It depends on the input controllability and the TTF of the component or:

Cour = sz'n (4.43)

Where C;, is the input controllability of the component, C,,, is the output controllability

of the component, and 7, fis the TTF of the component.

To calculate the controllability of a node, transform the circuit schematic into a
signal flow graph with each vertex representing the nodes in the circuit and each edge rep-
resenting the components in the circuit. The direction of the edges represent the direction
of signal flow through the component and the weight of each edge is the corresponding
component’s TTF. Uni-directional components such as operational amplifiers and diodes
are represented by uni-directional edges while bi-directional components such as resistors,
capacitors and inductors are represented by bi-directional edges. Bi-directional edges are
modelled with two uni-directional edges with the same weights but opposite directions.

The controllability for any node (or any vertex in the signal flow graph) i is:
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F.
| in
C;=5— % C,°TTF, (4.44)
Inm=1
Where C; is the controllability of node 7, F;, is the number of incoming edges to node i, C,,
is the controllability at source node of incoming edge m, and TTF,, is the TTF of incoming

edge m.

The output observability of a component represents the ease of determining
whether or not the expected signal value occurs there by observing the signal values at the
primary outputs of the circuit. The input observability of a component represents the ease
of determining whether or not the expected signal value occurs there by observing the sig-
nal values at the primary outputs of the circuit. Since the TTF represents the ease of prop-
agating a signal through the component, we have:

Opp = T;* 04y, (4.45)

Where O;, is the input observability of the component, O,,, is the output observability of

the component, and Tis the TTF of the component.

The observability of any node (or any vertex in the signal flow graph) is:

1 Fout

> 0, eTTF, (4.46)
outm =1

0;=

Where O; is the observability of node i, F,,, is the number of outgoing edges of node i, O,),
is the observability at destination node of outgoing edge m, and TTF,, is the TTF of outgo-

ing edge m.

Using non-weighted averages for equations 4.44 and 4.46 implies that each link
has the same rank. This also implies that all components (TTFs) connected to that node
has equal value and that all signals propagating to that particular node have equal impor-

tance. To use weighted averages will imply that some class of components and hence



some class of signals will have a higher rank then others. This is contrary to circuit analy-
sis where all currents are summed to zero at each node with out regard to any particular

types of currents or class of components having a higher rank.

Since test generation will be difficult if either controllability or observability is
low, the function chosen for the testability analysis measure in this work is the geometric
mean as shown in equation (4.47). However, the testability measure can be user defined

for various different applications.

T; = /Cl. 0, (4.47)
Where T; is the testability of node i, C; is the controllability of node i and O; is the observ-

ability of node i. These testability measures are incorporated into a testability analysis pro-
cedure which is used to analyze analog circuit testability as well as providing a basis for

testability enhancement and test generation.
4.5 TESTABILITY ANALYSIS PROCEDURE

The steps used by the testability analysis algorithm are as follows:

Step 1. Calculate the TTFs for each component using equations in this
chapter. The TTFs may be stored in a library structure.

Step 2. Form signal flow graph from schematic. Each component becomes
an edge and each node becomes a vertex in the graph. Each edge is
weighted by the TTF of the corresponding component. The direc-
tion of each edge is determined by the type of components. Uni-
directional components like operational amplifier and such are rep-
resented by uni-directional edges while bi-directional components
like resistors and such are represented by bi-directional edges.

Step 3. Formulate controllability and observability equations at each vertex

of the signal flow graph according to equations (4.44) and (4.46).
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Step 4. Form controllability and observability matrix equations derived in

Step 3.
SC = [C]TM (4.48)
5O = [0]OM (4.49)

Where equation (4.48) is the controllability matrix equation with
[C] as the controllability matrix, CM as the controllability measure

vector and SC is the source controllability vector. Equation (4.49)

is the observability matrix equation where [O] is the observability

matrix, OM is the observability vector and 3‘5 is the source

observability vector.

Step 5. Solve equations (4.48) and (4.49) for CM and OM respectively.
The controllability and observability vectors are the controllability
and observability measures of each node in the circuit.

Step 6. Calculate the testability of each node according to equation (4.47)

Step 7. If a frequency response is desired, increment to the next frequency
point and repeat steps 1 through 6 untill the range of frequency of

interest is completed.

A flow chart summarizing the testability analysis formulation is shown in figure
4.15. A netlist describing the circuit is used as input. The result is a profile of the circuit’s
testability as a function of frequency (frequency response of testability). This profile

shows how testability changes as frequency changes.
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Figure 4.15: Testability analysis flow chart
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Chapter 5
Applications for Testability Analysis

This chapter describes the applications for testability analysis. Testability informa-
tion may be used to aid in design-for-test applications such as test point insertion. A test
point may be either a control point, observe point or both. Testability information can also
guide and ease the task of test generation. This intelligent guidance has the potential of

substantially improving the performance of automatic test generation programs.
5.1 DESIGN-FOR-TEST APPLICATIONS

One use of the controllability and observability measures described in this disser-
tation is to aid in the design-for-test of analog circuits. The measures can be used to decide
where to place control and observe points into the circuit. These points will not necessary
be placed on nodes with the lowest controllability/observability values but on nodes whose
enhanced controllability/observability enhances the total controllability/observability of

the analog system.

To ensure a 100% controllability and 100% observability would require a test point

to be inserted into every node in the CUT. This is highly impractical because of the exces-
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sive amount of silicon area required to implement the test points, interconnection routing
and I/O pins. Typically, the amount of silicon area allocated for DFT is limited to range
from 5% - 15% of total chip area. Therefore, only a limited amount of test points can be
inserted. The objective is to optimally place these test points to maximize the CUT’s test-
ability.

Testability enhancement problem statement:

Given a mixed-signal circuit with N total nodes and M total test points
where N >> M. The objective is to optimally insert the M test points into N
nodes such that it yields the maximum circuit controllability and observ-

ability.

Since the order of the selected nodes is not important, what is important is which
nodes are selected. Mathematically, this problem is reduced to selecting M objects out of
N where the combination is important and the permutation does not matter or equiva-

lently:

N| _ N! ‘
[M} T MY(N—M)! -

For instance, selecting nodes 2 and 8 as test points is the same as selecting nodes 8 and 2
as test points because if both nodes are selected then both nodes will be converted to be

test points.
5.1.1 Objective functions
The circuit controllability objective function, C, can be described by:
i N
C = N.Zocf (5.2)
l =

Where C 1s the overall circuit controllability, c; is the controllability at node i, N is the total

number of nodes in circuit, and i is the node index (i'" node). The objective is then to insert
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a control point(s) into node(s) which maximizes C.

An observability objective function, O, can be similarly described by:
1 N
0=173 o 5.3)
i=0

Where O is the overall observability, o; is the observability at node #, N is the total number

of nodes in circuit, and { is the node index (z"h node). The objective is then to insert an

observe point(s) into node(s) which maximizes O.

If an insert point is both a control and an observe point, then a third objective func-
tion, the testability objective function is needed. The testability objective function, ¢, is
described by:

t; (5.4

0

Where ¢ is the overall circuit testability and ¢; is the testability measure at node 7 and is a

! =

™ =

L
N,

user defined function of ¢; and o; or:

[; = f(ci’ Oi) (5.5)

For any automatic test pattern generation algorithm to be successful, the generated
test vector must be able to excite the fault targeted and the resulting error must be able to
propagate to the primary outputs. Loosely translated, this implies that nodes inside the
CUT must be both controllable and observable. These measures when mapped into the

physical domain have the following properties:

Full controllability (1.0) refers to the fact that the node (or net) can be set
to any specific value. The further it deviates from 1.0, the more difficult it is

to set a value to that internal node.

Similarly, full observability (1.0) refers to the fact that any signal value on
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an internal node (inside the CUT) can be propagated to the primary out-
puts. If a node has an observability measure of less than 1.0, it means that
not all the information can be propagated to the outputs. The further it devi-
ates from 1.0, the more difficult it is propagate any information from that

internal node to the primary outputs.

These properties imply that a circuit with only high controllability does not result
in a very testable circuit because if the errors (faults) cannot be observed, then faults may
escape undetected. Also, a circuit with only high observability does not result in a very
testable circuit because if faults can not be excited (controlled), then errors may not be
observed. Therefore, one important property of a testable circuit is to have both high con-
trollability and observability measures. The testability objective function may be stated
mathematically as the geometric mean of both controllability and observability:

,0.) = [c.e0. (5.6)

Each node in the CUT can be described by a triplet, (O, C, T), corresponding to
observability, controllability and testability. To enhance controllability only (assuming the
observability level is satisfactory), equation 5.2 may be used. To enhance observability
only (assuming the controllability level is satisfactory), equation (5.3) may be used. Simi-
larly, testability may be enhanced (if both its observability and controllability is unsatis-
factory) by using equation (5.4). These three functions provide flexibility to designers for
DFT applications as they can adapt to different DFT methodologies (controllability only,
observability only, or testability).

5.1.2 Test point insertion algorithm

The test point insertion algorithm described in this sub-section was originally
developed by the author and was later modified by Jinyan Zhang [85]. Based on the test-
ability analysis methodology presented in previous chapters and the objective functions

discussed in sub-section 5.1.1, we developed an algorithm to insert test points into a
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mixed-signal system with the intent of increasing its overall testability metric. There are

two strategies for test point insertion:

1. With a fixed number of test points available for insertion, find a placement such

that it maximizes the testability (or controllability or observability) metric.

2. With a fixed threshold level for testability (or controllability or observability),

minimize the number of test points required to achieve the fixed threshold level.

The circuit under test (CUT) is described by a SPICE compatible netlist, initial
state of the circuit, and a list of primary inputs and outputs. The testability profile of the
CUT before test points are inserted is calculated using the initial state. Then the nodes are
sorted according to their fan-in and fan-out TTF values. If a device has a very low TTF
value, it will reduce the testability transfer between its inputs and outputs. Simply put,
devices with low TTF values restrict the amount of information which can propagate
through the device from its inputs to its outputs. The controllability of the nodes connected
to the outputs of such devices will be adversely affected. Similarly, the observability of the
nodes connected to the inputs will be degraded. Nodes that are outputs of low TTF-value
devices have greater potential to increase the overall controllability if re-configured as
control points. The same applies to nodes that are inputs of low TTF-value devices for
increasing the observability. Nodes which have large fan out can also improve the overall
testability. The sorting algorithm [85] (developed by Jinyan Zhang) considers the above
criteria. In the testability analysis algorithm presented in chapter 4, a circuit is represented
by TTF matrices (i.e., controllability matrix and observability matrix). By using the matri-

ces, contributions of fan in branches and fan out branches are included.

For instance, the controllability matrix (C,,,,:) is formulated from equation
(4.44). Summation of the i-th row of C,,,,,; is the TTF value that node i gets from its fan-
in nodes (denoted as C;_;,), whereas summation of the i-¢4 column represents the fan-out

condition of the node (denoted as C.,,,). Decreasing C;;, or increasing C;,,, will
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increase the possibility of selecting node i as a control point. Therefore, the nodes are

sorted in the descending order of the values subtracting C;_,,, from C; ;,. The same algo-
rithm is used with the observability matrix to obtain the search criteria for observable

points.

Test point search begins from the top of the sorted sequence. The selected node is
re-configured as a primary input or primary output or both according to it pre-defined
type. After the re-configuration, the testability is re-evaluated and compared with the pre-
vious value. If it is greater than the previous, the point is retained. Otherwise, the selected
node is discarded and the next node in the sorted sequence is selected. The search stops
when the pre-defined number of test points has been selected or a given maximum number

of points have been considered.
5.2 AUTOMATIC TEST PATTERN GENERATION APPLICATIONS

Analog test generation in its simplest form can be viewed as finding an input
which maximizes the error between the good and the faulty circuits. For ease of notation,
we denote,

E=S _-S 5.7

s Sr (5.7
Where £ is the magnitude of the error, Sg 1s the signature for the good circuit, and Sris the

signature for the faulty circuit. We can apply this principle to the testability profiles dis-

cussed in the previous sections [31], [32], and [33]. Let

EF) = ng(F)—Tﬁ(F)| (5.8)
Where E is the magnitude of the error response, F is the frequency variable, 7y, is the test-
ability profile of the good circuit, and 7 is the testability profile of the faulty circuit with
fault f;. Hence, we can define the detectability of fault fj, Dﬁ, as the integral of the error

response over a frequency range. Equivalently,
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Fﬁnal Fﬁnal
Dﬁ = [ EF)aF = | ITg(F)—Tﬁ(F)ldF (5.9)
init init

The larger D, the easier it is to detect the fault fi. The smaller Dg, the more difficult it is to

detect the fault fi. If Dg < D, then our method cannot generate a test vector to detect

fault fi. Dy, is a user defined threshold which depends on the amount of tolerable varia-

tions. For any Dy >= D,; . we can generate a test vector to detect fault f7.
y Lg thrs

5.2.1 Multi-Frequency Automatic Test Pattern Generation

Step 1:
Step 2:
Step 3:
Step 4:

Step 5:

Step 6:

Automatic test pattern generation procedure

Calculate T, o(F)-

Calculate Zk(F ) for fault fi.

Calculate Dg according to equation (5.9).

If Dg =< Dyp,y, then we cannot generate test to detect fault f;, skip to step 9. Oth-
erwise continue to step 5. Dy,,,.¢ is a user defined threshold which depends on the
amount of tolerable variations.

Transform E(F) into a filter frequency response IE(efm)l. E(F) contains the fre-
quencies or range of frequencies in which T,(F) differs from T4(F). This implies

that at these frequencies or range of frequencies, the response of the good circuit

differs from that of the faulty circuit. Therefore, we want to generate a signal
with these frequency components. To generate |E(@®)]| from E(F), we place a
zero in |E(€/®)| for all the frequencies or range of frequencies in which E(F) is
zero and place a one in |E(®)| for all the frequencies or range of frequencies in

which E(F) is non-zero. The phase of E(€®) is made linear to eliminate any

phase distortion.

Calculate inverse transform of E£(¢/®) to gete(?).
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Step 7: Convolve e(t) with 8(¢) to produce V5(1). e(?) is the system response of the filter

derived from E(F), therefore, by convolving the system response with the 5(¢)
function, we produce a signal with the frequency components from step 5. This

signal can then be use as a test pattern to detect fault fi. V5(1) can be produce by
an arbitrary waveform generator (AWG) in the time domain by using piece wise
linear segments.

Step 8: Add V4(t) to test set V.

Step 9: Remove fault fi from fault list.

Step 10: Select another fault from fault list and go back to step 2.

Step 11: Repeat till fault list is empty.

5.2.2 Signature Analysis

In the dynamic case, due to noise and tolerance the exact comparison of time-
domain waveforms is an experimental impossibility. Hence, any detection scheme must
use some measure of the waveforms as a basis for comparison. Such measures on the
waveform are also referred to as signatures of the waveform. One popular signature is the
frequency response of the circuit or system under consideration. The signatures are obtain
by taking time domain measurements at the primary outputs of the circuit and then per-

forming the Fourier transform on the measured data via software.

Figure 5.1 shows the signature analysis methodology used. The test set V, gener-
ated by the procedure described in subsection 5.2.1, is used as input for both the good cir-
cuit and the faulty circuits. The fast Fourier transform (FFT) is then computed for both the
good and faulty outputs. The outputs following the fast Fourier transform are then sub-
tracted which takes the difference of the two signatures. If the absolute value of AS is
equal to or greater then S, then the fault £ is detected by the test set V. Otherwise, the

fault fi is not detected (absolute value of AS less then Sy;,,.c)- Sjpres is 2 user defined thresh-

old which depends on the accuracy of the equipment used.
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Figure 5.1: Signature analysis methodology

5.2.3 Test Set Compaction

The above algorithm can generate a test vector for each detectable fault. For n;
detectable faults, the test set generated is of size n;. Clearly, we see that the size of the gen-
erated test set is linearly proportional (constant of proportionality equals to 1) to the num-
ber of detectable faults. This is hardly an optimal test set since for 1000 detectable faults,
then the generated test set contains 1000 test vectors. Therefore, our objective here is to
maximally reduce the number of test vectors in the generated test set while maximizing

the number of detectable faults.

Let nybe the total number of faults in the fault list and #; be the number of faults

detected by the test vector vg, then the fault coverage is defined as the ratio of n; over ngor:

n.
_
Cﬁ = ”—j (5.10)

TIest set compaction procedure

Step 1: Calculate fault coverage for each fault by performing fault simulations for the
generated test set (V) and the targeted fault list (F).

Step 2: Remove the test vector with the highest fault coverage from ¥ and add it to 7, the
compacted optimal test set.

Step 3: Remove all the faults from the fault list covered by the test vector added to T in

step 2.
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Step 4: Repeat steps 2 and 3 till either F or ¥ is empty.

The results of this procedure is an optimal test set (T) which is a subset of the gen-
erated test set (V). T can detect the same faults as ¥ but with less vectors. In some extreme
cases, T may equal V. This may happen if the faults are so unique that only one specific

test vector can detect it. These types of faults are rare.

5.3 SUMMARY

In this chapter, we have discussed the DFT and automatic test generation applica-
tions using the testability formulation discussed in chapter 4. We demonstrated how the
testability information can be used in test point insertion. The algorithm developed by
Zhang [85] is based on searching through a sorted sequence of nodes. The sequence is
sorted based on the nodes controllability and observability metrics and TTF values of the

components which are connected to the node.

Testability information is also used in the automatic test pattern generation algo-
rithm discussed in this chapter. The algorithm used the testability information as the basis
for its multi-frequency test pattern generation procedure. A test pattern is generated for

each detectable fault (Dg > Dyy,) and all the test patterns together constitute the test set for

a particular fault list. A signature analysis methodology was also introduced to evaluate
the quality of the test set. Since the test set generated can potentially be large, a test set
compaction algorithm was also discussed and we showed how the generated test set can be
compacted into a smaller test set. In the next chapter, we discuss in detail the CAD imple-

mentation of the algorithms and methodologies presented in this chapter.
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Chapter 6
CAD Implementation

The algorithms and methodologies presented in previous chapters have been
implemented as part of a verification tool for an IC design and test software system called
REIGN. REIGN represents a unified suite of software tools designed to analyze a circuit’s
testability, provide testability information for subsequent DFT applications and generate
test patterns. This chapter presents details regarding implementation of the various com-
ponents of the REIGN architecture and the overall framework which permits testability
analysis of realistic mixed-signal circuits. Specific examples of REIGN applications are

also presented.

6.1 REIGN SYSTEM OVERVIEW

Figure 6.1 shows an overview of the REIGN system architecture. The input con-

sists of:

» A SPICE compatible netlist describing the DUT design.
* An initialization file listing the primary inputs and outputs of module(s).

» A file containing the list of faults to be studied. This file is only required if test
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generation is to be performed.

* A partitioning file containing user’s directives on how to partition the design
into smaller modules for the purpose of testability analysis. The default is to
output the testability values of all nodes in the design and to analyze the entire
design without partitioning.

Fault List i
Netlist

Partitioning
File

Selected
Test Nodes

Testability
Profile

Optimal
Test Set

EXPRESSO &

Figure 6.1: System architecture for REIGN
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The system generates three types of outputs:

» Testability output - This type of output displays the DC, AC and transient test-
ability profiles of the DUT.

« DFT output - A list of nodes selected as test points

» Test set output - A set of test vectors

The testability and DFT outputs can be used to redesign the circuit if necessary

while the set of test vectors can be used to test the circuit.

6.2 TESTABILITY ANALYSIS METHODOLOGIES IN MOCHA
6.2.1 DC Testability Analysis

DC analysis analyzes the circuit at DC (frequency = 0). At DC, capacitors are open
circuits and inductors are short circuits. The flow chart outlining the DC analysis proce-
dure is shown in figure 6.2. The parsed netlist together with the partitioning information
are used to extract the appropriate models from the components library to use when for-
mulating the controllability/observability nodal equations. The models are the analytical
TTF functions described in detail in chapter 4.

Along with the initialization file, controllability and observability equations are
formulated at each node. The formulation of these equations are also described in chapter
4. The default initialization is that all primary inputs are perfectly controllable and all pri-
mary outputs are perfectly observable. However, users can define any initialization which
fits the design requirements. Since the formulated equations constitute a system of linear
equations, the equation solver becomes a matrix solver. Furthermore, these are linear

equations, therefore, solution convergence is not an issue.
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Figure 6.2: Flow chart for DC testability analysis

The LU decomposition and sparse matrix techniques were considered for use as
the matrix solver however, we decided not to employ sparse techniques because of the fol-
lowing reasons. The LU decomposition technique is selected because of its simplicity and

ease of implementation. The solution method is general enough for most applications.

In most circuits, nodes are connected to a relatively few other nodes. Rarely
(almost improbable) do nodes connect to every other nodes in the circuit. As a result, the
matrix which comprises the system of linear equations is sparse. A system of linear equa-
tions is called sparse if only a relatively small number of its matrix elements are nonzero.
It is inefficient to use general solution methods because most of the computation time is
wasted on performing arithmetic operations on an element with a zero entry. Furthermore,
it is also wasteful to reserve storage for zero elements. Sparse techniques are fundamen-
tally decomposition schemes but carefully optimized so as to minimize the number of fill-
ins, initially zero elements which must become nonzero during the solution process, and

for which storage must be reserved. Direct methods for solving sparse equations, then,
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Begin
fr=0; /* Start of analysis */
While (fr < frgnar)
DC_Analysis(fr, C); /* Perform DC analysis at freq. f+ */
fr « fr+ Afr; /* Increment to next freq. step */
Update_Freq(fr, C); /* Update the circuit */
End
End

Figure 6.3: AC testability analysis algorithm

depend crucially on the precise pattern of sparsity of the matrix [56]. Since the pattern of
sparsity depends on the circuit, it is impossible to select one sparsity pattern over another.
Therefore, we would have had to select a solution method general enough to include a
wide range of sparsity patterns which then is akin to the LU decomposition technique.
Also, the LU decomposition does not depend on the pattern of sparsity of the matrix, fur-

ther supporting our decision of selecting the LU decomposition technique.
6.2.2 AC Testability Analysis

Solving for testability as a function of frequency is referred to as AC testability
analysis (how testability changes with respect to frequency). The algorithm used is listed
in figure 6.3. AC testability analysis is reduced to solving for the DC solution at each at
frequency step. Most of the models (capacitors, op-amps, etc.) are frequency dependent (a
function of frequency), therefore, when the frequency is incremented, the models also
need to be updated. Let C represent the circuit under analysis and f# is the frequency vari-
able. The algorithm starts with analyzing the circuit (C) at DC. The frequency variable (f+)
is incremented by a Afr and the circuit is updated with the new f. If /- is still within the
range of analysis, then a DC testability analysis is performed on C. This cycle is repeated
until the frequency range for analysis is completed. The frequency range of analysis is

defined by users and that depends on the range of interest for the users.

6.3 DFT USING SEATTLE
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The testability profiles calculated by MOCHA are employed by the SEATTLE
routine to enhance the testability of the CUT. A flow chart illustrating the essential compo-
nents of SEATTLE is shown in figure 6.4. The SEATTLE routine implements the Zhang
algorithm [85] described in chapter 5. The SEATTLE routine utilizes a dual feedback loop
structure to search through the design space to find the optimal node to insert test point(s).

The objective functions (equations (5.2), (5.3) and (5.4)) are calculated in the box
labeled “testability calculation™. The outer feedback loop illustrated in figure 6.4 is for test
point insertion while the inner feedback loop is for optimization. There are two constraints
for test point insertion: (i) the desired level of testability is lower bounded and (ii) the
number of available test points to inserted is fixed. Ideally, a designer would like to have
100% controllability and a 100% observability which means all nodes are perfectly con-
trollable and observable. This is not practical because it means a test point must be
inserted into every node of the circuit. Furthermore, this would require a significant
amount of silicon area for the test points alone not to mention the additional I/O pins and
interconnection routing. Depending on the design and application, it is imperative to
achieve a certain level of testability (user defined) given an estimate number of test points

(user defined). The objective is to place a test point(s) as to maximize testability.
6.4 FAULT BASED AUTOMATIC TEST GENERATION (LATTE)

The LATTE routine is the implementation of the multi-frequency ATPG algorithm
described in chapter 5. The algorithm is listed in figure 6.5. Let:

F = Faults in the fault list (F = {1}, /5, /3, ---})
Ty = Testability profile of the good circuit

T = Testability profile of the faulty circuit with fault f;
Dg = Detectability of fault f;
Dy, = User defined detectability threshold

fr = Linear frequency variable
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Figure 6.4: Flow chart for SEATTLE



Begin
Calculate T;
While F = &
Calculate Tg;
Calculate Dﬁ;
If (Dﬁ > Diprs)
E(®) < E(fr);
e(?) = INVERSE_TRANSFORM(E(€®));
va() = CONVOLVE(e(?), d));
Vev ﬁ(t) ;
End_i
FeF—f P
End
End
Figure 6.5: LATTE algorithm
® = Radian frequency variable (o = 27nfr)
S = Delta function
Vg = Test vector generated to detect fault f;
vV = Generated test set (V = {vp, v, vp3, ... 5]

The INVERSE_TRANSFORM function is implemented with the inverse fast Fou-
rier transform (IFFT) algorithm. To take advantage of the IFFT algorithm, the number of
points, P, required for the IFFT must be a power of 2. In REIGN, P is set to 512, however,

this is a user defined parameter.

When selecting P, several aspects must be considered. Since we are using discrete
methods to compute a continuous result, large P will provide more accurate results. The
main drawback is the computation time required. With a smaller P, the time required to
compute the results will be faster, however the results are also less accurate. In selecting P,

the user must decide on the trade-off between run time and result accuracy.

Any convolution operation which has the 8 function as one of its operands can be
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reduced to shifting operations [52]. Hence, the CONVOLVE function just performs shift-

ing operations.
6.5 EXPRESSO - TEST SET COMPACTION

EXPRESSO is the name of the routine which implements the optimal test set
design algorithm described in chapter 5, subsection 5.2.3. The algorithm is listed in figure
6.6. Let:

= Faults in the fault list (F = {f7, 5, f3, --- )

F
V = Generated test set (V' = {vﬂ, Ve, V3, e $3)
T = Final optimal test set

C

= Fault coverage for each test vectorin V' (C = {c;, ¢, c3, ...})

Without a reliable and readily available concurrent (or parallel) analog/mixed-sig-
nal fault simulator, the FAULT_SIMULATE routine was accomplished through serial fault
simulation using the HSPICE circuit simulator. Each test vector in the generated test set
(V) was fault simulated with each fault in the fault list (). The result is a fault coverage
parameter for each test vector. Recall that fault coverage is the ratio of number of detected

faults to the total number of faults in the fault list by the generated test vector. Once that

Begin
C = FAULT_SIMULATE(V,F);
Do
T « V[MAX(C)];
Ve« V-V[MAX(C)];
F« F—-F[MAX(C)];
C+— C—-MAX(C);
Repeattill F = Qor V = J;
End

Figure 6.6: EXPRESSO algorithm
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the fault coverage has been calculated for each test vector, select the test vector which has
the highest fault coverage, vg, and add it to 7, the optimal test set (T < V[MAX(C)]).
Remove v; from V (V< V—-V[MAX(C)]), the faults covered by vg; from F
(F <« F—F[MAX(C)]) and the fault coverage for Vg from C (C < C—-MAX(C)).

Repeat this selection process till either the fault list () or the generated test set (V) is
empty. The result is an optimal test set (7) which is a subset of V detecting the equal

amount of faults as ¥ but with less test vectors.
6.6 APPLICATIONS TO MIXED-SIGNAL CIRCUITS

The algorithms discussed in this dissertation have been implemented with various
C code, shell scripts and MATLAB code. The result is suite of software packages collec-
tively referred to as REIGN. Reign was applied to various circuits from the industry and
the suite of analog and mixed-signal benchmark circuits - first release [39] and the results

are discussed below.
6.6.1 ATPG for analog circuits and systems

Continuous time state variable filter

The continuous time state variable filter, one of the circuits from the suite of analog

and mixed-signal benchmark circuits [39], under consideration is shown in figure 6.7

Rs
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.
To
1.

L

BPO

Figure 6.7: State-variable filter
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where HPO is high pass output, BPO is band pass output, and LPO is low pass output. The
current benchmark circuit has the following values: Ry =R, =R3 =R4=R5=10K,C; =
C, = 20nF, Rg = 3K and Ry = 7K. Figure 6.8 shows the schematic of the op-amp used in

this circuit.

Table 4 shows a sample list of faults and the associating detectabilities. Figure 6.9
is a plot of fault detectabilities as a function of percent variation. V,;, is the threshold volt-

age for N-type MOSFETs and since it causes deviations in a large area mainly affecting a
large number of N-type MOSFETs, we see that its detectabilities are the highest. The

aspect ratio of transistors M, in all the op-amps was also varied up +/- 50%.

Table 4: Sample list of faults for the state variable filter

fi Faults Dg

fi In O1, gates of M7 and M9 are shorted 0.0052
2 In O1, gate and source of M9 are shorted 0.2776
3 In O1, M17 drain open 0.9204
J4 In O1, M4 gate open 0.0894
S5 In 02, gates of M7 and M9 are shorted 0.8145

VDD
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Mq] bk q[
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Figure 6.8: Schematic of op-amp
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Table 4: Sample list of faults for the state variable filter

f Faults Dg
f5 In O2, gate and source of M9 are shorted 0.3304
/7 In O2, M17 drain open 0.9878
fs In O2, M4 gate open 0.0893
fo In O3, gates of M7 and M9 are shorted 0.8108
f10 | In O3, gate and source of M9 are shorted 0.3304
f11 In O3, M17 drain open 0.9804
f12 In O3, M4 gate open 0.0893
f13 | Vin +30% 0.7754
f14 | V- 30% 0.6685
f1s | R3-50% 0.6000
f1s | R3+50% 0.5000
f17 | C1-50% 0.0461
f1s | Cl +50% 0.0165
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Figures 6.10 and 6.11 shows the test patterns generated and the signatures of the
HPO, BPO and LPO outputs of the state variable filter for faults f; and f7. Fault f; has the

lowest detectability and we see that is reflected in its signatures. The signatures at the BPO
and LPO of the good and faulty circuits are very similar in that they both have similar pro-
files and magnitudes. On other hand, the signatures for f; are significantly different at all

three outputs. Although the HPO and BPO have similar profiles, the magnitudes between
the good and the faulty circuits are significantly different.

For the 18 faults listed in table 4, the LATTE ATPG algorithm would generate 18
test vectors, one for each fault. By applying the test compaction algorithm described on
the test set only eight vectors are required to test for all 18 faults listed in table 4. The gen-

erated test set V' = {Vﬂ, sz, Vf3, Vg, V_/5' Vi Vi "18» Vo, Vo Vi Ve125 V13 Vﬂ4, Vﬂ 5 Vi
Vi17. Vgt when applied to the test compaction algorithm reduced to T = {vpy, ve, V5. Vs

V7 Vs Vs Va7t or a 55.56% reduction.

Figure 6.11 show the test patterns generated and the signatures of the HPO, BPO
and LPO outputs of the state variable filter for faults f3, f7, and f;;. The same test vector

was used to test for all three faults although only fault f7 is shown. Although the HPO and

Test pattern for t 1 Signatures 2 HPO

.good

l\ﬁﬁlltyf /go0qg
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Figure 6.10: Test pattern and signatures for f;
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Figure 6.11: Test pattern and signatures for f7

BPO have similar profiles, the magnitudes between the good and the faulty circuits are
significantly different.

Leapfrog filter

The leapfrog filter, a benchmark [39] circuit, under consideration is shown in fig-

ure 6.12. All resistors are 10K, C; = C4 = 0.01pF, and C, = C; = 0.02uF. The schematic

for the op-amp is shown in figure 6.8. Primary input 1s node 1 and primary output is node
13.

Table 5 shows a sample list of faults and the associated detectabilities. Figure 6.13

RI2

Figure 6.12: Leapfrog filter
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is a plot of fault detectabilities as a function of percent variation. We see that variations in

Vi produce the largest detectability. This can be explained, as before in the state variable

filter case, by that V;, causes deviations in a large area mainly affecting a large number of

N-type MOSFETs. The aspect ratio of MOSFET M, g in all the op-amps is varied up to +/

- 50%. Similar to the state variable filter case, variations in one of the capacitors produced

the lowest detectability.

Table 5: Sample list of faults for the leapfrog filter

fi Faults Dg

f1 In Ol,gates of M7 and M9 are shorted 0.1307
b In O1, gate and source of M9 are shorted 0.0031
f; In Ol, M17 drain open 0.2742
f1 In Ol, M4 gate open 0.0214
S5 In 02, gates of M7 and M9 are shorted 0.2741
fs In O2, neg terminal & node 6 short 0.0159
f7 In O2, M 17 drain open 0.2590




Table 5: Sample list of faults for the leapfrog filter

S Faults Dg

fs In O2, M4 gate open 0.0215
Jfo In O3, gates of M7 and M9 are shorted 0.3001
f10 | In O3, gate and source of M9 are shorted 0.0314
fi1 In O3, M17 drain open 0.2672
f12 In O3, M4 gate open 0.0218
f13 In O4, gates of M7 and M9 are shorted 0.3018
f14 In O4, gate and source of M9 are shorted 0.1542
f1s In O4, M17 drain open 0.2709
f16 In 04, M4 gate open 0.0219
f17 | In OS5, gates of M7 and M9 are shorted 0.3675
f18 | In OS5, gate and source of M9 are shorted 0.0862
f19 In OS5, M17 drain open 02741
20 In OS5, M4 gate open 0.0222
o In 06, gates of M7 and M9 are shorted 0.3657
a2 In O6, gate and source of M9 are shorted 0.1978
o3 In O6, M17 drain open 0.3563
Srua In 06, M4 gate open 0.0231
fos | V- 30% 0.4197
f26 | Vin ¥30% 0.4788
fo7 | R7-50% 0.1500
frs | R7T+50% 0.0300
fr9 | C2-50% 0.0270
fio | C2+50% 0.0093

72



73

Figure 6.14 shows the test pattern generated for faults f> and f;¢ and the signatures
at the primary output node 13. Faults /5 and f;¢ produced similar error response E(F) pro-
files however, their magnitudes differ. This implies that f5 and f;¢ produced an error
response with similar frequency components but different magnitudes (the detectabilities
are different). Therefore, the same test pattern is generated to detect both faults. From
table 8 we see that fault f7¢ has the lowest detectability and fault /, has the highest detect-
ability therefore indicating that fault f; is more detectable then fault f;¢. This is reflected in

their respective signatures. The signature difference between the good circuit and the cir-

cuit with fault f; is larger than the signature difference between the good circuit and the

circuit with fault f;¢.

For the 30 faults listed in table 5, LATTE would generate 30 test vectors, one for
each fault. However, the efficient test set produced by the test set compaction algorithm
requires only 7 test vectors or an 76.67% reduction. This is expected if we study the target
fault list (table 5) more closely. Each of the 30 faults may be separated into four catego-
ries: (i) op-amp input terminals shorted together, (ii) gate and source terminals of transis-
tor M9 are shorted inside the op-amp, (iii) output stage disconnected (transistor M17’s

drain terminal open), (iv) bias voltage disconnected (transistor M4’s gate is open), (v) 30%
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Figure 6.14: Test pattern and signatures for /5 and f;¢
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variations in the value for ¥,,, (vi) 50% variation in the resistance value of R7, and (vii)

50% variation in the capacitance value of C2. Instead of 30 vectors, only 7 vectors (one for

each category) are required to test for these 7 types of faults.

If we study the target fault list for the state variable filter (table 4), we see a similar
pattern. The only difference is that the state variable filter requires 8 vectors instead four
even though the same types of faults are studied. This can be explained by the circuit
topology. Figure 6.7 shows the state variable filter which bas the op-amp O1’s positive ter-

minal not connected to ground like op-amps O2 and O3. Therefore, the effects of f; are not
similar to the effects of faults f5 and fy, which implies that a separate test vector is required

to test for f;. This was exactly what had happened as the efficient test set T has 8 vectors.

6.6.2 Automated DFT for analog circuits and systems
Avionics power supply

The Boeing Company provided an AC-to-DC converter power supply to be used in
this research. A diagram of the power supply is shown in figure 6.15. Since the power sup-
ply was provided by the Boeing Company, a detailed schematic is not available to the pub-
lic due to proprietary reasons. However, the circuit under test shown in figure 6.15
includes resistors, inductors, capacitors, transformers, opto-couplers, buffers, flip-flops, a

pulse width modulator (PWM), power FETs, diodes and op-amps, etc.

Since test points add area overhead and performance degradation, it is important to
minimize the number of test points added to the circuit. Using REIGN, four test points
were added to the circuit to increase its testability. Table 6 shows the improvement in con-

trollability, observability and testability as a result of the added test points.
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Figure 6.15: Power Supply
TABLE 6. Testability improvement
0 test points 4 test points | improvement
controllability 0.3319 0.4571 36%
observability 0.4830 0.5888 20%
testability 0.3370 0.4995 48%
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To validate our approach, the original power supply designer was asked to select a
set of test points (4) without any knowledge of our selection nor our approach. The
designer selected test points intuitively based on his knowledge of the design and testing.
Three out of the four points selected by our technique were included in the set of points
selected by the designer. This showed that our automated technique can produce results
which are comparable with the results produced by an experienced designer with intimate

knowledge of the circuit.

4-bit successive-approximation ADC

A 4-bit successive-approximation ADC is analyzed as another example. Its basic
components are gates, D-flip-flops, CMOS switches, resistors, a comparator and an op-

amp. Figure 6.16 is the diagram of this ADC. The Digital Encoder is mainly composed by
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Figure 6.16: 4-bit successive approximation ADC

two groups of D-flip-flops. The DAC structure is a reduced-resistance-ratio ladder with an
op-amp. 4;, is the input analog voltage, B0 to B3 are the outputs from MSB to LSB.

TABLE 7. Test Points and testability improvement

before after improvement
4 control points controllability 0.506 0.732 31%
4 observation observability 0.125 0.541 331%
4 test points testability 0.181 0.439 142%

Three groups of test points are selected corresponding to the improvement in con-
trollability, observability and testability. The results are shown in Table 7. B0 to B3 control
the DAC directly, an increase in their controllability will improve the overall controllabil-
ity. The four control points are connected with the data and clock inputs of the output D-
flip-flop group. They can increase the overall controllability by increasing the controllabil-
ity of B0 to B3. As outputs, B0 to B3 are totally observable. Because they are directly con-
nected with the resistor-ladder, the observability of resistor-ladder in DAC is relatively
high. Since the TTF of D-flip-flop is relatively low, the three observation points were
inserted between the two D-flip-flop groups to improve the observability of digital part. To
further improve the overall observability, the clock, a global control signal, is selected as

the fourth observation point.

As described in these two examples, testability can be increased effectively by the



77

test point insertion procedure presented. These test points can help circuit designers obtain

important information to test their circuits.
6.7 SYSTEM PERFORMANCE

This section analyzes the memory and run time requirements for REIGN. The larg-

est usage of memory in REIGN is the connectivity matrix and the solution vector. For N

nodes in a circuit, the memory requirement is O(Nz).

The LU decomposition technique is used as the matrix solver. It can be shown that
the run time of the LU decomposition technique is
7 =0 N_}+N2_£’ (6.1)
3 3
As N approaches infinity, equation (6.1) is reduced to just the M term, equivalently

Z = o) 6.2)

However, REIGN can be ran in three separate modes (testability analysis mode,
test point selection and test generation) and each mode has a different run time. For the
analysis mode, the run time is O(SZ) where S is the number of steps in the analysis and Z
is one LU decomposition as defined by equation (6.2). S depends on the range of values

under consideration for analysis and is user defined.

In the test point selection mode, the run time (R,,) is

R,, = O(MNZ—MZ+Z) 6.3)

Where M is the total number of test points to insert, NV is the total number of nodes in the
circuit and Z is equation (6.2). In the worst case, for each test point to insert, REIGN has to
do an exhaustive search of every node in the circuit to find the optimum node to insert and
this requires NZ LU decompositions. In the worst case where each test point is inserted

iteratively (one at a time), for M points to insert, the inner loop is repeated M times by the
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outer loop and the required run time is MNZ. However, once a node has been selected for
insertion, that node is no longer included in the search and therefore the savings in run
time is MZ. The final factor Z is due to the computation required to calculate the initial
baseline (the objective functions evaluated without any test points selected. Substituting
equation (6.2) into (6.3) and noting that as N approaches infinity, equation (6.3) reduces to

R, = o™ 6.4)

P

For automatic test generation, we can break down the run time into three separate

terms: the time required to calculate 7 (the good profile), the time required to calculate Tg
(profile in the presence of fault fi), and the time required to calculate Dy and generate vg.
The time required to calculate T, is the same time required for analysis and is therefore
O(SZ). The time required to calculate I},- is the same for Tg, but for nffaults in the fault list,
LATTE must calculate ny T s. That results in a run time of O(nSZ). Since calculating Dg
and generating v; does not directly depend on the size of the circuit, we can assign it have

a run time of K. The complete run time (Ryp) is then

R,

g = O(SZ + nfSZ+K) (6.5)

From equation (6.5), note that the run time for test generation is determined by
three factors: range of frequency for analysis, size of fault list and the time required to
compute the inverse transform and convolution operations. The range of frequency for

analysis determines S and that is defined by the user. The size of the fault list, ng is also
user defined. K is the third factor which is the sum of the time required to calculate Dg and

perform the inverse transform and convolution operations. The time required to calculate
Dg; is small compared to the time required for the inverse transform operation. Further, the
convolution operation is performed with the delta function which is also small compared
with the inverse transform operation. Therefore K is mainly determined by the inverse

transform operation.
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The inverse transform operation is implemented with the IFFT (Inverse Fast Fou-

rier Transform) algorithm. For a P point [FFT, the run time for the IFFT algorithm is [52]:
K = O(PeLOG,P) (6.6)

Where P is the number of points in the [FFT. In REIGN, P is set to 512, however, it is also

user define. Therefore, a user can select different P for various different applications.

Equation (6.5) clearly shows the accuracy versus speed trade-off as it shows that

the run time is a user defined triplet variable (S, ns P). Automatic test pattern generation

may be sped up using several different methods. First, S can be reduced by restricting the
range of frequencies of interest. However, by restricting the range of frequency of interest,
the test pattern generated may not contain all the necessary frequency components
required to detect the faults specified in the fault list. Second, the fault list may be reduced

(reduce np). However, with a smaller fault list, we run the danger of having a high escape

rate. That is faults will escape detection. Finally, K may be reduced through the reduction

of P. Again, this leads to less accurate test patterns.

6.8 SUMMARY

This chapter discussed the CAD implementation of the algorithms and methodolo-
gies presented in this dissertation. The result is a CAD software package called REIGN
which is suite of tools for automated DFT and ATPG applications for mixed-signal and
analog circuits. REIGN was applied to various benchmark circuits and circuits from the

industry and results are very promising.

In a DFT case study involving an AC-to-DC converter (power supply) designed by
the Boeing Company, REIGN produced results which are comparable if not identical to
those of an experience designer. In particular, REIGN selected four nodes as test points
and independently, the power supply designer was asked to do the same. Three our of the
four nodes selected by REIGN were identical to those selected by the designer. With the
four test points selected by REIGN, the testability of the power supply was improved by
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48%. In a separate case study focused on a 4-bit successive approximation analog-to-digi-
tal converter, with four test points inserted, the testability metric was shown to be

improved by 142% and observability was improved by over 330%.

These results are significant in light of the electronic industries high staff turn over
rate. In the Boeing power supply case study, we showed that REIGN produced results
which are comparable to those of an experience designer. This implies that experience is
not a necessity in terms of DFT applications. Given a design, an entry level engineer may
apply REIGN and produce results which are comparable to an experience designer.
Another advantage of REIGN is for large systems, REIGN provides a systematic approach
for DFT thus eliminating human errors. Even the most experience of designers might

make inadvertent errors, however REIGN does not.

Other then DFT, REIGN can also automatically generate test patterns to detect
parametric and catastrophic faults. We showed that the generated test set can be reduced
through fault simulation. Results showed that 76.67% reduction is achievable. Smaller test
sets implies shorter test times and length of test times has been identified as a major bottle-
neck in the field of mixed-signal and analog circuit testing. The presented algorithm shows

promise as a realistic possible solution to solving this major bottleneck.
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Chapter 7
Concluding Remarks

There are two primary factors motivating the development of advances in mixed-
signal integrated circuits. First, tremendous cost advantages can be obtained by combining
analog and digital functions in single-substrate manufacturing processes. Second, overall
performance is generally enhanced by increasing the levels of circuit density, and reducing
the frequency of off-chip data transfer. Unfortunately, mixed analog/digital circuit design-
ers and test engineers are faced with challenging issues that have been largely irrelevant
during the evolution of purely digital VLSI. Historically, design and test activities are
done by separate groups of engineers at different phases of the design flow. Recent devel-
opments in mixed-signal circuit designs especially with high speed digital and high preci-

sion analog subsystems on the chip have made this separation an economic disadvantage.

As reviewed in chapter 1, it is imperative that design and test activities be done
simultaneously. Test program development must be done with efficiency and the devel-
oped test must be of high quality to ensure a short time to market. With a short time to
market, the product has a much higher probability of being an economic success. Our dis-

cussion has summarized research efforts aimed at aiding in test program development and
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test pattern generation.

Test program development is made easier through the application of DFT and
automatic test pattern generation methodologies. Testability analysis based on a set of
novel testability models is the approach used to alleviate much of the difficulties previ-
ously encountered in these areas. Test points are optimally placed for DFT purposes. A
new multi-frequency algorithm was developed to generated test patterns automatically. In
addition, the algorithms and methodologies have been implemented in a stand alone test-

ability analysis system called REIGN.

The techniques employed in REIGN have been developed specifically to surpass
the capabilities of previously adopted testability strategies. At the same time, it would be
incorrect to assert that this approach offers a complete solution to mixed-signal circuit
testability. It seems reasonable at this point to present a forthright discussion on the limita-

tions of the adopted methodology.

Although having a highly controllable and observable circuit does not guarantee
that the circuit satisfies its specifications, it does help with test and diagnosis. Having
access to internal nodes of a complex circuit may help in identifying problems and its
causes much quicker. It also provides alternative ports for test vectors and allows for more

flexibility during test.

Another consideration concerns the test set compaction routine, ESPRESSO. The
optimal test set design algorithm described in chapter 6 requires that a fault simulation be
performed for every fault and test in the generated test set. As of this writing, there were
no widely available efficient analog fault simulator. We were forced, therefore, to use
serial fault simulation techniques utilizing a circuit simulator (HSPICE). That is, each
fault was modeled with an equivalent circuit model and serially simulated in HSPICE.
This was an excruciatingly slow process. For circuits with a large fault list, this method is

not very practical. If a concurrent fault simulator, such as CONCERT [26], [27], is avail-
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able, this process can be significantly sped up.

The current TTF formulation does not include signal phase. Neglecting signal
phase may have several interesting consequences. The edge weight on all the edges in the
testability graph will always be positive. Consider two signals, one which is the inverse of
the other. If the two copies are connected to a common node, the signals will both contrib-
ute positively to the testability measure, though in the real circuit, the signals will cancel
each other completely. However, the TTF of a component, as it is currently formulated, is
an indication of how well signals can propagate through a component. It is true that two
signals, one the inverse of the other, connected to a common node will contribute posi-
tively to the testability measure when in reality, the signals cancel each other. That is
because it is just as easy (or difficult) to propagate a signal with a certain phase as it is to
propagate the same signal but the exact opposite phase. The TTF characterizes the compo-
nent not the signal. Thus, neglecting phase may produce more optimistic results. As a
direction for future research, one has to consider the effects of signal phase when formu-

lating TTFs for components.

The current test point selection algorithm neglects the CUT’s performance degra-
dation due to the addition of test points into the CUT. The optimization is performed only
on the objective functions discussed in chapter 5. However, a constraint based on perfor-
mance degradation may be included in the optimization to further enhance the SEATTLE
algorithm. Such a constraint may guarantee that testability is maximized while minimiz-

ing the performance degradation of the CUT due to the addition of test points.

The severity of the fault simulation bottleneck could also be attenuated by incorpo-
rating a form of concurrent fault simulation technique. A future version of REIGN might
have a concurrent fault simulator as part of the system. The motivation here is to reduce
the amount of time spent on fault simulation required to generate an optimal test set. With
this addition, REIGN can provide an integrated test program development solution from

testability analysis to test generation and finally to fault simulation.
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One drawback of the test vectors generated by the algorithm presented is that the
vectors lack structure form. Hence, the vectors are rather difficult to generate and would
require a high performance arbitrary waveform generator which may potentially be very
expensive. Therefore, it would be more cost effective to generate test vectors with struc-

tural form.
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Appendix
TTF derivations MOSFETSs

In this appendix, we will derive the transconductance and channel conductance of
MOSFETs. The transconductance and channel conductance has different values depend-
ing on the region of operation for the MOSFET.

1. Cutoff: V< Vr

In the cutoff region, the MOSFET is basically off and there is only

the leakage current from drain to source. Therefore, g, is zero and

gps is proportional to the leakage current.
& =0 (A-D)

Eps < [leakage (A-2)

2. Linear: VDS< Vcs- VT

[n this region, the drain to source current is:
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ips = Ii';)(%/)[z("c;s— VT)VDS_‘%S] (A.3)

Applying the respective derivatives (equations 4.16 and 4.17), the follow-

ing results.
&y = KP(QVD s (A4)
gps = KP (%,)(VGS_ Y1=vDs) (A.5)

3. Saturation: VDS > VGS— VT
In the saturation region, the drain to source current is:

ing = K_;(%)(VGS_ VT)2 (A.6)

Applying the respective derivatives (equations 4.16 and 4.17), the follow-

ing results.

g, = KP(%/)(VGS— V) (A.7)

AKP
&ps = T(%)(VGS“ V1) (A-8)

Table 8 shows the list of parameters and their definitions.

Table 8: Parameters for MOSFET

Parameters Units Definitions

leakage A Leakage current when the MOSFET is off

A /v Channel modulation

KP A/V2 Transconductance




Table 8: Parameters for MOSFET

Parameters Units Definitions
W,L m Channel width and channel length
V1 \% Threshold voltage
vGs: VDS \% Gate to Source and Drain to Source voltage
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