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Summary

The increasing time-to-market (TTM) pressures have created the demand for rapid
design of single complex chips based on reusing the design and test data. On the other
hand, the availability of shrinking process technologies makes it possible to integrate a
number of digital and analogue functional blocks into a single chip, mixed-signal System-
on-a-Chip (SoC). Due to the complexity of a SoC and the limited test access (lack of
controllability and observability) for embedded analogue cores in the pin-limited SoC,
there are a lot of technical challenges in the testing of embedded analogue cores in SoC.

A hierarchical approach has been employed for testing of embedded analogue cores in
our research. In this approach, the test signals for each standalone analogue core in the SoC
are selected first. Next, some test translation schemes are employed to translate the core-
level test signals into system-level test signals. The research presented in this thesis deals
with the system-level testing of embedded analogue cores in SoC, i.e. how to translate the
core-level test patterns into system-level.

The main task of the test-translation procedure is to propagate (backward and forward)
those core-level test-input signals and test-output responses of each stand-alone core to the
primary SoC inputs and outputs. Meanwhile, the corresponding tolerance boxes, which are
the result of the allowed process-parameter variations during manufacturing, are also
propagated to the primary SoC outputs for setting the corresponding optimal test
thresholds. These thresholds are used to determine whether the chip under test is good or
faulty during final production testing.

Tolerance-box generation in SoC testing is a very CPU-time consuming procedure with
the traditional Monte-Carlo approach. By using the sensitivity analysis technique, this
thesis proposes a new fast core-based tolerance-box generation and propagation approach
for the testing of embedded analogue cores. In this approach, sensitivity analysis for each
stand-alone analogue core is carried out first. Then, by using the proposed propagation
algorithm, the tolerance box for the complete test path can be obtained. As the original
points in our approach, the concept of the sensitivity is extended to core sensitivity and a
new model for different categories of parameter deviations is proposed. The application of
this approach to an example circuit shows that the proposed approach is very effective for
the tolerance-box generation in the testing of embedded analogue cores.

Test signal backtracing is the procedure to determine a stimulus at the primary SoC
inputs that will produce the desired test signal at the inputs of the embedded cores under
test. A PID (Proportional Integral Derivative) feedback loop based backtrace method has
been proposed in our research. With this proposed method, the test input signal for the

vii



embedded core could be backtraced to the primary SoC inputs in the time and frequency
domain. Moreover, the computational effort for the backtrace procedure is low since it is
quite easy to implement the PID controller in the high-level language during simulation.
The presented theoretical analysis, simulation and measurement results show that the test-
signals of the embedded cores can successfully be backtraced to the primary SoC inputs.

Analogue fault simulation is a CPU-time consuming procedure. A new general structure
for mixed-level modelling with three stages is proposed in this thesis to speed up analogue
fault simulation. In this structure, the original transistor-level circuits are reused for the
input stage and output stage. The functional stage is an equation-based part to represent the
function of the original fault-free block. This structure has been applied to one block of an
actual industrial chip. The fault simulations have been carried out using this mixed-level
model. The results show that this kind of mixed-level modelling can effectively reduce the
fault-simulation time, while providing the same results for fault simulation.

During test translation, some core-level test patterns might not be able to translate to the
system-level due to the limited test access of the embedded cores. In order to solve this
problem, a mixed-signal P1500-compatible core-based testing architecture is proposed in
this thesis. The digital cores with the P1500 test wrapper can be directly used in this
architecture to get extra test access because of its good compatibility. The new analogue
input and output wrapper cells and analogue test buses have been designed and used to
provide test access for the analogue testing of embedded mixed-signal cores. As an
example, one analogue test path of a SoC including the new core-based architecture was
evaluated by means of simulation. The simulation results show that the performance
degradation and silicon area overhead of the extra DfT are acceptable for testing of
embedded analogue cores.

Summarising, with the methods proposed in this thesis, the core-level test patterns for
embedded analogue cores can be translated into the system-level test patterns. In other
words, the research presented in this thesis provides an effective solution to the system-
level testing of embedded analogue cores in SoC.
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Chapter 1

Introduction

This chapter starts with a short introduction into the area of IC
(integrated circuits) testing. It is followed by a brief overview of digital,
analogue and mixed-signal testing. Then, System-on-a-Chip (SoC)
testing is introduced. Next, the main challenges in testing of embedded
analogue cores in a SoC are discussed and later on our hierarchical
approach is introduced. In this approach, the test patterns for the
standalone cores are generated first, then these core-level test patterns
are translated into system-level test patterns by using the methods
proposed in this thesis. Finally, the outline of the thesis is given in the
last section of this chapter.



2 Chapter 1. Introduction

1.1 The role of IC testing

IC testing is a procedure to select a faulty chip or a good chip by applying the proper
test stimuli generated by a test program to the chip under test, measuring the test responses
and comparing these test responses with pre-defined thresholds. A faulty chip is here
defined as the chip that has manufacturing defects and/or whose operations are out of the
original design specifications.

The main reason for the necessity of production testing is the existence of unpredictable
and uncontrollable phenomena in different steps of the manufacturing process. As the
results of these imperfections in the manufacturing process, several types of defects can
exist in manufactured ICs. The most common causes of defects in manufacturing are human
errors, equipment failures, process instabilities, material instabilities, substrate in-
homogeneity and lithographical spot defects [Sac98]. Those defects can cause various types
of malfunctioning, depending on the IC topology and the nature of the defect.

On the other hand, nowadays consumers today demand high performance and quality in
any of the electronic components that they buy [Rob97]. Low prices and years of problem-
free operation with minimal maintenance are now the norm. In order for manufacturers to
deliver such products, extensive testing procedures must be followed. This is to ensure that
only good products are delivered to the consumers and that bad parts are rejected. A
commonly mentioned rule of thumb of test is the rule of ten which suggests that the cost of
detecting a bad component in a manufactured part increases tenfold at each level of
assembly. Early discovering its presence of a defect chip is therefore most desirable. As a
result, IC testing is very important for chip manufacturers.

In the semiconductor industry, the cost to fabricate a transistor has fallen dramatically,
from one-tenth of a dollar cent in 1983 to less than one-thousandth of a cent today [Gar01].
At the same time, the cost of testing each transistor has remained relatively stable. As a
result, it is expected that testing a transistor in the near future (around 2012) will cost the
same amount of money as manufacturing it [Int01].

1.2 Digital testing and analogue testing

1.2.1 Digital testing

For conventional digital testing, the structural fault-model based testing approach and
the standard stuck-at fault model have been widely used for a substantial period of time.
The distinction between good and faulty is relatively clear for digital circuitry. As a result of
that, CAD tools for automatic test-generation and test-circuitry insertion are already
available for conventional digital testing since more than two decades. Since digital testing
is not within the scope of this thesis, the details with regard to the digital testing are not
discussed here. More information on the issue of digital testing, for instance delay fault
testing and IDDQ testing, can be found in other literature e.g. the proceedings of
International Test Conference.
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1.2.2 Analogue testing

An obvious difference between digital testing and analogue testing is that the test stimuli
and/or the test responses are analogue signals in the latter [Mil98]. This difference makes
analogue testing much more difficult than digital testing. As commonly known, the number
of values in an analogue signal is infinite, though the range is limited. This means that the
search space for potential test stimuli is infinite during the analogue test-pattern generation
process.

To complicate matters even more, the specification of an analogue circuit allows some
variations in the circuit characteristics because of the possible process-parameter variations
during manufacturing. For instance, the nominal value for the gain of an amplifier is 10dB.
But 9.99 dB is also acceptable. Therefore, these output ranges called tolerance-boxes
should be determined during the test-development stage [Tia97]. During the final
production testing, it has to be determined if the output is within a certain range, not if it has
a specific value. This also increases the complexity of analogue testing.

In general, each analogue circuit has its own unique specification during design. It is
therefore reasonable that a good chip can be selected during the final chip testing by
checking whether the chip conforms to the original design specification. This test
methodology is called specification-based testing. Specification-based tests offer the
advantage of ensuring that a circuit that passes the test process will meet the requirements of
the user. The test generation, however, is manual and derived from the specifications. Its
disadvantage is that the implementation of the test program can be very expensive for
certain circuits. For instance high-frequency measurements are required for RF circuit
testing.

The alternative test development methodology is called structural fault-model based test.
In this approach, the manufacturing defects are modelled by certain fault models (e.g.
bridging fault model), which can be inserted into the circuit schematic to emulate potential
faulty circuits. For those faulty circuits, circuit simulations are carried out with test signals
as inputs and the outputs are compared to the output of the fault-free circuit. If the
difference between a faulty circuit output and a fault-free circuit output exceeds a pre-
defined threshold, then the fault can be detected by applying the corresponding test pattern.
In this way, the test patterns for final production testing can be determined. The procedure
of simulating the fault-free circuit and all the faulty circuits with all the potential test-input
signals is called analogue fault simulation. The main advantages of the structural fault
model-based test are that low-cost test patterns can potentially be generated, the
performance of the test patterns can be evaluated with their fault coverage and it makes
automatic test-pattern generation feasible.

One crucial issue in analogue structural testing is that the analogue fault simulation
always requires extremely long simulation times. This is because the number of possible
faults in the fault list is large and analogue circuit simulation at the transistor level is very
time-consuming. A possible solution to reduce the fault-simulation time is to use high-level
models for the faulty-free blocks in the fault simulation. This means that the fault-free
blocks are simulated using high-level models in order to reduce the simulation time.
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Meanwhile, the faulty block is simulated at transistor level for simple and accurate injection
of the fault into the fault-free netlist [Kaa98]. Crucial for this method is the generation of
suitable high-level models of the fault-free analogue functional blocks or cores.

Another important item for structural fault model-based testing is the generation of the
tolerance box. During analogue fault simulation, the fault-free circuit and faulty circuit have
different tolerance boxes. The tolerance boxes for the fault-free circuit and each faulty
circuit have to be generated. Hence, the total number of tolerance-boxes is (n+1) if the
number of faults in the fault list is #. Since normally the fault list is quite large in analogue
fault simulation, it is very important to generate the tolerance boxes fast and efficiently
[Fan02a].

1.2.3 Mixed-signal testing

Besides the pure digital blocks and analogue blocks, it is quite often that there are
mixed-signals blocks (e.g. ADC, DAC, PLL) in the mixed-signal ICs. During mixed-signal
testing, some test stimuli and test responses are in the digital domain and others are in the
analogue domain. More details with regard to ADC, DAC and PLL testing can be found in
[BusO1].

For mixed-signal testing, DSP-based testing is a very important approach [Rob96,
Mah87]. The basic structure of a mixed-signal DSP-based test system is shown in Figure
1.1.

—» Waveform analogue amaloguc Waveform
Generator _\ Digitiser |«
Circuit
Under Test
(CUT)
> Send J Receive
|~ Memory digital digital Memory ||
Synchronization
numbers .. . \l/ numbers
Digital Signal Processor

Figure 1.1: Fundamental structure of a DSP-based test system [Mah87].

In this structure, the Synchronization block provides the clock and phase
synchronization for the whole system, analogue a well as digital parts, and the Digital
Signal Processor block is the computing engine of the whole system. The basic idea behind
DSP-based testing is that an analogue signal, for instance a sinus, is numerically computed
by the digital computing engine and then applied to the Waveform Generator for conversion
into the analogue domain. The resulting analogue signal is then applied to the Circuit Under
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Test (CUT) from which its response is digitised by the Waveform Digitiser and passed on to
the Digital Signal Processor for further processing. Depending on the measurement that is
required, the appropriate software has to be loaded.

The procedure just described assumes that the CUT is an all-analogue chip. For the chip
that produces digital output responses (e.g., ADC), the output digital signals are collected
by a temporary RAM called the Receive Memory and then sent to the Digital Signal
Processor. Similarly, if the CUT input is digital instead of analogue (e.g. DAC), the
stimulus vectors would not be sent to the Waveform Generator, but to the Send Memory and
replayed to the CUT input under the timing control of the Synchronization block (Figure
1.1).

In general, the DSP-based testing method offers a level of flexibility and repeatability
that would be impossible with conventional analogue measurements. The analysis of
captured data in the digital domain has also changed the measurement equipment
capabilities substantially by the introduction of the concept of virtual instruments.

1.3 System-on-a-Chip (SoC) testing

The increasing time-to-market (TTM) pressures have created the demand for rapid
design of single complex chips based on reusing the design and test data. On the other hand,
the availability of shrinking process technologies makes it possible to integrate a number of
digital and analogue functional blocks into a single chip, mixed-signal System-on-a-Chip
(SoC) [Dol02, Nag99, Oze00]. These functional blocks can be standard interface blocks
(e.g. analog/digital converters, phase-locked loop), reusable IP (Intellectual Property) cores
(e.g. memory or microprocessors), and custom-designed “user blocks”. The SoC design
concept makes the design process much more efficient than the conventional design
methods and decreases the TTM because the system designer can order the cores from the
core-providers, for instance on the internet [Dol02], on the Internet and reuse them in their
SoC directly.

Digital core-based testing, which is being described by the proposed IEEE standard
P1500 [P1500], is an effective test method for embedded digital cores in a SoC. In this
approach, the test patterns for the stand-alone cores are generated by the core provider first.
Afterwards, so-called test-wrapper cells as described in IEEE P1500 are used to provide test
access for the embedded cores to apply the pre-generated test patterns [P1500].

Although the analogue circuitry part of mixed-signal SoCs comprises no more than 10-
20% of the total circuitry of a chip, it takes up 70% of the test-development time [Nag99].
Besides test development, also in production, the analogue parts of a mixed-signal SoC can
take a significant amount of time to test. In [Sma97] it was reported that analogue testing
accounts for 50% of the production testing time. Besides the complexity of the SoC, another
key factor that contributes to the SoC mixed-signal test complexity is the limited test access
(lack of controllability and observability) for embedded analogue/mixed-signal cores in pin-
limited SoCs. This hampers direct test-signal application and test-response evaluation.
Therefore, how to develop effectively the efficient test patterns for testing the embedded
analogue cores is a key issue in mixed-signal SoC testing.
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Due to the complexity of testing the embedded analogue cores, a hierarchical approach
is employed based on the previous concept of core-based testing. In the hierarchical
approach, the test signals for each standalone analogue core in the SoC are selected first.
Next, some test translation schemes are employed to translate the core-level test signals into
system-level test signals.

The main previous work on system-level testing of embedded analogue/mixed-signals
cores in SoC is presented in [Oze00, OzeOl]. In this approach, by using the high-level
models of the preceding cores and succeeding cores, the test signals at the inputs of the
embedded core under test (ECUT) can be propagated to the primary SoC inputs and the test
responses at the outputs of the ECUT can be propagated forwards to the primary SoC
outputs. Therefore, high-level models of the embedded cores should be available if one
wants to apply this test-translation scheme. In addition, the accuracy of the test
signal/response propagation depends on the accuracy of the high-level models. Moreover,
the tolerance-box propagation issue is not considered in the results of [Oze00] and [Oze01].
In our approach proposed in this thesis, however, high-level models of other cores are not
required for the test translation and the tolerance-boxes are also propagated to the primary
SoC outputs for setting the corresponding test thresholds.

1.4 Our approach for testing analogue embedded cores in SoC

In our approach, the core-based testing concept is used for testing embedded analogue
cores in SoC. The flow diagram of our proposed approach is shown in Figure 1.2. In this
approach, the test signals for stand-alone cores are suggested by the test engineer or
obtained from the core-provider first. Then, the core-level test patterns are translated into
system-level ones because the test stimuli can only be applied at the primary SoC inputs and
the test responses can only be observed at the primary SoC outputs during final production
testing.

For the analogue cores whose test patterns are not supplied by the core-provider, e.g.
locally designed cores, the test patterns have to be generated by the test engineer at the core-
user side. In our approach, the controllable input range and observable output range of the
embedded analogue cores is derived first, based on the topology of the SoC and the
operation ranges of the preceding and succeeding cores. Then, our test-pattern generation
method based on analogue testability analysis, DOT and the bridging-fault model [Sta03] is
employed to select the core-level test multi-frequency AC signals. During the core-level
test-pattern generation, the controllable input range and observable output range can narrow
the search space for potential test patterns. Consequently, the fault-simulation time can be
reduced. How to obtain the controllable input range and the observable output range of the
analogue embedded cores is discussed in section 1.5.
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Generate the controllable
input range and observable
output range of the
embedded core under test
(section 1.5 of Chapter 1)

v

Based on DOT method and bridging fault model,
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Construct mixed-
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YES
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e Backtrace the test signals from the inputs
of ECUT to the primary SoC inputs
(Chapter 3).

o Propagate the test responses from the
outputs of the ECUT forward to the
primary SoC outputs by employing the
nominal circuit simulation.

e Propagate the corresponding tolerance-
boxes from the outputs of ECUT to the

\\primary SoC outputs (Chapter 2).

System-level test
patterns

Figure 1.2: The flow diagram of the proposed approach.
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The main task of the test-translation procedure is to propagate (backwards and forwards)
those core-level test-input signals and test-output responses of each stand-alone core to the
primary SoC inputs and outputs as shown in Figure 1.3. Meanwhile, the corresponding
tolerance boxes, which are the result of the allowed process-parameter variations during
manufacturing, are also propagated to the primary SoC outputs for setting the corresponding
test thresholds. These thresholds are set based on the tolerance-boxes of the faulty circuits
and fault-free circuit. They are used to determine whether the chip under test is good or
faulty during final production testing.

preceding succeeding
cores cores

. S —ylembedded | | === P primary
primary : core i SoC
SoC | ™ o ...i| under
inputs . test E — : outputs

SoC /

To find the correct test To propagate forward the test
input signals on primary responses and tolerance boxes
SoC inputs (backtracing) to the primary SoC outputs

Figure 1.3: Illustration of translating the core-level test patterns to system-level ones.

More details about the test-signal backwards propagation (i.e. backtrace) is given in
section 1.6. The test-response forward propagation can be carried out by employing normal
circuit simulation. With regard to the tolerance-box generation and propagation, the
traditional approach to obtain the tolerance-box is to perform Monte Carlo simulations at
transistor level for the complete circuit. However, this becomes very CPU-time consuming
for a SoC due to the complexity of a SoC. In our approach, a sensitivity-analysis based
approach is proposed to reduce the CPU time used for the generation and propagation of the
tolerance boxes [Fan02a].

During the test translation, it is also possible that some core-level test patterns cannot be
realized for the embedded situation due to the limited test access. In order to test those
embedded cores, extra controllable paths should be added to the SoC to allow access to
inputs and outputs of each embedded core from the primary SoC pins. In our approach
[Fan00], a new mixed-signal P1500-compatible core-based testing architecture is proposed
to provide extra test access for the testing of low testability embedded cores.



Chapter 1. Introduction 9

1.5 Controllable input range and observable output range

The controllable input range and observable output range of embedded analogue cores
can be illustrated as following. Assume that there are three embedded analogue cores
connected as depicted in Figure 1.4. The controllable input range for Core B is imposed by
the operating range and behaviour of Core 4. The controllable input range for Core C is
determined by Core A and Core B. On the other hand, the whole output range is assumed to
be observable for Core C. However, the observable output range of Core B is not the whole
output range any more. It can be constrained by the operating range and behaviour of Core
C. Similarly, the observable output range of Core 4 can be constrained by the operating
range and behaviour of Core B and Core C.

Core Core Core
— ™Al "B "c|*

Figure 1.4: Illustration of a test path with three embedded cores.

The controllable input range and the observable output range of embedded cores can be
obtained by combining the operational range of the preceding and succeeding cores. The
following discussion shows how to obtain the controllable input range and the observable
output range. Without the loss of any generality, the operational frequency ranges of three
embedded cores shown in Figure 1.4 are assumed to be [0,5MHz], [1kHz,100kHz] and
[0,1MHz] respectively (see Table 1.1).

Table 1.1: The operational frequency range (-3dB point) of three cores.

Core AC operational range
Core A Frequency: [0, 5SMHz ]
Core B Frequency: [1kHz , 100kHz]
Core C Frequency: [0, IMHZz]

With the data listed in Table 1.1, the controllable input frequency range and the
observable output frequency range can be calculated as shown in Figure 1.5 by combining
the corresponding operation frequency ranges of the preceding cores and the succeeding
cores. Note that both the controllable input frequency range of Core 4 and the observable
output frequency range of Core C are assumed to be [0, infinite). During the calculation,
the controllable input frequency range of Core B can be obtained to be [0, SMHz] by
combining the range [0, infinite) and [0, SMHz]. The controllable input frequency range of
Core C can be calculated to be [1kHz, 100kHz] by combining [0, infinite), [0, SMHz] and
[1kHz, 100kHz]. Similarly, the observable output frequency range of Core 4 and Core B
can be obtained to be [1kHz, 100kHz] and [0, 1 MHZz] respectively.
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Controllable input  Controllable input Controllable input
frequency range: frequency range: frequency range:
[0, infinite) [0, SMHZ] [1kHz, 100kHz]
Core A Core B Core C
Operational Operational Operational
range range range
[0, 5MHZ] [1k, 100kHZz] [0, 1IMHZ]

Observable output Observable output  Observable output
frequency range: frequency range: frequency range:
[1kHz, 100kHz] [0, IMHz] [0, infinite)

Figure 1.5: Illustration of the generation of the resulting controllable input ranges
and the observable output ranges of the cores.

The operational frequency ranges of the embedded cores are assumed to be available
during the above calculation. Actually, these operation ranges are available together with
other specifications if the core is supplied by the core-provider. For instance, the analogue
core HIAOP16 (High-Fi performance Audio-amplifier for driving speakers/headphones) is
provided by the company Dolphin Integration [Dol02] with the following specifications
available to the core user. The operational frequency range of this core is clearly specified
to be from 100Hz to 24kHz in this table.

Table 1.2: The specification of an analogue core (partly)

Item Specification
Output load 16 Ohm series to analog ground (VMC)
Output signal single-ended
Internal gain fixed by resistive feedback network
Output voltage range 0.71 Vrms
SNR 90 dB
Frequency band (-3dB point) (100Hz, 24kHz)
THD 70 dB with input frequency = 1 kHz
Power consumption 2 400 pW with no load
Technological process 0.35 um TSMC / UMC
Single power supply 27Vt03.6V
Temperature range -40 °C to 85 °C

The controllable input range and observable output range of the analogue embedded
cores are quite important for selecting the test signals for the standalone embedded cores.
Due to the fact that the operation ranges of the embedded cores are provided as one part of
the core specifications, the controllable input range and the observable output range can be
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obtained by combining the operation ranges of the preceding and succeeding cores in the
SoC as having been illustrated in the above-mentioned example.

1.6 Test-signal backtrace

The test-signal backtrace procedure illustrated in Figure 1.6 can be defined as follows:
given the DC, AC or transient signal desired at the input of the embedded core under test
(ECUT), one requires to find the signal values or waveforms at the primary SoC inputs that
result in the desired test signals at the inputs of ECUT.

Propagation direction

Resulting test Resulting test Required test

signal at SoC signal at Core B signal at ECUT
input after input after input
backtrace backtrace

o/ » CoreA Core B » ECUT Other
cores

SoC

inputs

Figure 1.6: The illustration of the test-signal backtrace procedure.

In digital ATPG (automatic test-pattern generation), such a procedure finds an
assignment of primary chip input values that cause a desired logic value to appear on a
specified line in the circuit. While digital backtrace procedures are relatively easy to
implement with the help of Boolean mathematics, there is no generic approach for
backtracing analogue signals in mixed-signal SoC testing [V0099]. The main reason is that
the analogue test signal is continuous and the respective input-output relationships of the
components used in analogue circuits are often expressed by nonlinear equations. In our
approach [Fan02b], a new PID (Proportional Integral Derivative) [Ast95] feedback-loop
based test-signal backtrace method is proposed.

1.7 Outline of the thesis

This thesis is focussed on the system-level testing of analogue embedded cores in a
mixed-signal SoC environment. The body of the thesis is organized as follows:

In Chapter 2, a fast tolerance-box generation method is proposed for the testing of
analogue embedded cores. In this approach, the sensitivity analysis for each stand-alone
analogue core is carried out first. Subsequently, the tolerance box for the entire analogue
test path can be obtained by using our proposed propagation algorithm. The key features of
this approach are: the introduction of the concept of core sensitivity and the development of
a new model for different categories of parameter deviations to solve the problem that
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parameter deviations for different cores can be possibly correlated. The theoretical analysis
of this approach and the application to an example circuit are also presented and further
mathematical details can be found in Appendix A.

A promising solution to the test-signal backtracing problem is presented in Chapter 3. It
is referred to as the PID feedback-loop based test-signal backtrace approach. Motivated by
concepts in control theory, a feedback loop with PID controller is constructed for test-signal
backtracing in this approach. With this method, the test-input signals of an embedded
analogue core under test can be easily propagated backwards to the primary SoC inputs.
The computational effort of the proposed approach is also quite low. Its application to an
example circuit and the simulation results as well as measurement results are also presented.
The theoretical analysis of this approach is provided in Appendix B.

The technique of reducing the massive analogue fault-simulation time by using high-
level modeling of fault-free cores is discussed in Chapter 4. The crucial issue for using this
technique is the generation of the high-level models suitable for fault simulation. A new
mixed-level model structure with three stages is proposed [FanOl]. In this structure, the
original transistor-level circuits are reused for the input stage and output stage. The
functional stage is an equation-based part to represent the function of the original fault-free
block. This structure can guarantee the proper operation of the complete model if preceded
or succeeded by a faulty block/core. This approach has been applied to an actual industrial
chip and the fault simulations with the mixed-level model have been carried out.

Chapter 5 proposes a new mixed-signal P1500-compatible core-based testing
architecture to provide extra test access for embedded cores that have low testability. In this
architecture, the ideas developed in IEEE P1500 [P1500] are extended for embedded
analog/mixed-signal cores. By using a wrapper-cell structure and analogue test buses, the
digital/analogue test stimuli can be transported from the external SoC inputs to the inputs of
the ECUT, and subsequently the digital/analogue test responses can be propagated from the
ECUT to the external SoC outputs. In this architecture, the digital input and output wrapper
cells can be identical to the ones suggested within P1500. New analogue input/output
wrapper cells and an enhanced TAP (Test Access Port) controller have been developed. The
proposed new core-based testing architecture has been applied to a locally designed SoC
and the simulation results together with the overhead calculation are presented in this
chapter.

Chapter 6 summarizes the research results and highlights our original contributions.
Recommendations for further research work in the field of testing of embedded analogue
cores in mixed-signal SoC are also given in this chapter.
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Chapter 2

Tolerance-box generation
and propagation

In this chapter, a sensitivity-analysis based approach is proposed to
reduce the CPU time used for the tolerance-box generation and
propagation in mixed-signal System-on-Chip (SoC) testing.  The
sensitivity analysis for each stand-alone analogue core is carried out
first in this approach. Next the tolerance box for the entire analogue
test path can be obtained by using the proposed propagation algorithm.
Compared to the normal sensitivity analysis, the concept of core
sensitivity is introduced for the proposed propagation algorithm.
Moreover, in order to solve the problem that the parameter deviations
for different cores can be possibly correlated, a new model for different
categories of parameter deviations is also proposed. The presented
simulation results show that this new approach is much faster (about
140 times) than the CPU-time consuming Monte Carlo simulation
approach while the loss of accuracy is smaller than 1.36%.
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2.1 Introduction

As discussed in Chapter 1, the tolerance box is a fundamental issue for analogue testing
because the specification of an analogue circuit allows for some variations in the circuit
characteristics. These variations are a result of the allowed deviations of the process
parameters. During analogue fault simulation, as a result, the responses for both good and
faulty circuits will lie in bands. They are called good-response tolerance box and faulty-
response tolerance box respectively [Tia97, Kaa98]. These tolerance-boxes are quite
important for selecting the test signals and setting the optimal test thresholds. During test
pattern generation, the test signal is selected if the overlap of the corresponding good-
response and faulty-response tolerance-boxes is minimal. Meanwhile, the optimal test
thresholds, which determine whether the chip under test is good or faulty during production
testing, are set to minimize the detect error based on the tolerance-boxes.

Generally, the fault-free circuit and faulty circuit have different tolerance boxes.
Therefore, for the fault-free circuit and each faulty circuit, the corresponding tolerance box
should be generated. The total number of tolerance-boxes is therefore (n+7) if the number
of faults in the fault list is #. Since normally the fault list is quite large in analogue fault
simulation, it is very important to generate the tolerance box fast and efficiently.

The traditional and most widely used approach in the past to obtain the tolerance box is
to perform Monte Carlo simulations at transistor level for the complete circuit. With this
technique, the simulation is repeated for random combinations of values chosen from within
the range of each parameter. Unfortunately, if the number of iterations for the simulation is
not very large, the Monte Carlo simulation always underestimates the tolerance box [Shi99].
Therefore, this can be the source to produce non-robust test sets resulting that a fault
undetectable at a given test point may be claimed to be detectable. Accurately determining
the bounds on the circuit performance requires a large number of simulations. Therefore,
this method becomes very CPU-time consuming if the chip becomes large.

In recent years, some methods have been proposed to speed up the tolerance-box
generation in analogue fault simulation. The interval-analysis method has been used to
calculate tolerance boxes for linear analogue circuits in [Tia96, Tia97, Tia00, Shi99]. In
order to improve the efficiency and accuracy of interval-arithmetic based tolerance analysis,
a genetic algorithm has been used for optimisation in [Fem99]. In [Ham93], sensitivity
analysis is used to calculate the tolerance for analogue circuit testing.

However, because the number of transistors in mixed-signal SoC and the number of
faults in the fault list are quite large, all the above-mentioned methods are not suitable for
the tolerance-box generation in mixed-signal SoC testing. A solution to the fast tolerance-
box generation and propagation in mixed-signal SoC testing is still not available.

As we know, the average simulation time of the SPICE-based circuit simulators for
linear circuits is in the order of O(M’) with M being the number of nodes. For nonlinear
circuits it becomes even worse, and hence it is advantageous to break up a single set of
nodes into a number of smaller sub-circuits [V1a94]. Moreover, with the increase of M, the
advantage of breaking up the large circuit into small sub-circuits becomes more significant.
On the other hand, due to the complexity of SoC, the chip is always partitioned into several
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smaller functional cores [Nag99, Oze00], or called analogue virtual components in [Dol02].
Therefore, with respect to the tolerance-box generation in large mixed-signal SoC, the total
simulation time can be reduced if the tolerance-box for the complete test path can be
obtained by performing the simulations of each stand-alone (relatively small) analogue core
and combining those tolerance boxes with a simple propagation algorithm.

Motivated by this idea, a novel fast sensitivity-analysis based tolerance-box generation
and propagation algorithm for the analogue test paths in mixed-signal SoC consisting of
analogue embedded cores is proposed in this chapter. In our approach, the sensitivity
analysis is carried out for each stand-alone core first. Then, by using the proposed
propagation algorithm, the tolerance box for the whole test paths with analogue embedded
cores can be obtained.

2.2 Core-based tolerance-box generation and propagation

In general, the core-based tolerance-box generation approach consists of the following
two steps. In the first step, the tolerance box for each stand-alone analogue core in the test
path is generated. In the second step, the tolerance-box for the whole analogue test path is
obtained by using an algorithm to combine the tolerance boxes obtained in the first step. As
discussed in the previous section, the total simulation time used for tolerance-box
generation can be reduced because the simulation is carried out on relatively small cores,
instead of the large whole SoC [Fan0Ola, Fan01b, Fan02].

However, during manufacturing the whole chip is facing the same process conditions,
the parameter deviations of different cores are therefore correlated, which are mainly caused
by the process deviations [Saa00]. Because of this correlation, the tolerance boxes for
different cores in the same SoC are correlated. This correlation issue will be a big hamper in
the propagation step of the core-based tolerance-box generation approach. Hence, in order
to apply this core-based tolerance-box generation approach, the crucial problem with regard
to the correlation of the parameter deviations for different cores should be solved.

Additionally, there are some other general requirements for applying the core-based
tolerance-box generation approach. First of all, the computational effort for generating the
tolerance-box for stand-alone cores should not be high. Second, the data format of the
obtained tolerance box for a stand-alone core should be suitable for propagation. Third, the
computational effort for propagation should be low.

In order to respect the above-mentioned requirements, a sensitivity-analysis based
tolerance-box generation and propagation method is proposed. The flow chart of this
approach is shown in Figure 2.1. The sensitivity analysis is employed in this approach
because it is already known that the sensitivity analysis can be used to estimate the worst-
case response of any analogue circuit and this method is known to be not computationally
expensive [Shi99, Ogr94]. Compared to the normal sensitivity analysis, two new items are
proposed to make the sensitivity-analysis approach able to be used for core-based tolerance-
box propagation. First, the concept of core sensitivity is proposed to enable the propagation.
Second, a new model of different sorts of parameter deviations is proposed to solve the
problem that the parameter deviations for different cores could be correlated.
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Figure 2.1: The flow chart of the proposed tolerance-box generation and propagation
approach.

The details of the items in the flow chart shown in Figure 2.1 are discussed in the next
section. First, the mathematical model of the parameter deviations for different embedded
analogue cores in SoC is proposed in subsection 2.3.1. Afterwards, the sensitivity-analysis
based tolerance-box generation method for a stand-alone core is discussed in subsection
2.3.2. Finally, in subsection 2.3.3, the concept of core sensitivity is defined and the
propagation algorithm is proposed.
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2.3 Sensitivity-analysis based tolerance-box generation and
propagation

In this section, the details of the proposed tolerance-box generation and propagation
approach are discussed, including the parameter-deviation model, the tolerance-box analysis
for a stand-alone core and the propagation algorithm.

2.3.1 Parameter-deviation model

As indicated in section 2.2, the parameter deviations of different embedded cores in the
same SoC could be correlated. As a result of that, the tolerance boxes of different cores
could be correlated. This correlation issue is hampering the application of the propagation
algorithm in the core-based tolerance-box generation approach. In order to solve this
problem, a mathematical model of the parameter deviations for different embedded
analogue cores in SoC is proposed in this subsection.

As an illustration without loss of any generality, core A, core B, core C and core D are
connected as shown in Figure 2.2. In this figure, the new mathematical model for different
categories of parameter deviations is also shown. In Figure 2.2, Ap[G (i=12,---,n) are the
deviations of the possible global parameters for all the cores (G). The deviations of the
local parameters for core A, core B, core C and core D are ApiA @=12,"--,ny),
Ap[B i=12,--,np), Apic(i =12,--+,n.) and ApiD (i=12,---,np) respectively. One point
that should be made clearly here is that the global parameter deviations and local parameter
deviations defined in this model have only a mathematical meaning. The real physical

parameter deviations in each core are the combinations of local parameter deviations and
global parameter deviations. For instance, the real parameter deviation in core B is a

specific mathematical combination of ApiG (i=12,---,n) and ApiB @=12,---,np).
Moreover, the deviations ApiG i=12,---,n), Ap[A @(=12,---,ny), Ap[B i=12,--,ng)
Apic (i=12,---,n-) and ApiD (i=12,---,np) are made to be mutually independent when
the model is constructed. In other words, the local parameter deviations in different cores

and the global parameter deviations in this model are independent from each other.

Although the local parameter deviations in different cores are mutually independent in
this model, as proved in Appendix A, the correlation between the parameter deviations of
different cores can be modelled using the same global parameter deviations.
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Figure 2.2: Illustration of the generic system structure with different categories of
parameter deviations.

In order to show how to use the equations presented in Appendix A to construct the
parameter-deviation model, a simple example is presented as following. Consider a test path
containing three embedded analogue cores: the Pre amplifier, the FILTER and the VIC
(Figure 2.6). The deviation of the channel length of the MOS transistors in these three
embedded cores is the parameter deviation considered here. First of all, a parameter-
deviation model is constructed for this example. In this model, the global parameter

deviation is ALY and the local parameters deviations for the Pre_amplifier, the FILTER and
the VIC are AL:

amp >

AL?U and AL%, respectively. The real physical channel length

deviation in these three cores are AL AL ; and AL, . The mean value and variance of

amp >

AL AL ; and AL,,. are specified in the available statistical data as following:

amp >

HaL,,, = HaL, = HaL, =0 (2.1)

‘amp vic

(Oar,, )’ =(0n,)’ = (04, ) =2.79x107"° (22)
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Because these three cores are embedded in the same SoC, the transistor channel length
deviations in these three cores are correlated. The correlation coefficients between them are
given as:

PAL,,, ALy =093 (2.3)
PAL, AL, =0.93 2.4)
Par ar. =09 (2.5)

amp > vie

According to equation (A.1) in appendix A, the real physical channel length deviation in
these three embedded cores can be expressed as:

AL, =@, AL +b <AL, (2.6)
ALy =ay AL +b, - ALY, (2.7)

AL, =as-ALS +by - ALL, (2.8)
Using equations (A.2), (2.6), (2.7) and (2.8), the mean value of the real length deviations in

these three cores can be expressed as:

Har,,, =4 Hyo +b ML (2.9)
Hap, =ay - Hyo +b, Har (2.10)
Har, =a3-Mye +by 0 (2.11)

vic

Similarly, using equations (A.3), (2.6), (2.7) and (2.8), the variances of the real length
deviations in these three cores can be expressed as:

(@ar,,)" = (@) (0,0)" +(B)* (0, )’ 2.12)
(GAL_,,.,)2 =(ay)? (0,,6)% +(by)* '(CTALLM)Z (2.13)
(Oar, )" =(a3)7 (0,0)" +(B3)* (0, )’ (2.14)

Let the mean values of the global parameter deviation and the local parameter deviations in
the parameter-deviation model be zero, i.e.:

Mae = Hage = Mok, = Hapt = 0 (2.15)

amp vie

According to equations (2.9), (2.10) and (2.11), the required mean values of the channel
length deviation defined in equation (2.1) can be satisfied. Let the variances of the global
parameter deviation and the local parameter deviations be:

2 _ 2 _ 2 _ 2 _ -16
(O-ALG) = (O-ALf;mp) = (O-AL[hI) = (O-AL\LIC) = 279><10 (216)

In order to satisfy the required variances of the channel length deviation given in equation
(2.2), using equations (2.12), (2.13) and (2.14) one can obtain:
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(a)* +(B)* =1 (i=123) (2.17)

Additionally, using equation (A.8) and the required correlation coefficients defined in
equations (2.3), (2.4) and (2.5), one can obtain:

a;-a, =093 (2.18)
a,-ay =0.93 (2.19)
a;-a; =0.9 (2.20)

Using equations (2.17), (2.18), (2.19) and (2.20), the values for a;(i=1,2,3) and

b, (i =1,2,3) can be determined as following:

a,=0949 | b =0315 .21)
a,=0980 , b, =0.199 (2.22)
a;=0949 | b, =0315 (2.23)

The above example shows how to construct the parameter-deviation model based on the
available statistical data of the real physical parameter deviations. On the other hand, it also
shows that the correlation of the real physical parameter deviations in different cores can be
modelled with the proposed parameter-deviation model.

2.3.2 Tolerance-box analysis for a stand-alone core

In the previous subsection, how to construct the parameter-deviation model with the
global parameter deviations and the local parameter deviations is introduced. After the
parameter-deviation model is ready, how to perform the tolerance-box analysis for each
core is discussed in this subsection.

Suppose that f(p;,py,...,p,) 1S the circuit output performance function with
parameters p; (i =1,2,---,n). For instance, f can be the DC output value and
p; (i=12,---,n) can be the length and width of the MOSFET channels, gate oxide

thickness and sheet resistance value etc.. The small change in the sensitivity of the
performance function f with respect to a parameter p, can be defined as its partial

derivative with respect to p; calculated at the nominal point [Ogr94]:

st = a(l (2.24)
Pi
where the nominal point is defined as the performance function value with nominal
parameter values. This sensitivity is a measure of the absolute change in the circuit output
performance per unit absolute change in a parameter. So, given a differential approximation
by increments, we can estimate the output performance increment caused by one parameter
deviation Ap; as:
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Af; =57 - Ap, (2.25)

where Ap; is a random variable with certain probability distribution as illustrated in Figure
2.3. Assume the deviation for each parameter p; (i =1,2,---,n) is Ap,, then the deviation

of the performance under all the parameter deviations can be expresses as [Saa00]:
SN (s
o =25} ) (2.26)

Since Ap;(i =1,2,---,n) are random variables, Af given in the above equation is also a

random variable.

probability density probability density
function 4 function
4 pi max 0 max J Api
Nominal value Api™" —wra=Ap;
(a) (b)

Figure 2.3: (a) Illustration of the probability density function of one parameter p; (e.g.
the channel length of NMOS transistor), (b) illustration of the probability density
function of the corresponding parameter deviation Ap, .

In the case the statistical data of Ap; (i =1,2,---,n) is not available and only the ranges
of Ap;(i=12,---,n) are available, then by using equation (2.26) the lower and upper

bounds of the output performance /' under the parameter deviations can be given by:
oo = fo +min{df}= fy + min{Z(s;; -Ap; )} (2.27)
i=1

and
Jwax = Jo +max{Af}= £y + max{i s ~Api>} (2.28)
i=1

where f, is the nominal value of the performance function, max{Af } >0 and min{Af } <0.

Let X and Y be two independent random variables, then the following two equations
hold [Pee93]:

max{X + Y} = max{X} + max{Y} (2.29)
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min{X + Y} = min{X} + min{Y} (2.30)

Hence if the deviations Ap,(i =1,2,---,n) are mutually independent, equations (2.27) and

(2.28) can be written as:

Fnin = fo + Zn:min{s; -Ap,«} 2.31)
i=1

S = fo + S maxts ! - p, | 2:32)
i=1

For the special case that all the parameter deviations are symmetrical as illustrated in Figure
2.3,1e.:

min{Ap, } = —~Ap"™ (2.33)
max{Ap, } = Ap™™ (2.34)
Then,
min{:‘; ~Api}: —‘sg -Ap[™™* (2.35)
max{slf); -Api}:‘sg; -Ap™™ (2.36)

where ‘s £ - Ap™*

l

is the absolute value of sg - Ap™* . With equations (2.35) and (2.36),

equations (2.31) and (2.32) can be rewritten as:

n

Fuin = o= 2Js} - Ap™ (2.37)
i=1
and
Suax = fo + 2 |sh - Ap™|. (2.38)
i=1

In the case the statistical data for Ap;(i=12,---,n) is available, the following
discussion holds. Assume that Ap,(i =1,2,---,n) are mutually independent, and their
corresponding mean values are u;(i=12,---,n) and variances are o-iz(i:1,2,---,n)
respectively. By using equation (2.26), the mean value and variance of Af can be derived
to be [Pee93]:

Hag = 2 (5T - 7) (2.39)
i=1

ol =Y s)) o) (2.40)
i=1
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Then f.;, and f,.. defined in equation (2.27) and (2.28) can be estimated with the

following equations:
Jmin =Jo =€ Ox (2.41)
fmax = fO tc: O ar (242)

where c is a constant and dependent on the required confidence of the estimation. The larger
value ¢ has, the bigger confidence the estimation has.

On the other hand, the tolerance box is defined as the band containing all the possible
circuit output performances when the parameters are changed with all the possible values.
Therefore, the tolerance box can be expressed with the band [ £, » fmax ]» Where f.., and

Jfmax are defined in equation (2.27) and (2.28) respectively.

During the sensitivity analysis, it is not easy to calculate the partial derivative as
required in equation (2.24). The approximate value for the sensitivity can be calculated with
the following equation [Y0098, Ham93]:

of =N (2.43)

b Ap;
where Ap; is the deviation for parameter p, and Af is the corresponding performance
deviation from the nominal point. Since normally the deviation of the parameter also has a

certain range or probability distribution, the sensitivity can be calculated with the following
equation [Fan02]:

A )

+
S;» _ min{Ap[} - max{Ap[} (2.44)

where min{Api} and max{Api} are the minimal value and maximal value of the parameter
deviations respectively, and Af; and Af, are the corresponding circuit output deviations.
For instance, if the 3o value of a Gaussian distribution is assumed for the maximal
parameter deviation, then min{Ap, }= -3 and max{Ap,}=3c . In the example presented

in this chapter, equation (2.44) is the final equation used to calculate the circuit output
performance sensitivity with respect to the parameter deviations.

2.3.3 Propagation algorithm

In the previous two subsections, the sensitivity-analysis based tolerance-box generation
for each stand-alone core and the mathematical model of the parameter deviations in
different cores has been discussed. Based on the discussion in these two subsections, the
final tolerance-box propagation algorithm is proposed in this subsection.

In order to make propagation possible, the concept of the conventional parameter
sensitivity is extended to the core sensitivity first. The core sensitivity is defined as the
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deviation of the circuit performance with regard to the deviation of the core input signal.
For instance, for core A, the core sensitivity can be defined as [Fan02]:

A dif Ayx

s 2.45
T (2.45)

where Ax is the small deviation of the core input signal x around the nominal value x, and

Ay, 1is the corresponding deviation of the output y around the nominal output value y, .

Based on the mathematical derivation presented in Appendix A, the final output
deviation of the whole system under all the parameter deviations can be derived from
equation (A.14) as:

n
_ D D C D C A D C _B G
AW—Z(SG’R +8; SGp ¥82 S, SG,, 5208, -sG’Pi)-Apl-
i=1

ny np ne
D C_ 4 4 D .C B B D C c
+Z(sz Sy s, AP+ E (52 -8y -5, - Ap; )+Z(sz Sy AP
i=1

i=1 i=1

v z

p
+Z(s£-ApiD)+sf-syc~sZD~Ax+sf~sC~sD-Au (2.46)
i=1

Here, Sé,p,- i=12,---,n), sg’P‘ (i=12,---,n), s(c;’pl_ (i=12,---,n) and sg’i(i =12,---,n)
are the sensitivities with respect to the global parameter deviations. s; (i=12,---,ny),

Sg,- (i=12,---,np) SIC;,' (i=12,---,n-) and sg (i=12,---,n,) are the sensitivities with

B C C

D
s, , s, and s; are the

respect to the corresponding local parameter deviations. s;' s Sy Sy

core sensitivities.

In the above equation, all the global parameter deviations are used for each core.
Actually, the sensitivities with respect to some global parameter deviations are zero if these
global parameter deviations have no influence on the output performance of the core.
Therefore different cores could have a different number of effective global parameter
deviations.

Since the parameter deviations ApiG (i=12,--,n), ApiA i=12,---,ny),
ApiB(i =12,--,np), Apl-c(iz 1,2,---,n-) and ApiD(i =12,---,np) are mutually

independent in the parameter-deviation model, they by using equations (2.29), (2.30) and
(2.46) the minimum deviation of the output of the core D can be expressed as:

n
: _ D D C D C. 4 D C_ B G
mln{Aw}—Zmln{(sG’P‘ 82 SGp, +82 08y SG, FS2 S, -sG’pl_)-Api }
i=1

1y Wi e
+Zmin{(sZD ~sf 'S;,- ~ApiA)}+ Zmin{(sZD -SVC -sﬁi ~Apl-B)}+ Zmin{(sZD -s; -Apl-c)}
i=1 i=1 i=1
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+nzn:min{(s£ ~ApiD)}+ min{s;1 ~syc ~s£ -Ax}+ min{sf ~sVC -s? -Au} (2.47)

Similarly, the maximal deviation can be expressed as:

n
D D C D C 4 D C. B G
max{Aw}:Zmax{(sG’pi 82 SGp T8 08y SG, TSI S, ~sG,pl_)~Ap,~ }

ny

+Zmax{(s£ -syc -s;ll_ -ApiA)}+ %max{(sf ~sVC -sg[ ~Api3)}+ imax{(sf ~s§i -Apic)}
i=1 i :

nn

+Zmax{(s£ ~ApiD)}+ max{s;1 -syc P -Ax}+ max{sf O g -Au} (2.48)

v

According to equations (2.27) and (2.28), the final tolerance box for the whole test path
containing core A, core B, core C and core D can then be expressed by:

[Wo + min{Aw}, wy + maX{Aw}] (2.49)

where w, is the nominal value of the circuit output performance with nominal parameters
and min{Aw} and max{Aw} are calculated by equation (2.47) and (2.48) respectively.
For the case that all the global parameter deviations, local parameter deviations and

input deviations are symmetrical as illustrated in Figure 2.3, they by using equations (2.37)
and (2.38) the tolerance box given in equation (2.49) can be rewritten as:

[wo — A, wg +[Aw] (2.50)
where

n

_ D D C D C A D C G,max

|AW‘|—Z‘(SG’R 82 SGp, H82 08y SG, FS2 8y ) Ap;
i=1
ny ng ne
D C A A,max D C B,max D C,max
+ D52 sy sy Ap; TS S p, “Ap; +D 57 s p, “Ap;

i=1 i=1 i=1

)

u v

B D
C st .Aumax

+‘s;' 58P A s

2.51)

In the above  equation, ApE™™ (i =1,2,---,n) A (i =1,.2,--,m ),
Bmax(l_lz nB)a Apcmax(lzlaza"'anc)a ApoaX(l:Lza”'anD)a Axmax and

Au™ are the maximal deviation of the corresponding parameter deviations and the input
deviations.

For the case that the mean values and the variances for the global parameter deviations,
the local parameter deviations and the input deviations are known, with equation (2.39) and
(2.46) the mean value of Aw can be expressed as:
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n
B D D .C D C 4 D C B G
Hpyw = Z(SG,p[ TS 86y T8 Sy 86y TS 08y 'SG,p,v)'/”pl-
i=1

ny ng ne
D C A 4 D .C B B p . ,C
+Z(sz Sy Sy, '/”pl-)+z(sz Sy S, "upl-)+z(sz Sy, Hp,)

i1 i1 i=1

nn

D D 4 .C D B .C D
+Z(Sp,- -,upl_)+sx Sy S Ha TSy, Sy 82 (2.52)
i=1

where ,ug, ,u;’[, ,uffi, ,uf;:, ,ug, My and u,, are the mean values for
Apf(i=12m), Apf(i=12-n,), Apl=12np), Apf(i=12,.nc),

Ap[D (i=12,--,np), Ax and Au. Similarly, by using equation (2.40) and (2.46), the
variance of Aw can be expressed as:

n
V)
2 D D C D C 4 D C B G2
O —Z(sc’p‘ +8; SGp, +82 08y SG, FS2 S, -sG’p‘) '(O_p,-)
i=1

n, ng ic.
D C  AN2 (A2 D C_ _B\2 (_B\2 D .C\2 [ _B\2
#2052 sy sp) (0,07 + (5T sy s )t (0,) D (57 sy ) (o)

i=1 il i=1

p
D2 D2 4 C_ . Dy2 2 B . C_ . Dy2 _2
+Z(Sp‘) -(crp‘) +(sy -8y -82) op H (s, sy 80) o), (2.53)
i=1
where 69, o2, 68, 6¢, 6P, o, and o,, are the standard deviations for the global
pi> TP Upi Up Tp A Au

parameter deviations, the local parameter deviations and the input deviations of the cores.
After the mean value and the standard deviation of Aw are obtained, the range of Aw can
also be easily estimated under a certain estimation confidence. For instance, if a 30 value
is used for estimating the maximal deviation, then the corresponding lower and upper
bounds of Aw can be expressed as:

[0 =30 ps Hpy +30 5] (2.54)

In the above derivation, only four analogue cores are connected as shown in Figure 2.2.
For the case that more than four cores are connected in different structure, the same
propagation procedure can be employed to calculate the final tolerance-box and more
details can be found in Appendix A.

2.4 Example circuit and simulation results

In order to illustrate and verify the viability of the proposed approach to generate the
tolerance box for the whole test path consisting of two or more analogue cores, an
experiment has been carried out on part of a locally designed system-on-chip.
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2.4.1 Example circuit

The example circuit is a system-on-chip containing a Pre_amplifier, a continuous time
filter (FILTER), a voltage-current converter (VIC) and other cores [Sta02b]. The number of
transistors in the Pre _amplifier, the FILTER and the VIC are 16, 48 and 25, respectively
and the analogue test path considered here is shown in Figure 2.4.

o——| Pre-amplifier VIC

\ 4
\ 4

=1

Rload

o <

Figure 2.4: The example of the test path.

According to the statement in [Saa00], length, width and the gate oxide thickness are the
main three geometrical parameters for MOSFET characterization. In our experiment, the 36
value of a Gaussian distribution is used for the maximal deviations of the length and width
of NMOS and PMOS transistor channels, and the gate oxide thickness. Hence, for all these
parameters, the deviation range is [— 30',+30']. Similar to the assumption made in [Shi99],
5% deviations are assumed for all the parameters in our example, i.e. £3c is £5% of the
nominal value. How to apply our fast tolerance-box propagation approach to this example
circuit is shown in the flow chart (Figure 2.5). More details about the application and the
final results are presented in the following subsections.
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Statistical data of
the parameter _>

deviations

Construct the parameter-deviation model
of this example circuit (section 3.4.2)

v

Carry out sensitivity analysis for each
stand-alone core by using equation (2.44).

Connection of the

embedded cores
in the test path

Obtain the final tolerance-box of the
whole test path by using equations
(2.46), (2.52), (2.53) and (2.54).

v

Tolerance-box of

the whole test path

Figure 2.5: The flow diagram of the application of our tolerance-box propagation
approach to the example circuit.

2.4.2 Parameter-deviation model of the example circuit

Based on the proposed parameter-deviation model shown in Figure 2.2, the parameter-
deviation model for the example circuit can be constructed as shown in Figure 2.6 with
global parameter deviations (ATox® AL® and AW®) and local parameter deviations
(ATOX"mpy AL"mp, AW",, etc.). The global parameter deviations and local parameter
deviations in this model are made to be mutually independent. Their mean values and
standard deviations are calculated with the procedure described below.
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/ Ao A AW \

— piPre_amplifier

FILTER

v
=
a

A 4

AL"q, AW g,
ATOXLﬁ]

ALLvic, AW Lvic,
ATovaiC

Figure 2.6: The parameter-deviation model with global parameter deviations and
local parameter deviations.

According to the available statistical data of the process and the layout of this example

circuit, the mean value and the variance of the real channel length deviations (AL AL

amp >

and AL,;.) and width deviations (AW,,,,, AW and AW, ) in these three cores are given

mp >
as:

Har,, = HaL, = HaL, = Haw,, = Haw, = Haw,, =0 (2.55)

amp vie

(©az,,)" =©05,) =(0n, )’ =(@um,, ) = (Oaw, )’ = (Oay, )’ =2.8x107' (2.56)

amp amp

The correlation coefficients among them are given as following:

pALamp ’ALﬁ[ = pAWamp ’AW/H = 0'93 (2'57)
pAL/,‘],ALV,‘p = pAWﬁI’Ainc = 0.93 (2.58)
pALamp AL, = pAWamp AW =09 (259)

For the deviation of the gate-oxide thickness (AZox,,,, ATox ;5 and ATox,,. ) in these three

amp > vic

cores, the given mean values, variances and the correlation coefficients are:

Hntox,,, = Hatox, = HaTox,, = 0 (2.60)
(©atox,, )" = Oaton,))’ = (Ontin,, )’ =8x107 (2.61)
PATox,,, ATox,, =09 (2.62)

PATox  ATox,, = 0.9 (2.63)

PATox,,, ATox,, = 0-85 (2.64)

Based on these above-mentioned statistical data and the parameter-deviation model
presented in Figure 2.6 and using the similar calculation procedure used for the example in
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subsection 2.3.1, the coefficients in equation (A.l1) can be determined. Therefore, the
parameter-deviation model with the global parameter deviations and local parameter
deviations can be expressed as:

ATox,,,, =0.387 - ATox}, +0.922- ATox" (2.65)
ATox ;; =0.218- ATox; +0.976 - ATox (2.66)
ATox,,;. = 0.387 - AToxk:, +0.922 - ATox® (2.67)

AL, =0.315-ALL  +0.949-ALC (2.68)
ALy =0.199- ALY, +0.980- ALC (2.69)
AL, =0.315-ALE. +0.949-AL® (2.70)

AW,y =0.315- AW, +0.949 - AW ¢ (2.71)
AW 3 =0.199- AW +0.980- AW ¢ (2.72)
AW, =0.315-AWE +0.949 - AW © (2.73)

The mean values for all the global parameter deviations and local parameter deviations are
zero. By using the calculation procedure described in subsection 2.3.1, their variance are
calculated to be:

(030" =(041 )P =(0,, )" = (0, )? =2.79x107"¢ (2.74)

(Oy0) = (01 ) =(04,0)" = (0,0 ) =2.79%107"° (2.75)
2 _ 2 _ 2 _ 2 _ =20

(O-AToxG ) = (O-AToxj‘mp )= (O-ATox;}, ) = (O-AToxfj,C )7 =8x10 (2.76)

2.4.3 Simulation results

Figure 2.7 shows the final tolerance-box of the whole test path (Pre_amplifier, FILTER
and VIC) based on the normal Monte Carlo simulation. Since in [Shi99] 10000 iterations
are used to obtain the tolerance-box by using Monte Carlo simulations and 2000 iterations
are used in [Y0098], 2000 Monte Carlo simulations were performed at transistor level of
the whole example circuit shown in Figure 2.4. Figure 2.8 shows the final tolerance box of
the whole test path obtained with our new approach proposed in this chapter. In this
approach, the sensitivity analysis is carried out for the stand-alone Pre _amplifier, FILTER
and VIC respectively at first. Then, equations (2.52) and (2.53) are used to calculate the
mean value and the standard variance of the output deviation under the parameter
deviations. Afterwards, equation (2.54) is used to calculate the final tolerance box. In Figure
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2.7 and Figure 2.8, the x-axis shows the input voltage and the y-axis shows the output
current. For the whole input range (0~1.5V), 150 data points (i.e. every 0.01V) have been
employed in both approaches. In general, the tolerance box shown in Figure 2.8 is very
close to the tolerance box shown in Figure 2.7.

T DC Talerance-box of the whole test path
3B T

-

37 T === Upper bound _J _______
! | == Laower bound H o

32

The output current

26

2.4 ‘ i
0 0.5 1 1.5
The input voltage ()

Figure 2.7: The tolerance box of the complete test path based on Monte Carlo
simulation (iterations = 2000).

w10 DC tolerance-box of the whale test path
3B T

T b _ === LUpper bound .
| = Lower bound

w
[

The output current (&)
AL

nd
fai}

2B oo e

R

a4 i H
0

The input voltage (V)

Figure 2.8: The final tolerance box of the complete test path obtained by using the new
approach.
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In order to observe the difference of the tolerance boxes obtained with these two
approaches, the difference is shown in percentage in Figure 2.9. In the figure, the x-axis
shows the input voltage and y-axis shows the difference in percentage. Both the difference
of the lower bounds and upper bounds of the tolerance boxes obtained with different
approaches are shown in the figure. The curves in Figure 2.9 show that the difference of the
upper bounds and lower bounds are smaller than 1.36% and 1.34% respectively. In other
words, the loss of accuracy is quite small for using our approach.

1.2 . 3 The difference of the upper bounds
’ : — The difference of the lower bounds

The difference in percentage (%)

The input voltage ()

Figure 2.9: Comparison of the tolerance-boxes obtained with Monte Carlo simulation
and our new approach.

In order to see the effectiveness of our approach, the CPU time used to obtain the
tolerance box with different approaches are compared. At this moment, our proposed
approach is implemented with HSPICE, C and MATLAB. Monte Carlo simulations are
carried out with HSPICE. For both approaches, the computations have been carried out with
the same HP workstation. The different CPU times used to get the results shown in Figure
2.7 and Figure 2.8 are listed in Table 2.1. When compared to the traditional Monte Carlo
simulation approach, the proposed new approach is significantly faster (more than 140
times). This is the big advantage of our approach.

Table 2.1: CPU-times used for different approaches.

Our approach Monte Carlo approach
Sensitivity analysis (Pre_amplifier): 2.6s
Sensitivity analysis (FILTER): 10.4s
Sensitivity analysis (VIC): 2.3s
Nominal simulation: 1.1s
Propagation: 1.2s (on PC)
Total: 17.6s

2000 iterations: 2520s
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However, our approach also has one limitation: it cannot provide an extremely accurate
tolerance-box. Therefore, for the case that an extremely accurate tolerance box is required,
more time-consuming methods, such as Monte Carlo simulation with a lot of iterations has
to be used. The presented example shows that our approach can gain 140 times on the CPU
time with the loss of less than 1.36% accuracy. Therefore our approach is very attractive for
the case where the tolerance box is required to be estimated very quickly. For analogue fault
simulation in mixed-signal SoC testing, the number of possible faults and the number of
possible test vectors are very large because the number of transistors in the chip is very
large. Since the tolerance boxes of the different faulty circuits are different, during analogue
fault simulation a lot of tolerance boxes should be generated and it will take extensive CPU
time. By using our approach, the tolerance box can be obtained very fast and a lot of CPU
time can be reduced.

2.5 Conclusions

In this chapter, a new fast core-based tolerance-box generation and propagation in
mixed-signal SoC consisting of embedded analogue cores is proposed based on sensitivity
analysis. In our approach, sensitivity analysis for each stand-alone analogue core is carried
out first. Then, by using the proposed propagation algorithm, the tolerance box for the
complete test path can be obtained. As the original points in our approach, the concept of
the sensitivity is extended to core sensitivity and a new model for different categories of
parameter deviations is proposed. Finally, this approach has been applied to an example
circuit and the simulation results show that our approach is about 140 times faster than the
conventional Monte Carlo simulation approach while the loss in accuracy is smaller than
1.36%. Therefore, the proposed approach is very useful in the analogue fault simulation of
mixed-signal SoC testing.
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Chapter 3

Test-signal backtrace

In this chapter, a PID (Proportional Integral Derivative) feedback-
loop based test-signal backtrace method is proposed. With this
approach, the test input signals of the embedded analogue core under
test can be propagated backwards to the primary chip inputs.
Motivated by the concepts in control theory, a feedback loop with PID
controller is constructed for test-signal backtracing in this technique.
The computational effort of the proposed approach is quite low. The
presented theoretical analysis, simulation and measurement results
show the effectiveness of this new approach for test-signal backtracing
in the time and frequency domain.
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3.1 Introduction

Due to the complexity of mixed-signal SoC (System-on-a-Chip) nowadays, hierarchical
approaches are required for test generation [OzeOl]. In the hierarchical test-generation
approach discussed in Chapter 1, the signal backtrace procedure is required in order to
propagate backwards the test signal at the input of the embedded cores to the primary chip
inputs. In general, the test-signal backtrace procedure can be defined in the following
manner: test-signal backtrace is the procedure to determine a stimulus at the primary chip
input which will produce the desired test signal at the input of the embedded core under test
(ECUT), after propagating through intermediate cores or DfT (Design for Test) circuits
which can potentially transform the input signal [Gom99, Hua99, Ram98, Voo99b]. The
intermediate cores are the cores between the primary SoC inputs and the inputs of the
embedded core under test. The DfT circuits are the extra circuits on the chip that provide
the additional test access for the embedded core under test. The analogue wrapper structure
proposed in [Fan00, Sta00], for instance, is an example of a DfT circuit for the testing of
embedded cores in a SoC.

Backtrace procedures have played an important role in the development of digital ATPG
(automatic test pattern generation). Such procedures find an assignment of primary chip
input values that cause a desired logic value to appear on a specified line in the digital IC.
For instance, PODEM [Goe81] uses path sensitisation and digital backtrace for test pattern
generation of digital ICs. While digital backtrace procedures are relatively easy to
implement with the help of Boolean mathematics, there is no generic approach for
backtracing analogue signals in a mixed-signal IC. The main reason is that the analogue test
signal is continuous and the respective input-output relationships of the components used in
analogue circuits are often expressed by the nonlinear equations. Therefore the final input-
output relationship of the analogue circuits can only be obtained by solving these nonlinear
equations.

The main previous results on analogue test signal backtrace methods have been
presented in [Gom99, Hua99, Oze0l, Ram98, Ram99, V0099a, Voo99b]. The method
proposed in [Gom99] requires a lot of computation. In [Hua99], the DC specification is
backwards propagated by using the derived I/O transfer table for each block. [Oze01]
presented an approach for specification back propagation based on the mathematical
equations of the behavioural model of the analogue blocks. In [Ram98], the authors use the
MNA (Modified Node Analysis) formulation and swap the variables of the solution to
determine an input signal that will produce the desired signal at the output. In this method,
the desired waveform is required to be in the feasible signal space so that a practical
solution exists. In [Ram99], the authors present an approach based on the usage of signal-
flow graphs. However, this has limited applicability to linear circuits. The feedback-driven
backtrace method proposed in [Voo99a, Voo99b] is quite simple. However, it has some
disadvantages because only a proportional gain is used in the feedback. The steady-state
error is large if the gain is small, and the loop becomes unstable if the gain is too high.
According to the feedback-control theory [Ast95, Mor01], a PID controller can be used in
the feedback to solve this problem. Motivated by this idea, a PID feedback-loop based test-
signal backtrace method is proposed for mixed-signal SoC testing in this chapter.
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The main steps of the proposed analogue test-signal backtrace approach are shown in

Figure 3.1.
Start
Data of the circuitry

between the primary chip *
inputs and the embedded

core under test

\ 4

Construct the feedback-loop
structure based on the proposed
general structure shown in Figure
3.3 (section 3.2.1)

v

Determine the parameters of the
PID controller (section 3.2.5)

Desired test input signals

for the embedded core
under test

Backtrace the desired test input
signals to the primary chip
inputs (section 3.3 and 3.4)

v

Resulting test signals at

the primary SoC inputs

Figure 3.1: The flow diagram of the proposed test-signal backtrace approach.

As illustrated in the figure, there are three main steps in applying this approach. The first
step is to construct the feedback loop containing the PID controller and the circuitry
between the primary chip inputs and the core under test. The second step is to determine
the parameters of the PID controller used in the feedback loop. The last step is to backtrace
the desired test input signals, in our case obtained by an ATPG method, from the inputs of
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the embedded core under test to the primary chip inputs. The details of the above-mentioned
steps will be discussed in section 3.2, 3.3 and 3.4. With this proposed method, the
backtraced test signal at the primary chip inputs can be easily obtained by performing
normal circuit simulation.

3.2 PID feedback-loop based test-signal backtrace approach

In this section, the details of the PID feedback loop based test-signal backtrace approach
are given, including the general structure, the theoretical background, the performance
analysis and parameter tuning.

3.2.1 General structure

The general overview of the test path containing embedded analogue cores in mixed-
signal SoC testing is illustrated in Figure 3.2. In this structure, ECUT is the embedded
analogue core under test. MODULE 1 represents all the circuits between the primary chip
input and the input of ECUT, and MODULE 2 represents all the circuits between the output
of ECUT and the primary chip output. MODULE 1 and MODULE 2 can be one core or the
combination of some cores or DfT circuits. As discussed in the chapter 1 regarding the
hierarchical test generation for the mixed-signal SoC testing, the potential test vectors for
the ECUT can be generated by ATPG. Then, a translation scheme is employed to translate
the core-level test vectors to system-level test vectors. During the test vector translation, the
test-signal backtrace procedure should be used since the input node of the embedded core
under test is not directly accessible from the primary chip inputs. In other words, the test-
signal backtrace procedure determines a stimulus at the primary chip input that will produce
the desired test signal at the input of ECUT after propagating through MODULE 1.

Pri.mary Primary

chip chip

input Embedded output

+—— | MODULE 1 »| core under » MODULE2 |,
test (ECUT)

Figure 3.2: Illustration of the test path in the analogue part of mixed-signal SoC.

By using the structure of the analogue test path in mixed-signal SoC testing illustrated in
Figure 3.2 , the proposed test-signal backtrace structure is presented in Figure 3.3. In this
structure, the MODULE 1 and a PID controller are connected to construct a feedback loop.
The ECUT is disconnected from MODULE 1 as shown in Figure 3.3. In order to emulate
the effect of loading of the embedded core under test, the impedance Z,y,4 is connected to
the output of MODULE 1 and its value equals the input impedance of the core under test.
Therefore, only MODULE 1, Z,,,4 and the feedback loop components are considered in the
test-signal backtracing simulation. The remaining part of the SoC is left out. During the
backtrace procedure, one first applies the desired test input signals for the ECUT to the
input of the feedback loop at point (A). Next, the simulation on the circuits as shown in
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Figure 3.3 is carried out. Afterwards, at point (B), the required stimulus to be applied to
the primary chip input is available.

Apply waveform Resulting stimulus
(signals) desired at at primary chip
[ the input of the input after
embedded core backtracing Disconnected
undertest AV L . Vo .
¢ M-
u V@ /[ Embedded 5
PID +—— > MODULE 1| . +—{ core under —»MODULE 2[—¥
test(ECUT) %
Zioad
SoC' i
imary chip input
[1 le

Figure 3.3: The proposed PID feedback-loop based signal backtrace structure.

Theoretically, the desired test input signals should be obtained at the input node of the
ECUT if this resulting stimulus is applied to the primary chip input during testing. However,
this does not hold in some special cases for some backtrace methods. For instance, for the
method proposed in [Voo99b], in some cases, a small feedback gain has to be used in order
to keep the feedback loop stable. In this case there will be a significant steady-state error
between the desired test-input signal for the ECUT and the MODULE 1 output signal.
However, this problem is solved in our proposed approach by using a PID controller in the
feedback loop.

3.2.2 Theoretical background

From a mathematical point of view, the PID algorithm can be described as:

3.1)

x(0)=Kp-et)+ K, - [e()dr+K )y - dz(;)
0

where e(t) is the error between the desired signal and the output signal of MODULE 1, and
x(¢) is the output signal of the PID controller. The factors K, K; and K are the

control parameters of the proportional action, integral action and derivative action
respectively. Basically, the output signal of a PID controller is the sum of three terms: the P-
term (which is proportional to the error), the I-term (which is proportional to the integral of
the error) and the D-term (which is proportional to the derivative of the error). According to
the PID feedback control theory [Ast95, Mor01], the integral term results in a control action
that is proportional to the time integral of the error. This ensures that the final steady-state
error becomes zero. The derivative term is proportional to the time derivative of the control
error. This term allows the prediction of the future error and improves the closed-loop
stability. Because the PID controller is used in the proposed signal backtrace approach, the
new approach has a small state error and good stability.
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Figure 3.4: Basic structure of the signal backtrace implementation using PID
feedback.

Figure 3.4 depicts the basic structure of the feedback loop for signal backtracing in
terms of the transfer function. In the figure, H(s) is the transfer function of the PID

controller. According to equation (3.1), H(s) can be expressed as:
K
H($)=Kp+—L+K,-s (3.2)
s

where Kp,, K; and K, are proportional gain, integral gain and differential gain
respectively. The error E(s) can be expressed as a function of the desired test signal
Y. (s) and the MODULE 1 output signal Y(s):

E(s) = Yges () = Y (5) (3.3)

Assume for simplicity that the transfer function of MODULE 1 is G(s) . Then the output
Y(s) of MODULE 1 can be expressed as:

Y(s)=X(s)-G(s) = E(s)- H(s)-G(s) 3.4

By using equation (3.3) and (3.4), one can get:

Y(s) =Y, (s)-H(s)-G(s)=Y(s)-H(s)-G(s) 3.5
Therefore,
Y() __HGGE) _ G 36)
Yies (8) 14+ H(s)-G(s) G(s)+$
H(s)

Using equation (3.2), the gain of the PID controller can be expressed as:

2
:\/K,% +(1<D ~a)—ﬁ) (3.7)
w

If the gain of the PID controller has a very large value, i.e.
|H(jo)| - = (3-8)

. K .
|H(jo)| =K +j—a’)+ Kp-(jo)

then one can obtain:

i " 3.9)
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By combining equations (3.6) and (3.9), the following expression can be obtained:
e __ 6© (3.10)
Yes () G(s)+ 1
H(s)

According to equation (3.10), the output response Y(s) of the circuit approaches the
desired response Y, (s) as the gain of the PID controller defined in equation (3.7)
becomes sufficiently large. Meanwhile, the input signal X(s) provides the backtraced

waveform. On the other hand, equation (3.8) also dictates the condition for using the PID
feedback based backtrace approach. Actually, this condition can always be respected in
practice if the parameters of the PID controller are determined with the dedicated parameter
tuning technique, for instance Ziegler-Nichols method [Ste02]. The examples to be
presented in sections 3.3 and 3.4 also confirm this point.

With regard to the computational effort of our approach, during the backtrace procedure
simulation, the PID feedback structure as shown in Figure 3.3 can be represented using a
high-level description language. This can be for instance Verilog-A or VHDL-AMS. Hence
the computational effort will be low.

3.2.3 Steady-state error

The steady-state error for the feedback loop shown in Figure 3.3 is the error between the
output signal of MODULE 1 and the desired signal at the input of the embedded core under
test in the final steady state. For the test-signal backtrace procedure, the steady-state error
should be as close to zero as possible.

We know from the control theory that there is normally a steady-state error only with
proportional term in the controller [Ast95]. However, the main function of the integral term
in the PID controller is to make sure that the steady-state error is zero. The reason is that
with the integration action, a very small positive error will always lead to an increasing
control signal, and a negative error will result in a decreasing control signal no matter how
small the error is.

The following simple discussion can show that the steady-state error will always be zero
with the integration action in the PID feedback loop. Assume that the system is in steady
state with a constant control signal x,(f) and a constant error signal e,(¢). By using

equation (3.1), the control signal x,(¢) can be expressed as:
Xo@®)=Kp-eg(t)+K; -ey(t)-t (3.11)

As long as e (¢) # 0, equation (3.11) clearly contradicts the assumption that the control
signal x,(¢) is constant. The PID controller used in Figure 3.3 will therefore always result

in a zero steady-state error, i.e. the output signal of MODULE 1 is the same as the desired
signal at the input of the embedded core under test in the steady state.
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In order to show that this method can work using a normal Spice-like circuit simulator,
the proof for the convergence of the proposed test-signal backtrace approach for nonlinear
circuits with DC analysis is given in Appendix B.

3.2.4 Sensitivity to a disturbance signal

D(s)
YeslS) s PID Us) X(s) CircElit unt'ler Y(s)
Hs) ——» ———>»  consideration
G(s)
1 e
L7

Figure 3.5: Backtrace structure with the disturbance signal D(s).

Let D(s) be the transfer function of a disturbance or noise signal in Figure 3.5. If there
is no feedback loop, then the influence of the disturbance signal D(s) to the output of the
circuit Y(s) is always G(s)- D(s) . However in the case that there is feedback, as shown in

Figure 3.5, then:
Y(5)=[D) +U()]-Gls) (3.12)
and
U(s) = E(s)- H(s) = H(s) [V, (5) - Y(5)]. (3.13)
By using equation (3.12) and equation (3.13), one can obtain:
Y(s) = G(s)- D(s)+ G(5)- H(5) Yy (5) = G(5) - H(s)- Y (5) (.14

With equation (3.14), Y(s) can be expressed as:

D(s)
Y(S)Z H(Sl) + Ydes(ls) (315)

4 I
G(s)-H(s) G(s)-H(s)

If the gain of the PID controller becomes very large, based on equation (3.9), then one can
make the following approximations:

D(s)

H(s)

1
I+—
G(s)*H(s)

50 (3.16)
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Oy (3.17)
b G(s)* H(s)

Expression (3.17) indicates that Y(s) — Y,,,(s) . Therefore, the influence of the disturbance

signal to the output of the circuit becomes zero in the proposed signal backtrace structure.
Hence, the influence of a disturbance or noise signal can be neglected.

3.2.5 Parameter tuning

Being a common controller, there are quite a few methods available on how to tune the
PID controller, i.e. how to select the parameters Kp, K; and Kp. Among them, the Ziegler-
Nichols (Z-N) open-loop tuning method and close-loop tuning method are the most popular
traditional methods used for determining the parameters of a PID controller. These methods
are well described in [El100, Ste02, Una96]. Using this tuning technique, a stable feedback
loop can be designed.

The first method is known as the continuous cycling method. It is a close-loop tuning
technique. This method starts by assigning the integral and differential gains (K; and Kp) to
zero and then raising the proportional gain until a sustained oscillation takes place in the
PID feedback loop. The value of the proportional gain at the point of instability is called
K4, while the frequency of the oscillation is labelled f;. If the transfer function of the PID
controller is expressed as:

H(s)=KP-{1+s-TD+ 1 } (3.18)
s-T;

K K . T .
where T, = —% and T, = —2 are known as the integral and derivative time respectively.

1 P
Then the parameters of the PID controller can be set using the following rules:
Kp=06-K,,y (3.19)
T, = ! (3.20)
2-fo
T, = ! (3.21)
8- /o

Finally, by using equation (3.2), equation (3.18) and the above three equations, the PID
controller parameters can be set according to the following equations:

Kp=06-K,.,y (3.22)

K, =12 fy - Kyux (3.23)
075-K

K, :0075—MAX (3.24)

o
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The alternative method is known as the process-reaction curve method. It is an open-
loop step-response parameter tuning technique. In this method, the open loop (without the
feedback) unit step response of the process, which is regard to as MODULE 1 in Figure 3.3
in our case, is measured. Normally, the curve has a form as shown in Figure 3.6. The
response is approximated by a straight line (the thick dashed line), with ¢ and L indicated
as shown. This line can be constructed by finding the point of the curve with the biggest
first-order differential value and subsequently drawing the tangent line at this point. The
rules of Ziegler-Nichols tuning method can in this case be expressed by the following
equations:

K, =12 (3.25)
a

T,=21L (3.26)

Ty =051 (3.27)

Finally, by using equation (3.2), equation (3.18) and the above three equations, the PID
controller parameters can be set according to the following equations:

Kp= E (3.28)
a
K, = ;’6L (3.29)
K, = 0.6-L (3.30)
a
Input
! time
A )"angent line
/
Output
7 3 >
/ time
....... ’
L :
-+

Figure 3.6: Graphical determination of the PID controller parameters from the open-
loop step response.
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3.3 Time and frequency domain simulation with the LPF

In this section, a simple active low-pass filter (LPF) is used to show how to apply our
approach to signal backtracing in the time as well as frequency domain.
3.3.1 Example circuit and parameter tuning

The schematic of this active low-pass filter is shown in Figure 3.7, where R, =10KQ,
R, =10KQ, C, =0.016uF and C, =0.032uF . The power supply of the opamp is 3V.

The AC response of this low-pass filter is shown in Figure 3.8.

L

R] Vout

o——:|—4|:|T-+

1

Figure 3.7: Schematic of the active low-pass filter.
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Figure 3.8: AC response of the low-pass filter. The AC amplitude of the sinusoidal
input signal is 500mV and its DC offset is 1.3V.

In order to determine the input signal Vj, of this low-pass filter if the desired output
signal V,, is given, the signal backtrace method has to be used. Figure 3.9 shows the
structure used for signal backtracing, i.e. replace the MODULE]I in Figure 3.3 with the low-
pass filter shown in Figure 3.7. Before the signal-backtracing procedure can be applied, the
parameters for the PID controller used in the structure shown in Figure 3.9 have to be
determined. For this example, the open-loop step response Ziegler-Nichols method (process
reaction curve method) is used to calculate the parameters of the PID controller.
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Figure 3.9: The PID feedback based signal backtrace structure for the low-pass filter.
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Figure 3.10: Step response of the low-pass filter.

If the step-pulse waveform is applied at the input of this low-pass filter (V;,), the output
waveform at V,,,, as shown in Figure 3.10 can be obtained by performing circuit simulation.
With the step response shown in Figure 3.10 and by using the method described in the
previous section, one can obtain:

a=14x10"" (3.31)
L=3.02x10"% (3.32)

Then, by using equation (3.28), (3.29) and (3.30), the parameters for the PID controller can
be determined:

Kp =8.571x10° (3.33
P
K; =1.418x10" (3.34)

Kp=1.295%x10"" (3.35)
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With these parameters of the PID controller and the structure shown in Figure 3.9, the
signal backtrace procedure can be carried out. Additionally, the gain of the PID controller
defined in equation (3.7) has a large value with the parameters determined in equations
(3.33), (3.34) and (3.35). The condition defined in equation (3.8) can therefore be satisfied.

3.3.2 Signal backtrace in the time and frequency domain

After the determination of the parameters of the PID controller used in the signal
backtrace structure shown in Figure 3.9, the simulation for the signal backtrace can be
carried out. Figure 3.11 shows the transient-analysis simulation results. In Figure 3.11(a),
the desired waveform (Vesireq) at the output of the LPF is shown. Backtracing of this signal
to the input of this low-pass filter provides the waveform to be applied at the input of the
filter (Vi,). This resulting input waveform is shown in Figure 3.11(b). If this resulting input
waveform is applied to the input of this low-pass filter, the corresponding waveform at the
output of this low-pass filter is shown in Figure 3.11(c).

In order to observe the difference between the desired signal and the resulting signal at
the output of the low-pass filter, the error between them is shown in Figure 3.11(d). The
curve in Figure 3.11(d) shows that the error between them is extremely small. The absolute

vale of the error is smaller than 3x107'° V. Since the smallest voltage value of the desired
signal is 1V, the error is smaller than (3x107°)%. Hence it can be concluded that the

resulting waveform at the output of this low-pass filter closely matches the desired output
waveform.

2.9(V) Desired output waveform (V..)

@5 [\ [\ /\ /\ /\ /\
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Figure 3.11: Transient analysis of the signal-backtrace procedure of the LPF.
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Figure 3.12 shows the AC analysis simulation results for signal backtracing. Similar to
Figure 3.11, the AC amplitude of the desired output waveform at V, is shown in Figure
3.12(a). The AC amplitude of the backtraced input signal is shown in Figure 3.12(b) and the
AC amplitude of the resulting waveform at the output of this low-pass filter is shown in
Figure 3.12(c). Figure 3.12(d) shows the difference between the AC amplitude of the
desired signal and the resulting signal.

The difference presented in Figure 3.12(d) shows that the error between them is
extremely small. The absolute vale of the error is smaller than 2.5x107° V. Since the AC
amplitude of the desired signal is 0.5V, the error is smaller than (5x1077)% . This means

that the resulting waveform at the output of the low-pass filter is very close to the desired
waveform. Actually, as shown in Figure 3.12(b), the AC amplitude of the backtraced input
waveform becomes larger if the frequency is increasing. The reason is that the gain of the
low-pass filter becomes smaller as the frequency increases, as shown in Figure 3.8. The
results in Figure 3.11 and Figure 3.12 show that the proposed PID feedback-loop based
signal backtrace method works effectively in the time as well as frequency domain.

500 5m V) AC amplitude of the desired output waveform (V.)
(@) 522.0m
499.5m
514.9m V) AC amplitude of the backtraced input waveform (V,)
/
/|
(b) s5¢7.0m
//
/
500.0m
500 5mt V) AC amplitude of the resulting output waveform (V)
(c) so0.0m
499.5m
9( V) AC amplitude difference between the desired signal and the resulting signal
4X10°
(d) 2X10° F ——
0o f 1
1 12 100
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Figure 3.12: AC analysis of the signal-backtrace procedure of the low-pass filter.

3.4 Test-signal backtracing

In this section, the proposed signal-backtrace technique is used for real analogue test-
signal backtracing in the testing of a mixed-signal SoC.
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3.4.1 Structure of the test path

The example circuit in this section is a system-on-chip containing a pre-amplifier, a
continuous-time filter (FILTER), a voltage-current converter (VIC) and other cores
[Sta02b]. The analogue test path considered here is shown in Figure 3.13. In this example
circuit, the FILTER and VIC are the cores under test. The FILTER has two output paths:
the band-pass filter path and the low-pass filter path. The centre frequency of the band-pass
output is 13.4kHz and its bandwidth is 12.43kHz (-3dB). The cutoff frequency of the low-
pass output is 18kHz (-3dB). An operational amplifier with resistive feedback is used for
the non-inverting Pre-amplifier (gain=2).

Primary Primary
chip chip
input output
o— | Pre-amplifier »| FILTER » VIC |

Figure 3.13: The general overview of the analogue test path of the example circuit.

3.4.2 Test-signal backtracing for the test signals of the FILTER

It is first assumed that the FILTER is the analogue embedded core under test. For the
stand-alone FILTER, the testability-analysis based test-pattern generation approach is used
to generate the potential test vectors [Sta02a, Sta02b, Sta03]. Among these potential test
vectors, the test input signal for one particular fault is the combination of two sine waves,
one 13.3 kHz signal (AC amplitude is 50mV and DC offset is 1.3V) and one 17.7 kHz
signal (AC amplitude is 50mV and DC offset is 1.3V). Since the input of the FILTER
cannot be directly accessed at the primary chip input, the backtrace procedure should be
employed to find the stimulus at the primary chip input that can provide the required test
input signal at the input node of the FILTER.

The structure of the backtrace approach used for our example circuit is shown in Figure

3.14.
Ivdesired

Vchip_in Vﬁlterﬁin
PID —¢ Pre-amplifier O

& Zload

Primary chip input
[ ey chip inp
L~ 7

A 4

Figure 3.14: The test-signal backtrace structure for the test signal of the FILTER.

The load impedance Z,y,4 in this structure, based on the specification of the FILTER, is
the combination of one resistor (IMQ) and one capacitor (1pF). In this structure, the
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desired test input signal for the FILTER, the combination of two sine signals as described in
the previous paragraph, is applied to the input of the feedback loop (Vgesired)- In the
simulation, the pre-amplifier is described at the transistor level and the rest of the backtrace
structure is simulated using the high-level language Verilog-A as used in the Cadence
design environment.

Before the test-signal backtrace structure shown in Figure 3.14 can be applied, the
parameters of the PID controller used in this structure have to be determined. The open-
loop step response Ziegler-Nichols method is used to determine the parameters of the PID
controller. By applying the same method that is used for the signal-backtrace structure with
the low pass filter, one can obtain:

a=0239 (3.36)
L=655%x10"" (3.37)

Then, by using equations (3.28), (3.29) and (3.30), the parameters of the PID controller can
be determined:

Kp=5.02 (3.38)
K; =3.83x10° (3.39)
K, =164x107° (3.40

D

Next, the simulation for the test-signal backtracing can be carried out. In this step, the
desired test signal is applied at point V. Then, the simulation is carried out with the
structure shown in Figure 3.14. Afterwards, the final input signal which should be applied to
the primary chip input during the final testing can be obtained at node Vyip in.

For this example, the combination of two sine waves, one 13.3kHz signal and one
17.7kHz signal, is applied to the node Veiea as shown in Figure 3.14 and the transient
simulation results are presented in Figure 3.15. Figure 3.15(a) shows the desired test input
signal at the input node of the FILTER (Vesirea) and Figure 3.15(b) depicts the resulting
signal to be applied at the primary chip input (Vg in). Figure 3.15(c) shows the signal at
the output of the pre-amplifier (Vi in). The goal of the backtrace procedure is to find the
proper signal at the primary chip input (Venip in) in order to get the signal at the input of the
FILTER (Viier in) as close as possible to the desired test input signal. The difference
between the desired test signal and the resulting test signal at the input of the FILTER is
depicted in Figure 3.15(d). As can been seen from Figure 3.15(d), the difference is very
small except the short settling time (< 10us ). The settling time results from the fact that the

PID feedback loop requires a very short time to reach the desired signal. This issue is not a
problem in practice because the backtraced signal can be used in the final production testing
after a certain time (longer than the settling time).

The results presented in Figure 3.15(d) indicate that the absolute value of the difference
after the setting time is less than 0.001V. This means that the error is smaller than 0.1%
because the desired test signal is larger than 1V. On the other hand, the specification of an
analogue circuit allows some variations in the circuit characteristics due to the allowed
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deviations of the process parameters. Due to the allowed deviation of the specifications of
the Pre amplifier, the test-signal obtained at the input of the FILTER could differ for
different chips during the final production testing. As a results of this, the final test signal
obtained at the input of the FILTER could also differ from the simulated signal shown in
Figure 3.15(c). Hence, during production testing, if the resulted chip input signal as shown
in Figure 3.15(b) is applied to the primary chip input, then the test signal with an allowed
slight difference from the signal shown in Figure 3.15(a) can be obtained at the input of the
FILTER.

135V) Desired test signal at the input of the FILTER (V .,

oo AC A A A A A A A A
V VYV VIV Y YV VY
1330y Backtraced signal at primary chip input (V)
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Figure 3.15: The results of the backtrace simulation for the test signal of the FILTER.

In order to evaluate the computational effort of our PID feedback-based backtrace
approach, the CPU time for the simulation of the structure for signal backtracing and the
standalone pre-amplifier with the same input signal are compared in Table 3.1. Both
simulations are carried out with the same HP workstation and simulator. According to the
data in Table 3.1, the computational effort for our approach is low and quite acceptable in
practice.

Table 3.1: CPU time comparison.

Structure CPU time for transient
analysis
Pre-amplifier 0.84s
PID feedback with pre-amplifier 1.2s
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3.4.3 Test-signal backtracing for the test signals of the VIC

Now it will be assumed that the VIC is considered as the analogue core under test. At
first, the testability-analysis based test-pattern generation approach is used to generate the
potential test vectors [Sta02a, Sta02b] for this stand-alone VIC. Afterwards, these core-level
test signals have to be translated into the system-level test signal because the VIC is
embedded in the SoC. Since the input of the VIC cannot be directly accessed at the primary
chip input, the backtrace procedure should be employed to find the stimulus at the primary
chip input that can provide the required test input signal at the input node of this VIC. The
structure of the signal-backtrace approach used for backtracing the test signals of the VIC is
illustrated in Figure 3.16.

Ivdesired

Vchipﬁin VVIC_in
PID - Pre-amplifier FILTER ©

\ Zload

Primary SoC input
|_|_1 < ry p
L1

A 4

Figure 3.16: The test-signal backtrace structure for generating the test signals for the
VIC.

The parameters of the PID controller used in the structure shown in Figure 3.16 can be
determined in the same way as that used for the structure shown in Figure 3.14. Based on
the step response of the combination of the Pre-amplifier and FILTER, the values of the
parameters can be calculated:

a=0.181 (3.41)
L=362x10"° (3.42)
K, =16.6298 (3.43)
K, =9.12x10* (3.44)
Ky=12x10"" (3.45)

Without loss of any generality, an example test vector consisting of the combination of
two sine waves, one 8.891kHz signal (AC amplitude is 25mV and DC offset is 1.3V) and
one 11.857kHz signal (AC amplitude is 25mV and DC offset is 1.3V), is considered here.
The backtracing simulation results are shown in Figure 3.17. The desired test input signal
(Vgesirea) at the input node of the VIC is shown in Figure 3.17(a), the resulting signal to be
applied at the primary chip input (Ve in) is depicted in Figure 3.17(b), while the signal at
the output of the FILTER (Vvic i) is shown in Figure 3.17(c). The difference between the
desired test signal and the resulting test signal at the input of the VIC is shown in Figure
3.17(d) in order to observe the accuracy of the proposed approach clearly. The results in
Figure 3.17(d) show that the difference is very small (less than 0.004V). Moreover, the final
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test signal applied to the input of the SoC as shown in Figure 3.17(b) is a normal signal that
can be generated with a conventional waveform generator. Therefore, our approach is
effective for practical use.
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Figure 3.17: Backtrace simulation results for the test signal of the VIC.

3.4.4 Experimental results

In order to verify the basic principles of our new test-signal backtracing approach, a
hardware experiment with a PCB (Printed Circuit Board) has been carried out. The vehicle
used in the experiment has the same structure as the analogue test path shown in Figure
3.13, i.e. a Pre_amplifier, a FILTER and a VIC are connected in series. The Pre amplifier
is constructed by using an opamp with resistive feedback. It has the same AC gain and
operational frequency range as the Pre_amplifier used in the SoC shown in Figure 3.13. The
FILTER is built-up from four opamps and capacitors. It also has the same AC characteristic
of the FILTER used in the SoC, except that it has a different DC offset. With regard to the
VIC used in our experiment, it is built based on the negative feedback amplifier structure
with the same AC characteristics as the VIC used in the SoC. In summarizing, the vehicle
used in our hardware experiment has the same AC characteristics of the test path shown in
Figure 3.13.

After the hardware is set up, the backtraced test signal described in the section 3.4.3 is
applied at the input of the Pre amplifier. Then the corresponding signal at the input of the
VIC is measured. In more details, the test signal shown in Figure 3.17(b) is applied to the
input of our emulation hardware set up (i.e. t he input of the Pre_amplifier) and the signal at
the input of the VIC on the PCB is measured. The measurement results are shown in Figure
3.18.
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Waveform applied to the input of the Pre_amplifier (V)
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Figure 3.18: Measurement results: (a) the waveform applied to the input of our
emulation hardware, (b) the waveform measured at the input of the VIC.

Figure 3.18(a) shows the waveform applied to the input of our emulation hardware, i.c.
the input of the Pre amplifier. This waveform is generated by an AWG (Arbitrary
Waveform Generator) based on the backtraced signal shown in Figure 3.17(b). Due to the
fact that the DC offset voltage of our emulation hardware is different from the DC offset of
the Pre_amplifier used in the SoC, the waveform shown in Figure 3.18(a) has a different DC
offset as compared to the signal shown in Figure 3.17(b). However, both waveforms have
the same shape. The input signal at the input of the VIC is measured and shown in Figure
3.18(b). It is the real test signal applied to the VIC during final production testing.

On the other hand, Figure 3.17(a) shows the waveform that is expected to appear at the
input of the VIC during the final production testing. As can be seen from Figure 3.18(b) and
Figure 3.17(a), both waveforms have the same shape except that they have different DC
offset voltage and the waveform shown in Figure 3.18(b) is more noisy due to the real
physical noise of the hardware. Therefore, from the AC characteristics point of view, they
match quite well. That means that our approach can successfully backtrace the analogue test
signals from the input of embedded cores to the primary SoC inputs.

3.5 Conclusions

This chapter proposes a PID feedback based backtrace method for analogue test signals
of embedded cores in mixed-signal SoCs. With this proposed method, the test input signal
for the embedded core could be back traced to the primary chip inputs in the time as well as
frequency domain. Moreover, the computational effort for the backtrace procedure is quite
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low since it is quite easy to implement the PID controller in a high-level description
language during simulation. The presented simulation results show that the test-signals of
the embedded cores can be successfully backtraced to the primary chip inputs.
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Chapter 4

Mixed-level modelling for
analogue fault simulation

As discussed in Chapter 1, one possible solution to reduce the
massive analogue fault-simulation time is to use high-level modeling
technique. In this approach, the fault-free blocks/cores are simulated
with high-level models to reduce the CPU time during fault simulation.
At the same time, the faulty block/core is simulated at transistor level
for easy and accurate injection of the fault. A crucial issue for this
method is the generation of suitable high-level models of the fault-free
blocks/cores. Because the behaviour of the faulty block/core is
unknown and it is possible that it functions totally different from the
fault-free one, the high-level model used in fault simulations has
different requirements as compared to high-level models used in the IC
design field. A new mixed-level model structure with three stages is
proposed in this chapter. The approach has been applied to an actual
industrial chip and the fault simulations with the mixed-level model
have been carried out. The results show that this kind of mixed-level
model can work properly in a fault-simulation environment and
effectively reduce the fault-simulation time.
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4.1 Introduction

In the production of mixed-signal circuits, test can be a limiting factor contributing
significantly to manufacturing cost [Mil98, Gar01]. Compared to digital testing, the lack of
a systematic approach to mixed-signal testing development in the IC industry has resulted in
a relatively poor fault coverage with respect to the bridging-fault model, high test costs, and
long test-development time [Xin98].

In order to solve these problems, a structured test method called Defect Oriented Test
(DOT) has been proposed for analogue circuits and studied in the recent years [Beu99,
Sac98, Xin98]. In this approach, the manufacturing defects are modelled with certain fault
models, which can be inserted into the circuit schematic to construct potential faulty
circuits. For those faulty circuits, circuit simulations are carried out with test signals as
inputs and the outputs are compared to the output of the fault-free circuit. If the difference
between faulty circuit output and fault-free circuit output exceeds the pre-defined threshold,
then the fault can be detected by the corresponding test pattern. In this way, the test patterns
for final production testing can be determined. The procedure to perform the circuit
simulation for all the faulty circuits with the entire potential test signals is called analogue
fault simulation.

The presented results in [Beu99, Xin98, Sac98] show that DOT is a promising structural
testing method. Case studies on two automotive mixed-signal ICs in [Xin98] show that, in
addition to the conventional function-oriented tests, the fault coverage with respect to the
bridging fault model can be significantly improved by some simple tests derived by using
the DOT approach. However, the analogue fault simulation always requires extremely long
simulation times because the number of possible faults in the fault list is large and analogue
simulation at the transistor level is time-consuming. Therefore, one of the key issues
hampering the widespread application of DOT in industry is how to reduce the fault
simulation time.

Due to the complexity of the today’s analogue and mixed-signal ICs, the whole chip is
divided into several functional blocks/cores during design. One solution to reduce the fault-
simulation time is to use high-level models for the faulty-free blocks in the fault simulation.
This means that the fault-free blocks are simulated with high-level models to reduce the
simulation time. Meanwhile, the faulty block is simulated at transistor level for easy and
accurate injection of the fault into the fault-free netlist [Kaa98]. Crucial for this method is
the generation of suitable high-level models of the fault-free analogue functional blocks.

There are already several methods available to generate high-level models in the IC
design field [Cas91, Kru95, Roc96, Mos94]. However, the faulty block can have
unexpected behaviour in the analogue fault simulation. It is possible that the conventional
high-level models, which are generated based on fault-free surrounding blocks, cannot work
properly in the fault-simulation environment. It is also possible that they can mask the fault,
i.e. the originally detectable fault can sometimes not be detected due to the usage of the
high-level model. As a result, the high-level model used in the fault-simulation environment
has different requirements as compared to the high-level model normally used in the IC
design field.
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In this chapter, a new idea with regard to the mixed-level model used in fault simulation
is proposed. An input stage, a functional stage and an output stage are used in the proposed
model. The functional stage is an equation-based part to represent the function of the
original fault-free block. For the input and output stage, the original transistor-level circuit
for the input stage and output stage are reused. Another option is to use some electronic
components, which can provide an isolation function and guarantee the proper operation of
the complete model when preceded or succeeded by a faulty block.

In this chapter, our idea for the new mixed-level modelling has been applied to an
analogue block in a real-life industrial mixed-signal chip. The mixed-level model of that
block has been generated and the fault simulation with the mixed-level model of the block
has been carried out. It uses an industrial mixed-signal fault simulation and test optimisation
tool based on DOT. The fault simulation results are compared with the results from the
simulations at transistor level. The presented results show that this kind of models work
properly in the fault-simulation environment and speed up fault simulation significantly.

4.2 Defect Oriented Test (DOT)

The main reason for the necessity of production testing is the existence of unpredictable
and uncontrollable phenomena in different steps of the manufacturing process. As the
results of these imperfections in the manufacturing process, several types of defects can
exist in manufactured ICs. The most common causes of defects in manufacturing are human
errors, equipment failures, process instabilities, material instabilities, substrate in-
homogeneity and lithographical spot defects [Sac98]. The effects of those defects can cause
various types of faults, depending on the IC topology and the nature of the defect.

In order to evaluate the influence of the defects on the circuit performance, the fault
caused by those defects should be electrically modelled. The most commonly used fault
model for analogue circuits is the bridging-fault model [Eng00, Xin98, Beu99]. Depending
on its value, it can degrade into a short or open fault. The modelling of manufacturing
defects makes it possible to insert a fault model into the circuit netlist, run a simulation with
a test signal as input and check whether the output varies from the output of the fault-free
circuit, i.e. whether the fault will be detected by the test. In this way, the test patterns for the
final production testing can be generated. Of course, in order to optimise the test patterns
for low-test cost, knowledge on the probability of the occurrence of the faults is also
required. The procedure to obtain a weighted fault list based on the process statistics and
the IC layout is called fault extraction.

The probability of occurrence of the fault depends on the layout geometry and the
characteristics of the process step related to the specific layer(s) where the fault occurs. To
give an example, Figure 4.1 shows a two dimensional sketch of a conducting particle
between two metal lines. For the sake of simplicity, the defect is assumed to be circular,
which of course does not have to be the case in reality. This defect can be modelled as a
bridging fault of resistance Ry, as shown in the figure. As can be seen from the figure, the
probability of the occurrence of this bridging fault depends on the size of this particle and
the distance between line 1 and line 2. For this example, the fault-free case can be
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modelled with infinite large Ry, meanwhile the short fault can be modelled by using a very
small value of Ry,

line 1  line 2 line 1 line 2

Ry

Bridging- fault model
Figure 4.1: Example of a defect and its bridging fault model.

In general, the test-pattern generation based on defect-oriented testing consists of the
following steps:

» Fault extraction. Based on the circuit layout, defect statistics, technology data and
extraction rules, the weighted fault list is generated.

* Fault simulation. By inserting the faults into the fault-free circuit one by one (single fault
model), all the faulty circuits can be constructed. Using test stimuli (DC, AC, transient etc.)
as input, the simulation is carried out with the fault-free circuit and faulty circuits. Their
outputs are then compared to see whether the fault can be detected. The test stimuli that can
detect the faults in the fault list are subsequently listed.

* Test-pattern optimisation. Since the number of the faults that can be detected by each test
vector is different and the cost of each test vector is also different (for instance the cost of a
DC test vector is always cheaper than a AC test vector), the order of the test vectors should
be optimised to obtain the highest fault coverage with the lowest test cost.

In our work, an industrial proprietary tool called DOTSS (Defect Oriented Testing
Simulation System) is used for fault simulation. DOTSS is a fault-simulation tool that
supports the DOT methodology for medium-sized analogue chips. Besides mixed-signal
fault simulation it also includes test optimisation [Dot00, Xin98]. Starting from the layout of
a design, DOTSS generates a list of weighted faults that may occur during IC production
and inserts them one by one in the original netlist. DOTSS then simulates these faulty
netlists together with a user-defined set of tests. It subsequently quantifies the fault coverage
and optimises the test sequences with the user-defined test cost of individual tests. Thus it
allows designers and test engineers to make a quick and accurate assessment of the test
coverage of realistic process defects before any silicon is produced.

Because the number of faults in the fault list is usually very large, experience from the
practitioners of fault simulation shows that the fault simulation of analogue circuits is a
computationally intensive task taking very long CPU times for medium and large analogue
blocks [Xin98]. One method to reduce fault-simulation time is to use a fault-sampling
technique [Beu99, Eng00], which means that only some faults are selected from the
complete fault list for fault simulation. There are several different criteria to apply fault
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sampling. As the fault extraction method discussed in this chapter grants weights (i.e. the
possibility of the occurrence) to all faults, a fault selection approach based on the total
weight of the selected faults is used. In this approach, the number of the selected faults
should be minimized for a required total weight of the selected faults. Thus, the faults
having the highest probability of occurrence (the biggest weight) should be selected in this
approach.

Another promising method to reduce fault-simulation time is to use a high-level model
during the fault simulation. By using this method, the fault-free blocks are simulated with a
high-level model to reduce simulation time, while the faulty block is simulated at transistor
level for easy and accurate injection of faults. In this chapter, this method has been studied
with a new mixed-level model structure.

4.3 Mixed-level modelling for analogue fault simulation

In IC design and testing, there are already some methods to generate high-level models,
for instance the models suggested in [Cas91, Ger96, Kru95, Roc96, Ros98]. Two typical
high-level models are the so-called macro-model and behavioural model [Get93]. In the
macro model, the existing components in the simulator, e.g. controlled sources, are used to
represent the function of the block. For instance, in [Cas91], a macromodel for an
operational amplifier is presented. On the other hand, the behavioural model is an equation-
based model. It uses some mathematical functions to represent the function of the original
block and has more flexibility. However, it requires a special simulation language that can
handle the equation-based model, for instance VHDL-AMS [Chr99] and Verilog-A [Fit97].
Some examples of behavioural models can be found in [Ant95, Cur96, Ger96, Mos94,
Ros98].

However, the faulty block can have unexpected functions [Miu00] in the analogue fault
simulation. The output signals of the faulty block can be out of the range of the input signal
for the succeeding block. The input impedance and output impedance of the faulty block are
totally unknown and it is possible there is a large difference from those of the fault-free
circuit. For instance, the output could be shorted to ground. Therefore, it is possible that the
conventional macro-model or behavioural model, which is generated with fault-free
surrounding blocks and within normal signal range, will not work properly in the fault-
simulation environment. It is also possible that fault masking occurs, i.e. the detectable fault
turns out to be undetectable during the fault simulation because of the usage of the high-
level model. The high-level model used in fault simulation has therefore different
requirements compared to the high-level model used in conventional IC design. One
important requirement is that the model should work properly if there is a fault in the
preceding or succeeding blocks. Unfortunately, this point is not considered in the published
high-level modelling techniques used in analogue fault simulation, such as the high-level
models proposed in [Dev96] and [Nai93].

On the other hand, if one looks at the structure of analogue functional blocks in an IC,
there are always some special circuits for inputs and outputs to solve the input and output
load matching problem, provide the input protection function and an output buffer function
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to enable a low output resistance for driving resistive and capacitive loads. Meanwhile, the
internal central circuits in the block construct the actual analogue function of the block. For
instance, the block diagram of a normal opamp shown in Figure 4.2 clearly shows that the
opamp has three stages: input stage, functional stage (the high-gain stage) and output stage
and the supporting circuitry (the compensation circuitry and the bias circuitry). Based on
this analysis, a general high-level model structure for analogue blocks used in analogue fault
simulation is proposed in Figure 4.3. It consists of three stages: input stage, functional stage
and output stage [Fan01].

Compensation
Circuitry -

\/

A

\ A \

o> Differential High Output
Transconductance Gain —| Buffer
*~> Stage Stage
! 1
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Circuitry

Figure 4.2: Block diagram of a general opamp [Al102].
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—N] Functional —\| Output
:> topur Stage ) P | S L)

Figure 4.3: The proposed general structure of the mixed-level model of an analogue
block.

In this structure, the input stage acts as an interface between electrical signals outside the
block and the internal representation of the function by mathematical equations in the
functional stage. The input electrical signals can be in the current or voltage domain. The
input stage can be implemented with some existing electronic components, such as
transistors, resistors and capacitors. The most attractive approach to implement the input
stage is to reuse some of the originally designed circuit, as it will represent the original
properties very well. In principle, it should represent the following properties of the circuit:
input resistance, input capacitance, input bias current, input offset voltage, the bound of the
input current and the limitations of the input voltage. In many analogue circuits, the input
part of a circuit can be easily recognized and hence extracted and automatically reused.
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The functional stage is the central part of the model and can be implemented using any
kind of mathematical function. It is very flexible and can represent the functions of any kind
of analogue circuits, for instance operational amplifier, ADC, DAC, mixer etc. For
different analogue circuits, different mathematical approaches can be used. As examples we
mention the Piece-Wise Linear (PWL) approximation [Dab99], multiple adaptive regressive
splines [Dev96, Cha95] and neural networks [Mei96] to represent the functional operation
of the block.

The output stage maps the results provided by the functional stage into the actual
electrical environment of the analogue block. Like the input stage, it can also be
implemented with some existing electronic components, such as transistors, resistors and
capacitors. It can also reuse parts of the originally designed circuit. In principle, the
following properties should be represented by the output stage: output resistance, output
capacitance, output-voltage clipping and output-current clipping.

In most cases, the input stage and output stage have the function that some influences of
the behaviour of the faulty circuit can be isolated from the functional stage. For instance, the
input stage shown in Figure 4.4 has the voltage clamp function. With this voltage protection
circuitry, the highest voltage that can be appeared at V;, is clamped to Vpp+Vy,. Here, Vy, is
certain voltage value that depends on the design of the diode and the PMOS. During fault
simulation, if a voltage that is higher than Vpp+Vy, appears at V;, due to the unexpected
behaviour of the faulty circuit, then it will be clamped to Vppt+Vy, with this input stage.
Hence, the function stage, which can only deal with the voltage not higher than Vpp+Vy,
can work properly during the fault simulation.

Vop
®
[ 2

Figure 4.4: An example of input stage with voltage clamp function.

During the fault simulation, the functional stage can always work properly in our mixed-
level model because the input stage and output stage are fault-free circuits and the
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functional stage only enables the communication with the input stage and output stage. In
this way, the mixed-level model can be guaranteed to work properly during the fault
simulation. Of course, the limits of the isolation depend on the input/output stage circuitry.
For the example circuit shown in Figure 4.4, if the voltage is extremely high (e.g. 10kV),
then the protection voltage clamp circuitry might be not work any more.

An important issue in order to derive the mixed-level model is how much time is
required to construct it. If the design data are available during the model generation, then a
model can be generated very fast because the input/output stages and the functional
operation of the analogue block are always described very well by the design data. In
general, a model can be generated using the following steps:

(a): With the help of the design data, separate the input stage and output stage for all
inputs/outputs of the analogue block in the design.

(b): Copy the input stage and output stage into the mixed-level model.

(c): Based on the functional description of the block, an equation-based representation of
the functional stage can be generated by using the existing behavioural modelling technique,
for instance Piece-Wise Linear (PWL) approximation [Dab99], multiple adaptive regressive
splines [Dev96, Cha95] etc.

(d): Combine the input stage, functional stage and output stage and subsequently verify the
function of the complete mixed-level model.

4.4 Example circuit and the mixed-level model construction

In this section, based on the new mixed-level model structure shown in Figure 4.3, the
mixed-level model for an analogue functional block in a real industrial mixed-signal chip is
constructed. The functional operation of this mixed-level model is also verified by
simulation.

4.4.1 An actual industrial design: the data transceiver

An actual industrial design, a data transceiver, has been used to evaluate our approach.
This chip is used for low-speed data communication between the local devices connected to
a bus as shown in Figure 4.5. The basic function of the chip is to receive data from the local
bus via INOUT and send it to a local device (e.g. a microprocessor) via RXD, and receive
the data from a local device via TXD and transmit it to the local bus via INOUT.

The general structure of the data transceiver is depicted in Figure 4.6. Besides the RXD
and TXD pins, the chip has the additional pins to get/send the control signals from/to the
local device. In order to reduce its power consumption, it can operate in different modes. If
there is no request for receiving/transmitting data, then it operates in the sleeping mode, in
which the chip consumes very little power. Due to its application and function, some parts
of the chip, such as the RECEIVER part and the TRANSMITTER part, are analogue
circuits. Some other parts of the chip, such as the CONTROL block, consist of digital
circuits [FanO1].
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Figure 4.5: General structure of the typical application of the data transceiver.
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Figure 4.6: The architecture of the data transceiver.

For this chip, a fault list including 1233 bridging faults has been generated based on
layout information, defect statistics data and the specified extraction rules. The primary test
plan based on the chip specification includes 37 test vectors. The goal of our work is, based
on DOT and the bridging fault model, to evaluate the fault coverage of the primary test
plan, optimise the test order, delete some redundant test vectors and add some necessary test
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vectors. For one test vector in the test plan, the average simulation time is about 500s if the
simulation is carried out at transistor level. Hence, the simulation time for all faults and all
test vectors is around 6300 hours (about 260 days), which is unacceptable in practice.

In order to reduce this unacceptable fault simulation time, the fault-sampling method is
applied to the fault list. Based on the weight of the faults, a reduced-length fault list with 87
faults is used in the final fault simulation, and the total weight of these 87 faults is 60% of
the total weight of all the faults (1233 faults). The “60%” total weight is used here because,
according to the experience with this kind of chip and manufacturing process, it is a good
threshold for guaranteeing the confidence of the fault-simulation results.

4.4.2 The functional description of the RECEIVER block

The previously described mixed-level modelling approach has been applied to the
RECEIVER block in the chip as indicated in Figure 4.6. The inputs/outputs of the
RECEIVER block are shown in Figure 4.7. The descriptions of the input/outputs of the
RECEIVER block are listed inTable 4.1.

Vbp T TVEE

BUSINI1
—

BUSIN2 | RECEIVER [—5
RXD

BIAS

lGND

Figure 4.7: The inputs/outputs of the RECEIVER block.

Table 4.1: Description of inputs/outputs of the RECEIVER block

Name Function
BUSINI BUS input signal after being filtered
BUSIN2 BUS input signal without being filtered
BIAS Bias current supply
RXD Output
VDD, VEE Power supply
GND Ground

The basic functionality of the RECEIVER block is a comparator, as shown in Figure
4.8, i.e. depending on the input signal voltage level, a different voltage-level signal is
provided at the output. The function of the signal at BUSIN2 is to provide the extra
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information for the protection circuit in the RECEIVER block. Therefore, it is not listed in
the normal functional description below.

Input waveform at
BUSINI (voltage)

Vthvdd
Vthrise
Vthfall

Output waveform
at RXD (voltage)

Figure 4.8: The basic relation between input and output of the RECEIVER block.

Table 4.2: The function of the RECEIVER block

State Input at BUSIN1 (Viy) Output at RXD (Vou) |
Sleeping Vin >= Vinvad Vou = logic low
Work State 1 Virvde™ Vin >=Vingan

AND Vou = logic low

Vin is falling
Work State 2 Vir<Vinean (Vin 1s falling)

OR Vou = logic high
Vir<Vitise (Vin 18 rising)

Work State 3 Vlhvdd > V,‘n >= Vthrise
AND Vou = logic low

V,, is rising.

More details with regard to the description of the function are given in Table 4.2.
Actually, the basic function of the RECEIVER, shown in Figure 4.8 and Table 4.2, is a
comparator with hysteresis because the threshold (Vi) for Vi, falling is smaller than the
threshold (Viyise) for Vi, rising. These three threshold voltages are specified in the design
specifications of the RECEIVER as following:

Viwaa =Vop —1.7

Vg =041%V

Iz
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|4

thrise

=0.58*V,,

where Vpp is the voltage at VDD.

4.4.3 The mixed-level model of the RECEIVER block

Applying the idea of the general mixed-level model with three stages shown in Figure
4.3 to the RECEIVER block, the mixed-level model shown in Figure 4.9 can be generated
with the following steps:

(a): Based on the design data including the schematic, the input stage and output stage of
the RECEIVER block were identified.

(b): The originally designed input stage and output stage are reused in the mixed-level
model shown in Figure 4.9.

(c): Based on the design specification and the functional operation of the RECEIVER block
described in section 4.4.2, the equation-based functional stage was obtained.

(d): The input stage, functional stage and output stage were combined to obtain the
complete mixed-level model.

With regard to the manpower used to generate this mixed-level model, it is three hours
in total (one hour work of design engineer and two hours work of test engineer).

BUSINI Input RXD_,
> circuit
(original +
design) VI va=rvn( T
l -
VT)T)

o
I1 j }74\/@

BUSIN2
> Input R1

stage

circuit
(original
BIAS design)

\4

A\ 4

GNDe
INPUT STAGE FUNCTIONAL STAGE ; OUTPUT STAGE

Figure 4.9: The scheme of the mixed-level model of the RECEIVER block.

The originally designed circuitry is reused in the input stage and output stage in the
mixed-level model depicted in Figure 4.9. As a result of this reusing, the influence of the
unexpected behaviour of the preceding and succeeding blocks can be minimized. For
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instance, if the BIAS input is changed to some strange value, the mixed-level model can still
work properly because this influence can be isolated by the input stage.

Now more details with regard to the elements used in the model of Figure 4.9 will be
given as following. V1 denotes the output voltage from the input stage of BUSIN1, which is
the voltage propagated into the functional stage in the mixed-level model. I1 is a controlled
current source to model the current through Vpp and its value is determined by the
operational state of the RECEIVER block and the voltage at Vpp. According to the design
specifications, the values for I1 are given in Table 4.3. The final equation used in the

*
]VDD

v
mixed-level model is: /1= DD because the current is also determined by the voltage

at VDD~
Table 4.3: The current I,4q during different states when Vypp=12V.

State Current (I,40)
SLEEP 880nA

Work State 1 & 3 62uA

Work State 2 78uA

V2 is the output voltage source, which is controlled by the input voltage V1. The
specifications to set its value are listed in Table 4.2 and Table 4.4.
Min(Vy +2,V,, —0.15) in Table 4.4 means that the minimal value of two is selected. The
relation between V1 and V2 has been extracted based on the design specifications and Vygg
is the voltage level provided by the POWER block.

Table 4.4: The output voltage source at NRXDREC.

State V2 (V)

Sleep 0

Work State 1 & 3 0

Work State 2 Min (Vget2, Vpp-0.15)

R1 models one part of the output resistance of the output RXD. Because the function of
the RECEIVER block is to receive low-speed data, less than 20 kBaud, only a resistor is
used here.

4.4.4 Verification of the functional behaviour of the mixed-level model

In order to verify the function of the mixed-level model of the RECEIVER block and to
investigate how much CPU time can be reduced, several simulations have been carried out.
First, the standalone fault-free RECEIVER block is connected with voltage/current sources
and load resistors and the simulation results are shown in Figure 4.10. The simulation CPU-
times are also shown in the figures, which indicates that mixed-level modelling can speed
up the simulation time significantly (about 15 times).



72 Chapter 4. Mixed-level modelling for analogue fault simulation

14,0
W

BUSINL

10,0 j /

=
(14}
E E.0
=25 ([ I /
= i
2,0 j '
R § \ / e
-2.0
0,0 40, 0w 80, 0w
20,00 B, O 100, (u
time (53

(a) Simulation results for the function of the RECEIVER at transistor level; The CPU
time is 10.41s.
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(b) Simulation results for the function of the RECEIVER with the mixed-level model;
The CPU time is 0.69s.

Figure 4.10: The comparison of the functional behaviour of the RECEIVER.

In the next step, the function of the mixed-level model has been verified in the case the
RECEIVER block is embedded in the complete chip as shown in Figure 4.6. In order to
verify the input-voltage protection function of the mixed-level model, a high voltage (15V)
is applied at BUSINI for the beginning period as shown in Figure 4.11. The Vpp voltage is
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12V during the simulation. As can be seen from the figure, the mixed-level model works
properly with this high input voltage.

17,0
Yoltage at - i |
BUSINT (W) 0 ==
12,0 — |
Yoltage at 7.0
RO (W) 3,0 |
-1,0 |
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Current through —
VDD (8) 40,0u
-20,0u
10,00
Currentthraugh I(_Rx“
BUSINT (A) S T
T 0.0 300,
- 250, 0u s 350, 0u i
time (5)

(a) Simulation at transistor level in the case of an extended voltage; The CPU time of
the complete circuit is 933s.
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(b) Simulation with the mixed-level model of the RECEIVER block in the case of an
extended voltage; The CPU times of the whole circuit is 717s.

Figure 4.11: The comparison of the functional operation of the RECEIVER block if
the RECEIVER block is embedded in the complete chip.

Because the chip is designed for low-speed data communication, the dynamic
characteristics, which are shown as some glitches during the transitions in Figure 4.11(a),
have no influence on the required function. It can therefore be concluded that the results in
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Figure 4.10 and Figure 4.11 show that the mixed-level model of the RECEIVER block has
the same function as the one at transistor level and the mixed-level modelling can
significantly reduce simulation time. Because there are several blocks in the whole circuit
and only the mixed-level of the RECEIVER block is used, only about 20% CPU time is
reduced for the whole circuit simulation, as shown in Figure 4.11. However, theoretically, if
all the blocks in the chip are simulated with mixed-level models, an increasing speed of
around 15 times can be achieved, which is obtained for the standalone RECEIVER block.

4.5 Fault-simulation results

The purpose of introducing mixed-level models is to speed up fault simulation. Now, the
proposed mixed-level model of the RECEIVER block is applied to the fault simulation of
the real design in Dotss. In the following experiment, only the mixed-level model of the
RECEIVER block has been used. The fault simulation results are shown in Table 4.5 and
Table 4.6. In the fault simulation, a 200Q2 resistor is used to model a bridging fault because
it is the most likely value in the real process [Beu99] for this mixed-signal chip and DOTSS
can only deal with bridging faults at this moment [Dot00]. The fault-simulation results using
the transistor level of the RECEIVER block are also presented for the purpose of
comparison.

Among the 87 faults in the reduced length fault list, there are 4 faults that only occur in
the POWER block and there are 2 faults that only occur the TRANSMITTER block. For the
data in Table 4.5, the test vector to measure the current through RXD for A different input
voltage at INOUT is used. The measured current is I1 and 12 if the input voltage at INOUT
is OV and 12V respectively. Based on the specifications of the chip, the test limits for this
test vector are [—5uA ,5uAd] for 11 and [SmA,15mA] for 12. This means that for the fault-

free circuit, —5uA4 < I1 <5uA4 and 5SmA < 12 <15mA should hold. If for the faulty circuits,
Il <—=5uA or I1>5ud or 12 <5mA or 12 >15mA , then the fault can be detected by this

test vector.

In the experiment of Table 4.6, another test vector is used in which the voltage at
INOUT is measured if the input voltage at TXD is 12V and 0V respectively. The test limits
of this test vector can be obtained from the design specification as [9.6V, 12V] for V1 and
[0, 2.4V] for V2. These two test vectors have been used in the experiment because INOUT
and RXD have both some connections with the RECEIVER block. Therefore, the results of
the experiment can show more clearly with regard to the usefulness of the mixed-level
model in analogue fault simulation.

In these two tables, “YES” means that the fault is detected by the test vector and “NO”
means that the fault is not detected by the test vector. Because the simulation time of the
same test vector for different faulty circuits is not same, the CPU time reduction rates in
Table 4.5 and Table 4.6 are different for different faults.

The results in Table 4.5 and Table 4.6 show that fault simulation using mixed-level
models can save simulation time, while providing the same fault-simulation results. The
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proposed mixed-level model of the RECEIVER block works correctly during fault
simulation and turns out to be effective in reducing CPU time.

Table 4.5: Fault simulation results for 4 bridging faults in the POWER block.

Fault list | With/Without the Simulation Simulation [Detection
mixed-level model results time
The whole chip at I1 =10.28pA 695s NO
Bridging | transistor level 12 =11.703mA
fault 1 With the RECEIVER | 11 =10.279pA 535s NO
mixed-level model 12=11.703mA
The whole chip at I1=10.274pA 282s YES
Bridging | transistor level 12=115.132nA
fault 2 With the RECEIVER | 11 =10.274pA 216s YES
mixed-level model 12=127.681nA
The whole chip at I1=10.279pA 569s NO
Bridging | transistor level 12=11.426mA
fault 3 With the RECEIVER | 11 =10.279pA 534s NO
mixed-level model 12=11.426mA
The whole chip at I1 =10.280pA 490s NO
Bridging | transistor level 12 =6.517TmA
fault 4 With the RECEIVER | 11 =10.278pA 457s NO
mixed-level model 12 =6.517mA

Table 4.6: Fault simulation results for 2 bridging faults in the TRANSMITTER block.

Fault list With/without the Simulation Simulation |Detection
mixed-level model results time
The whole chip at V1=11988V | 217s YES
Bridging transistor level V2 =7.984V
fault 1 With the RECEIVER | V1=11.811V 174s YES
mixed-level model V2 =7984V
The whole chip at V1=11988V | 292s NO
Bridging transistor level V2=1.039V
fault 2 With the RECEIVER | V1=11.988V 257s NO
mixed-level model V2=1.039V

Because there are several blocks in the circuit and only the mixed-level model of the
RECEIVER block is used during the fault simulation, the CPU time is only reduced to
around 10% to 20%, as shown in Table 4.5 and Table 4.6. However, it is expected that
more CPU time can be reduced if more blocks in the circuit are simulated with mixed-level
models.
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4.6 Conclusions

In this chapter, a new general structure for mixed-level modelling with three stages is
proposed to speed up analogue fault simulation. The approach has been applied to the
RECEIVER block of an actual industrial chip. The fault simulations have been carried out
using this mixed-level model in DOTSS, an industrial analogue fault simulation and test
optimisation tool based on DOT. The results are compared with those at transistor level.
The comparison shows that this kind of mixed-level modelling can effectively reduce the
fault-simulation time, while providing the same results for fault simulation.
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Chapter 5

Mixed-signal P1500-
compatible core-based
testing architecture

During test translation, some core-level test patterns might not be
able to translate to the system-level due to the limited test access of the
embedded cores. In order to solve this problem, a mixed-signal P1500-
compatible core-based testing architecture is proposed in this chapter.
Analogue wrapper cells and test buses are introduced to provide the
extra test access for the embedded mixed-signal cores in this
architecture. The embedded digital cores with an IEEE P1500 test
wrapper can be directly used in this architecture to get extra test
access. As an example, one analogue test path of a SoC including the
new core-based architecture was evaluated by means of simulation.
The simulation results show that the embedded core testing and the
core-interconnection testing can be easily performed by using the
proposed architecture. The simulation results also show that the
performance degradation and silicon area overhead of the extra DfT
circuits introduced by the proposed architecture are acceptable for
analogue testing of embedded cores.



80 Chapter 5. Mixed-signal P1500-compatible core-based architecture

5.1 Introduction

The controllability of the test input signal and the observability of the test response for
embedded cores are limited by the behaviour of the other cores in the normal functional
path in mixed-signal SoC testing. It is possible that the test pattern generated for stand-alone
cores cannot be realised for the embedded situation due to the limited test access. By using
the testability-analysis method proposed in [Sta03], the embedded cores without sufficient
test access, i.e. with low testability, can be found. In order to test those embedded cores
with low testability, extra controllable paths should be added to the SoC to allow access to
inputs and outputs of each embedded core from the primary SoC pins. Using DfT
techniques is one solution to provide those extra controllable paths [Agr98]. In general, the
mixed-signal boundary-scan technique and to less extend the analogue test bus is used as
possible DT solutions for digital testing and analogue testing respectively [Agr98, Jar91,
Wag88].

The digital boundary-scan standard IEEE 1149.1 is the most widespread DfT solution
for digital board-level testing [Ble93, Par99]. It has been defined in 1990 as an IEEE
standard to test digital ICs on a board by controlling and observing the pins and internal
nodes via a serial boundary-scan path and shift registers. The IEEE 1149.1 standard does
not address analogue aspects of board-level testing, for instance detecting opens and shorts
between the analogue ICs on the board. In order to solve this problem, the mixed-signal test
bus standard IEEE 1149.4 described in [11494, Cro97, Sun98] has been recently defined.

Digital core-based testing, which is in the process of being described by the proposed
IEEE standard P1500 [P1500], is an effective test method for the SoC containing embedded
digital cores. The boundary-scan concept proposed in IEEE 1149.1 is employed in IEEE
P1500 for chip-level testing [Adh99]. This test method is usable for testing embedded
digital cores in a SoC. At this moment, the IEEE P1500 is restricted to digital cores only.
However, nowadays many SoCs also include analogue and mixed-signal parts [Dol02,
Nag99, 0ze00]. Until the year 2000, there has been no effective solution available to test
embedded analogue /mixed-signal cores.

A new mixed-signal P1500-compatible core-based testing architecture is proposed in
this chapter. It can provide effective test access for both embedded digital cores and
embedded analogue cores. The proposed architecture is compatible with IEEE P1500.
Hence, the digital cores with IEEE P1500 test wrappers can be used in the proposed
architecture without any problem. With regards to the analogue testing of the mixed-signal
cores, the analogue wrapper cell structure and analogue test buses have been designed to
provide the test access. This means that, by using our proposed architecture, the analogue
test stimuli can be transported from the external SoC inputs to the inputs of the embedded
core under test, and subsequently the test response can be propagated from the embedded
core to the external SoC outputs [Fan00, Sta00].

The general concepts developed in IEEE 1149.1, IEEE 1149.4 and IEEE P1500 are
introduced in section 5.2. Then, the new mixed-signal P1500-compatible core-based testing
architecture is proposed. Afterwards, the details of the main parts for the proposed
architecture are discussed in section 5.3, including the analogue input/output wrapper cell,
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the wrapper instruction register and the TAP controller. Finally, the proposed architecture
has been applied to the analogue part of a locally designed mixed-signal SoC and the
simulation results for the embedded core testing and the core-interconnection testing are
presented in section 5.4. The performance degradation and the silicon area overhead of the
proposed architecture are also presented in section 5.4.

5.2 Core-based testing

In this section, the concepts for the digital boundary-scan standard IEEE 1149.1 and the
mixed-signal test bus standard IEEE 1149.4 are briefly discussed first. Then the digital
core-based testing standard IEEE P1500 is introduced. Finally, the new mixed-signal core-
based testing architecture based on P1500 is proposed.

5.2.1 Digital boundary-scan standard IEEE 1149.1
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Figure 5.1: Overview of an 1149.1 compliant IC.
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The digital boundary-scan standard, which is well described in [Ble93] and [Par99], has
been defined in 1990 as the IEEE standard 1149.1. It is able to test digital ICs on a board by
controlling and observing the pins and internal nodes via a serial boundary-scan path and
shift registers. The architecture of an IEEE 1149.1 compliant IC is depicted in Figure 5.1.
The main parts in this architecture are the instruction register, the bypass register, the
boundary-scan register cells and the test access port (TAP) controller. In the figure, BSCs
are the boundary-scan cells connected to chip input and output pins, TDI is the test-data
input, TDO is the test-data output and TCK is the test clock.

As shown in Figure 5.1, the boundary-scan cells are located between the bonding pads
and the internal circuitry. The cell can connect or disconnect the input/output pin from the
system circuitry and can apply or measure a digital signal at the pin of the IC. The
boundary-scan cells can be connected into a scan chain, through which the digital signal can
be shifted sequentially. By using this shifting mechanism, the test-input signal can be
applied to the specified pin and the test-output signal at a certain specified pin can be
observed. The TAP controller determines in which of the registers the serial data is shifted.
The instruction register determines in which mode all boundary-scan cells in the IC will
operate. This depends on the instruction shifted into the instruction register.

5.2.2 Mixed-signal test bus standard IEEE 1149.4

The IEEE 1149.1 standard does not address analogue aspects of board-level testing,
such as measuring passive component values, detecting opens and shorts between off-chip
analogue components, or carry out diagnostics on differential signal paths. The mixed-
signal test bus standard IEEE 1149.4 described in [11494, Cro97, Rob97, Sun98] provides
the solutions to these challenges.
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Figure 5.2: Overview of an IEEE 1149.4 compliant IC.
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Figure 5.2 shows the general structure of an IEEE 1149.4 compliant IC. Compared to
the structure shown in Figure 5.1, the hardware features added by 1149.4 are:

— an analogue TAP comprising a minimum of two external pins (AT1, AT2)

— on-chip analogue bus wires (AB1, AB2)

— a test bus interface circuit (TBIC) connecting the on-chip and off-chip analogue buses
— an analogue boundary module (ABM) at each analogue pin.

With regard to the analogue test buses, a single wire bus is used for delivering a stimulus
signal from an input pin (“AT1”) to selected circuit nodes, and a signal wire bus is required
for routing selected analogue output signals to an output pin (“AT2”). The TBIC can be
digitally controlled in order to connect or disconnect the internal test bus from the board-
level test bus.

5.2.3 Digital core-based testing using the proposed standard IEEE P1500

The work recently carried out within the P1500 working group [P1500, Adh99] aims at
defining a uniform, yet flexible hardware interface between an embedded digital core within
a SoC and its environment. With this digital core-based architecture, the pre-defined test
patterns of a core can be delivered to and from the inputs and outputs of embedded digital
cores. It also defines the additional standard hardware for the embedded cores to enable the
core internal test and the core-level interconnection tests. A scheme of a SoC with a P1500
core-based testing architecture is shown in Figure 5.3.
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Figure 5.3: SoC with P1500 wrapped cores.

WSI and WSO are the wrapper serial input and output, and WIP is the Wrapper
Interface Port. By controlling the user-defined Test Access Mechanism (TAM) and the
wrapper cells around the embedded cores, the following test modes can be achieved:
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Normal mode. This mode allows the system chip and cores to function in their normal
system operation mode.

Internal core test mode. This mode enables the pre-generated core-level test patterns to be
applied to the embedded core.

Interconnect test mode. This test mode enables the core test wrapper to be used for testing
the system chip interconnect and logic between cores.

Test isolation mode. This mode allows the core to be isolated in order to facilitate testing of
other cores in the SoC.

As shown in Figure 5.3, the three key components used in the P1500 architecture are the
core test wrapper, the test control mechanism and the test access mechanism. The core test
wrapper provides mechanisms for core test-data access and core-test isolation. The wrapper
allows for controlling core inputs and observing core outputs via the TAM, enabling
internal tests of the cores to be re-applied at the system-chip level. The core test wrapper is
a standard component of P1500 and its behaviour is defined by the standard [P1500]. The
general structure of the core test wrapper is illustrated in Figure 5.4. As can be seen from
the figure, the concept of the boundary-scan methodology proposed in IEEE 1149.1 is
employed in this digital core-based architecture. Although the behaviour of the core test
wrapper is defined in the P1500 standard, its implementation is user defined. This means
that different users can have different implementations.
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Figure 5.4: The components of the P1500 core test wrapper.

The purpose of the P1500 test control mechanism is to enable and control test modes
and test signals within the system chip. The main component for the test control mechanism
is the wrapper interface port (WIP). The user defined TAM is employed to transfer test data
between the primary I/O of the system chip and the core test wrapper.

5.2.4 The proposed mixed-signal core-based testing architecture

As basis for our architecture, the one described for digital cores in [P1500] was used.
However, now a mixed-signal core has been assumed as shown in Figure 5.5. In order to
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provide the analogue test signal access for the embedded mixed-signal cores, the user-
defined test access mechanism on top is extended with analogue test buses. The input
analogue wrapper cell and output analogue wrapper cell are introduced for the core test
wrapper and the standard P1500 WIP is enhanced with an analogue test-bus controller part.
Therefore, digital core with P1500 test wrapper can be directly used in the proposed
architecture because it fits within the general architecture as presented in IEEE P1500
[Adh99] and the TAP controller can also provide the standard P1500 control signals for the
test wrappers of the embedded digital cores.
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Figure 5.5: Proposed mixed-signal core-based testing architecture.

More details of the mixed-signal core and its surrounding wrapper cells are depicted in
Figure 5.6. In this structure, FI/FO means functional input/output. The mixed-signal core is
divided into analogue inputs and outputs and their digital counter parts. Each core input and
output has a wrapper cell connected to it. Depending on the type of core input/output, the
proper wrapper cell can be chosen from the available wrapper cell library by the EDA
(Electronic Design Automation) tools automatically or by the SoC designer manually. For
instance, the digital input wrapper cell is connected to the digital input of the core and the
analogue voltage driven output wrapper cell is connected to the analogue voltage driven
output of the embedded core.

Due to the fact that there are different types of core inputs and outputs in the SoC,
different wrapper cells should be designed and stored in the wrapper cell library. However,
all wrapper cells should have the same control interface and all the control signals have to
be provided by the Wrapper Instruction Register (WIR).
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Figure 5.6: A mixed-signal core with the corresponding core test wrapper, including
analogue and digital wrapper environment and analogue test busses.

The digital input and output wrapper cells are identical to the ones as suggested within
[P1500]. These digital core wrapper cells can operate in a certain mode based on the
received standard P1500 control signals via the TAP controller and WIR. The analogue
input and output wrapper cells are connected to the analogue input/outputs of the core. They
are also connected to the user-defined TAM via the internal analogue test buses (AB1 and
AB2). The WIR is connected to the on-chip TAP controller. It controls all the states of the
wrapper cells within the corresponding core test wrapper.

5.3 The hardware implementation of the proposed core-based
testing architecture

In the previous section, a new mixed-signal P1500-compatible core-based testing
architecture has been proposed combining the digital core-based testing techniques and an
analogue test-bus technique. In this section, the main components used in this structure will
be presented. The digital input and output wrapper cell will not be discussed here because
they are identical to the wrapper cells defined in IEEE P1500 [P1500]. However, the
structure and implementation of the analogue input and output wrapper cells will be
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explained in this section. The implementation of the enhanced WIR, the TAP controller and
the user-defined TAM will be discussed as well.

5.3.1 Analogue input wrapper cell

The basic scheme of the general analogue input wrapper cell is depicted in Figure 5.7.
The wrapper cell consists of three analogue switches SB1, SB2 and SC. The control signals
for these three switches are coming from the WIR of the core. In this structure, an important
switch is SC, which can connect or disconnect the core from its surroundings. As can be
seen from Figure 5.7, this structure has some similarities with the ABM defined in IEEE
1149.4 [11494]. However, it has fewer components than the ABM structure. The main
reason is that lower measurement capability is required for the core-interconnection testing
than the IC-interconnection testing.

Analogue Busl  Analogue Bus2 jo—

I > + + g Core

SB1 SB2
> Decoder >
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From the To the next
previous wrapper cell

wrapper cell
Figure 5.7: The proposed basic structure of the general analogue input wrapper cell.

The required test modes of the presented analogue input wrapper cell are given in Table
5.1. It provides the most basic operations required.

Table 5.1: Analogue input wrapper cell operational modes.

SC SB1 SB2 Test Mode

On off off Normal function
On On off Internal core test
off off On Interconnection test
off off off Test isolation

The normal function mode allows the system chip and cores to function in their normal
system operation mode. The core test mode enables the pre-generated analogue test signals
[Sta03] for the embedded mixed-signal core to be applied to the core via the user-defined
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TAM and the core test wrapper. The interconnection test mode enables the core test
wrapper to be used for testing the interconnection lines/wires between cores. The fest
isolation mode allows the core to be isolated in order to facilitate testing of other cores in
the SoC. These four test modes are the basic required ones. Besides the test modes listed in
Table 5.1, more user-defined test modes can be defined if they are required by the user.

Since the structure shown in Figure 5.7 is the basic structure, more complex structures
can be used if more testing functions are required. [Hui02] proposed an analogue input
wrapper cell (Figure 5.8) similar to the analogue boundary module (ABM) as suggested in
IEEE 1149.4. The switches H, L and R can connect the core input to a high, low or
reference voltage. These voltages may be provided to the wrapper cell separately, or by
making a connection to the power-supply voltage V44 or GROUND. The comparator can be
used to digitalis the test response for interconnection testing.
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Figure 5.8: An input wrapper cell structure similar to the analogue boundary module
(ABM) as used in IEEE 1149.4.

With regard to the implementation of the analogue input wrapper cell, an analogue
voltage-driven input wrapper cell has been designed in 0.8um AMS CMOS technology by
us [Ber02]. The switches used in the wrapper cell are made of transmission gates, a matched
pair of a NMOS and a PMOS transistor. The DC switch-on resistance of the transmission
gate used in [Ber02] is smaller than 800Q and its corresponding switch-off resistance is
larger than 1GQ. The AC simulation results of the transmission gate show that the AC
amplitude decreases less than 0.3% and the phase change is smaller with 1.4° if the
frequency is lower than 100MHz. The simulation results of the proposed complete input
wrapper cell (Figure 5.8) in [Ber02] also show that the AC amplitude and phase degradation
are 0.5% and -5° respectively if it is operating at 100MHz in the “Normal function” mode.
This frequency range is sufficient for audio and video application circuits.
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5.3.2 Analogue output wrapper cell

The basic structure of the analogue output wrapper cell is shown in Figure 5.9. It
resembles the previous analogue input wrapper cell. However, four switches are used in
this structure. The switch SZ is added, which is used to connect a certain load to the output
of the core. In this way, the core can still be tested under the same loading conditions if the
core is disconnected from its surroundings. Of course, for the rare case that the functioning
of the core does not depend on its load, this switch can be left out of the design.
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previous wrapper cell

wrapper cell
Figure 5.9: The proposed general structure of basic the analogue output wrapper cell.

The different conditions of the switches for the required test modes of the output
wrapper cell are listed in Table 5.2.

Table 5.2: Analogue output wrapper cell operational modes.

SC SB1 SB2 SZ Test Mode
off off off off Normal function
On off On On Core test

off On off off Interconnection test
off off off off Test isolation

Based on this proposed general structure, an analogue output wrapper cell has been
designed by us in [Ber02], employing CMOS transmission gates as switches. The
simulation results of this analogue output wrapper cell can be used in audio and video
applications because the AC amplitude and phase degradation are 0.6% and -5° respectively
if it is operating at 100MHz in the “Normal function” mode.

5.3.3 Wrapper instruction register

All wrapper cells are controlled by the wrapper instruction register (WIR) in the
proposed architecture. The function of the WIR is to receive instruction data or test data
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from the TAP controller and decode the instruction data. Then, it controls the operating
status of every wrapper cell in the embedded core based on the instruction received. The
WIRs for different cores and the TAP controller are connected together via a serial scan
chain as shown in Figure 5.10. As shown in the figure, the WIRs receive the test data via
this scan chain. With regard to the data shifted into the WIR, depending on the control
signals from the TAP controller, the WIR can treat this serial data as an instruction or as
data for the wrapper cells.
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Figure 5.10: The illustration of the connection between the WIRs and TAP controller.

The simplified scheme of a WIR is depicted in Figure 5.11. It consists of the Bypass
Register, the Instruction Register and the serial data interface connected with the test
wrapper cells.
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Figure 5.11: The simplified scheme of a WIR.
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The WIR receives the data from the TAP controller via the WSI. It then decodes the
data by the Instruction Register if the data is meant for this core, or bypasses the data to the
next WIR by using the Bypass Register. On the other hand, by using the internal scan chain
inside the core test wrapper (Figure 5.6), it sends the digital test data and control signals to
the wrapper cells and receives the digital test response data from the wrapper cells if
necessary. It can also send the digital test response to the primary chip output via the
succeeding WIRs and the TAP controller. Based on the required functionality of the WIR, a
WIR has been implemented in CMOS by us in [Hui02].

5.3.4 TAP controller

The TAP controller is the test control interface with the outside world. It mainly consists
of two parts: the standard P1500 WIP for providing the standard P1500 control signals for
the digital cores with P1500 test wrapper and the analogue test-bus control circuit to
provide the control signals for analogue wrapper cells and the analogue test buses. All core
test wrapper cells inside the SoC can be controlled at the chip input pins through the TAP
controller. The complete design of our mixed-signal TAP controller in CMOS technology
can be found in [Hui02], which can provide the control signals for the standard P1500
wrapper cells, analogue wrapper cells and the analogue test buses.

5.3.5 User defined test access mechanism

Our user-defined test access mechanism consists of the parallel test access mechanism
for digital testing and the analogue test buses for analogue testing. All input wrapper cells
and output wrapper cells should be connected to the TAM. As a user-defined part, the
design of this hardware can be entirely left to the SoC designer. However, similar to the
situation that the IC designer can use a lot of pre-designed blocks from the library of EDA
tools, the small components of the TAM can also be pre-designed and stored in a library.
This simplifies the design of the user-defined TAM by the SoC designer.

As a general consideration, different test buses should be available for each kind of test
signals. In practise this means there can be voltage-driven test buses or current-driven test
buses. It is also possible to have more than one test bus of a certain kind. In [Ber02], the
structure of one type of TBIC and a voltage-driven test bus is proposed.

If the embedded analogue cores have differential inputs/outputs, then differential
analogue test buses have to be employed. Meanwhile, the input/output analogue wrapper
cells with differential inputs/outputs have to be used as well.

5.4 Example circuit and simulation results

In order to verify the proposed architecture in mixed-signal SoC testing, an experiment
was carried out on a part of a locally designed SoC in this section.
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5.4.1 Example circuit

The example circuit shown in Figure 5.12 is a SoC containing a Pre-amplifier, a
continuous time filter (FILTER), a voltage-current converter (VIC) and other digital cores
[Sta02b]. The input signals are connected to the Pre amplifier and the load resistors are
connected to the outputs of the VIC. The considered analogue test path is the signal path
containing the serial interconnection of the Pre _amplifier, the FILTER and the VIC. The
FILTER core has one low-pass filter (LPF) path and one band-pass filter (BPF) path
[Yuf99]. The characteristics of the LPF and BPF are determined by the bias current, which
is provided by other circuits in the SoC as shown in Figure 5.12. If the bias current is
200nA, then the cut-off frequency of the LPF is 18kHz (-3dB point); the centre frequency of
the BPF is 13.4kHz and the bandwidth 12.43kHz (-3dB point). Because the DfT
architecture for the digital embedded cores is already provided by IEEE P1500 [P1500],
only the DfT architecture for the analogue testing of the mixed-signal cores is discussed
here. Therefore, the digital cores and the other circuitry in the SoC have been clustered in
the figure for the sake of simplicity.
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Primary BPF
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Figure 5.12: Illustration of a SoC containing embedded Pre-amplifier, FILTER, VIC,
and other digital cores and circuitry.

In order to provide the test access to the embedded digital and analogue cores, the core-
based testing architecture as proposed in Figure 5.5 has been applied to this SoC. The SoC
with the proposed architecture is shown in Figure 5.13. For simplicity, only the analogue
wrapper cells and the corresponding wrapper instruction register (WIR), analogue test buses
and the TAP controller are depicted in Figure 5.13.
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Figure 5.13: The illustration of the SoC with the proposed mixed-signal core-based
testing architecture.

In this architecture, AITB is the analogue input test bus and AOTB is the analogue
output test bus. The analogue input wrapper cells and output wrapper cells are implemented
based on the general structure presented in Figure 5.7 and Figure 5.9. CMOS transmission
gates are used as the switches in the wrapper cells. The circuit details of the analogue
wrapper cells can be found in [Ber02]. The implementations of the WIR and the TAP
controller have been presented in [Hui02].

5.4.2 Simulation results for normal operation

In order to observe the influence of the extra circuits introduced by the proposed
architecture with respect to the normal circuit operation, the DC and AC simulation results
of the analogue test path with and without wrapper cells have been compared. The analogue
test path considered here contains the Pre-amplifier, the FILTER and the VIC, as shown in
Figure 5.12 and Figure 5.13. The bias current for the FILTER is 200nA during the DC and
AC simulations. For the circuit show in Figure 5.13, all the input and output wrapper cells
operate in the “normal function” mode during the simulation.

The DC simulation results for the test path without wrapper cells are shown in Figure
5.14. In this figure, the x-axis shows the DC voltage at the input of the Pre-amplifier and the
y-axis represents the DC current in the load resistors (R=500€2) connected to the outputs of
the VIC. Since the FILTER has one LPF path and one BPF path, there are two paths in the
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VIC: one for the LPF path and one for the BPF path. Figure 5.14(a) and Figure 5.14(b)
depict the DC current in the load resistor connected to the VIC output of the LPF path and
BPF path respectively. The DC simulation results for the normal function mode with the
core-based testing architecture are shown in Figure 5.15. Similar to as Figure 5.14, the DC
currents in the load resistor connected to the VIC output of the LPF path and BPF path are
shown in Figure 5.15(a) and Figure 5.15(b) respectively.

3 60m DC current in the load resistor of the LPF path (A)
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Figure 5.14: DC analysis results of the test path without wrapper cells.
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Figure 5.15: DC analysis results of the test path with analogue wrapper cells.
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In order to observe the influence of the proposed architecture to the DC performance of
the test path, the difference between the DC simulation results with and without wrapper
cells are shown in Figure 5.16. The data for this figure has been obtained by subtracting the
simulation results without the wrapper cells of the corresponding simulation results with the
wrapper cells. For the DC current in the load resistor of the LPF path, the absolute value of
the difference is smaller than 300nA, as shown in Figure 5.16(a). Since the DC current
during the normal operation is larger than 2.4mA, as shown in Figure 5.14(a), the difference
is smaller than 0.0125%. Similarly, the difference for the DC current in the load resistor of
the BPF path is shown in Figure 5.16(b). It shows that the absolute value of the difference is
smaller than 110nA. The difference is less than 0.005% as the DC current during the normal
operation is larger than 2.63mA as shown in Figure 5.14(b). Therefore, it can be concluded
that the proposed architecture has only an extremely small influence on the DC performance
of the example circuit shown in Figure 5.12.
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Figure 5.16: The difference of the DC analysis of the test path with/without wrapper
cells in the LPF path (a) and BPF path (b).

Similar to the DC simulation, the AC simulation results for the test path with and
without wrapper cells are shown in Figure 5.17 and Figure 5.18 respectively. In these two
figures, the x-axis represents the frequency of the AC analysis and the y-axis represents the
AC amplitude of the current in the load resistor connected to the output of the VIC. During
the AC simulation, the signal at the input of the pre-amplifier is a sine waveform with DC
offset of 0.675V and AC amplitude of 100mV. Figure 5.17(a) and Figure 5.18(a) show the
AC amplitude of the current in the load resistor connected to the LPF path, while Figure
5.17(b) and Figure 5.18(b) show the AC amplitude of the current in the load resistor
connected to the BPF path. The waveforms shown in Figure 5.17 and Figure 5.18 match
quite well.
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Figure 5.17: AC amplitude of the current in the load resistor of the test path without
wrapper cells.
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Figure 5.18: AC amplitude of the current in the load resistor of the test path with
wrapper cells.
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In order to clearly observe the difference between the AC simulation results of the test
path with and without wrapper cells, the difference of these two cases is depicted in Figure
5.19 by subtracting the results shown in Figure 5.17 by the corresponding results presented
in Figure 5.18. Figure 5.19(a) shows the difference of the AC amplitude of the current in the
load resistor connected to the VIC output of the LPF path. The maximum absolute value of
the difference shown in Figure 5.19(a) is around 700nA. Since the normal AC amplitude
shown in Figure 5.17(a) is around 200uA, the largest difference is around 0.35%. Similarly,
by using the data presented in Figure 5.17(b) and Figure 5.19(b), the biggest difference for
the AC amplitude of the current in the load resistor connected to the VIC output of the BPF
path can be calculated to be around 0.3%.
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Figure 5.19: The difference between the AC amplitude of the current in the load
resistor of the test path with/without wrapper cells in the LPF path (a) and BPF path

(b).

The AC phases of the corresponding AC simulations are shown in Figure 5.20, Figure
5.21 and Figure 5.22. Similar to the simulation results of the AC amplitude, the AC phases
of the simulation without wrapper cells are shown in Figure 5.20, AC phases of the
simulation with wrapper cells are shown in Figure 5.21, and the differences between them
are shown in Figure 5.22.

As can be seen from Figure 5.22(a), the difference of the phase of the current in the load
resistor of the LPF path is less than 4 degrees for a frequency lower than 50kHz. The cutoff
frequency of the LPF is 18kHz. Therefore, the wrapper cells and the analogue test path have
a very small influence in terms of AC phase within the band of the LPF. The difference for
the BPF path is depicted in Figure 5.22(b). It shows that the difference is less than 4 degrees
if the frequency is lower than 100kHz. This means the influence of the proposed
architecture on the performance of the BPF path in terms of AC phase is also very small.
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Figure 5.20: AC phase of the current in the load resistor of the test path without

wrapper cells.
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Figure 5.21: AC phase of the current in the load resistor of the test path with wrapper

cells.
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Figure 5.22: The difference between the AC phases of the current in the load resistor
of the test path with/without wrapper cells.

The DC and AC simulation results show that the performance degradation of
introducing the proposed architecture is quite small. Therefore, the proposed architecture is
acceptable for using in the example circuit in terms of the performance degradation.

5.4.3 Simulation results for the embedded core testing case

The results in the previous subsection have shown that the influence of the proposed
architecture on the normal operation of our SoC is quite small. As the main purpose of the
proposed architecture is embedded core testing, a simulation of this test using the proposed
architecture is carried out in this subsection. Without loss of any generality, it is assumed
that the FILTER is the analogue embedded core under test. For the stand-alone FILTER, the
testability-analysis based test-pattern generation approach is used to generate the potential
test signals [Sta02a, Sta02b]. Among these potential test signals, the test input signal for one
particular bridging fault is the combination of two sine waves, one 13.3kHz signal (AC
amplitude is 50mV and DC offset is 1.3V) and one 17.7kHz signal (AC amplitude is 50mV
and DC offset is 1.3V) [Sta03]. Since the input and output of the FILTER cannot be directly
accessed at the primary chip input and output, our DfT architecture is employed to provide
the extra test access.

The example circuit with the proposed core-based testing architecture is shown in Figure
5.13. In order to test the FILTER, all input wrapper cells and output wrapper cells of the
FILTER operate in the “core test” mode. During the simulation, the combined sine signal
(13.3kHz and 17.7kHz) described previously is applied to the input of the AITB (Figure
5.13). Then, the signal at the output of the AOTB is observed for both the faulty circuit and
fault-free circuit. For the purpose of comparison, the corresponding signals at the output of
the FILTER are also shown. The simulation results are presented in Figure 5.23. In this
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figure, the x-axis represents the time for the transient analysis. Figure 5.23(a) shows the
waveforms observed at the output of the FILTER for both the fault-free circuit and faulty
circuit. Figure 5.23(b) shows the signals observed at the output of the AOTB during the
fault simulation.
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Figure 5.23: Simulation results of embedded core testing for one bridging fault in the
FILTER.

First of all, if the test input signal is applied via the proposed architecture (AITB and the
analogue input wrapper cells), the fault can still be detected at the output of the FILTER
since there is a clear distinction between the response of the faulty circuit and fault-free
circuit. This means that the proposed architecture can provide the extra test access from the
primary SoC inputs to the input of the embedded FILTER.

Second, Figure 5.23(b) shows that there is also a clear distinction between the behaviour
of the faulty circuit and behaviour of the fault-free circuit at the AOTB output. Therefore,
the fault can also be successfully detected at the primary chip outputs using the proposed
output wrapper cells and the analogue test bus AOTB. This means that the proposed
architecture can provide test access of the observation at the primary SoC outputs for the
embedded core testing case.

Summarizing, the presented simulation results indicate that the proposed architecture
can successfully provide the test access for embedded analogue core testing in the low-
frequency circuits. However, as a limitation of this approach, there might be the
performance degradation problem if it is applied to RF circuit testing.
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5.4.4 Simulation results for the interconnection testing case

Another part of the required tests for an embedded analogue core is the verification of
the quality of the interconnection lines between cores. The simulation result for the case that
a bad connection (e.g. caused by vias) is present between the FILTER and the VIC is
presented in Figure 5.24. During the simulation, the output wrapper cells of the FILTER
and the input wrapper cells of the VIC operate in the “interconnection test” mode with the
switch status listed in Table 5.1 and Table 5.2. In this example, a voltage-to-voltage
measurement has been employed. A DC voltage source is connected at the input of the
AITB and the DC voltage at the output of AOTB is observed.

_90@m

. —— Fault-free circuit
ooom b ... Faulty circuit |

SIm

DC voltage at the output of AOTB (V

10.00 33.34K 66.67K 100.0K

Interconnection resistance (Q)

b.00

Figure 5.24: Simulation results showing an increased resistance between the FILTER
and the VIC interconnection which is detected by employing the proposed core-based
testing architecture. (Load resistance at AOTB = 1kQ).

In Figure 5.24, the x-axis represents the assumed interconnection resistance and the y-
axis represents the DC voltage measured at the output of the AOTB. The interconnection
resistance is ideally close to zero if there is no interconnection fault (fault-free circuit). The
results in Figure 5.24 show that the difference between the behaviour of the fault-free circuit
and the faulty circuit become increasingly large as the interconnection resistance increases.
Due to this difference between the behaviour of the faulty circuit and the fault-free circuit as
shown in Figure 5.24, the interconnection fault can be detected by employing the proposed
architecture.

5.4.5 Silicon area overhead of the proposed architecture

In order to calculate the overhead of the proposed architecture, it is not fair to only look
at the number of transistors. The reason is that the transistors used in the analogue part of
the example SoC have much larger dimensions than the minimum transistors used in digital
circuits. For instance, half of the amount of transistors used in the FILTER have a gate
width of 250pm and a length of Sum, while the transistor used in our digital circuits have a
gate width of 5.3um and length of 0.8um in our process (0.8um AMS). Therefore, the
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silicon area overhead is used to evaluate our proposed architecture. For the sake of
simplicity, the gate width and length of the transistors are directly multiplied to calculate the
relative silicon overhead in our research. This means, the relative silicon area of the
transistor with width of 250pum and length of Spum is 1250pum’.

The relative silicon areas of the analogue cores in the test path are listed in Table 5.3.
The relative silicon area of the DfT architecture is listed in Table 5.4. There are 6 input
analogue wrapper cells and 6 output analogue wrapper cells used in our test path example.
Three WIRs are employed because each core requires one WIR. The TAP controller is not
listed in Table 5.4 because there is only one TAP controller for the whole chip and it
provides the function for all analogue and digital wrapper cells in the chip. Actually, the
design in [Hui02] shows that the relative silicon area of the TAP controller is only
2035um’.

Table 5.3: The relative silicon area of the embedded cores.

Circuit type Relative silicon area of Total relative silicon
each core (pmz) area of the embedded
cores (um’)
Pre-amplifier 32342
FILTER 42332 139359
VIC 64685

Table 5.4: The relative silicon area of the DfT circuitry.

DAT circuit type Relative silicon area of Total relative silicon area of
each type DT circuit (um?) | the whole DfT circuit (um?)
Analogue input 6945
wrapper cell (6x)
Analogue output 6843 17782
wrapper cell (6x)
WIR (3x) 3994

With the data listed in Table 5.3 and Table 5.4, the overhead of the proposed core-based
testing architecture can be calculated to be 12.8%. It is claimed in [BusO1] that the silicon
area overhead of digital DfT is typically found to be in the range of 5% to 10%. However,
the results in [teB02] show that an area overhead of 25% is already quite good for the DfT
circuits in the testing of digital asynchronous circuits. Therefore, the silicon area overhead
of our proposed core-based testing architecture seems to be acceptable for the analogue
testing of embedded cores.

5.5 Conclusions

In this chapter, a new mixed-signal P1500-compatible core-based testing architecture
has been proposed for the first time. The digital cores with the P1500 test wrapper can be
directly used in this architecture to accomplish extra test access. The new analogue input
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and output wrapper cells and analogue test buses have been designed and used to provide
the test access for the analogue testing of embedded mixed-signal cores. In order to verify
the viability of this proposed new architecture and associated circuits, an analogue part of a
locally designed low frequency mixed-signal SoC has been used as an example. The
simulation results show that the proposed architecture has an extremely small influence on
the normal operation of the example circuit. The maximal distortion with regard to the DC
performance and AC amplitude are 0.0125% and 0.35% respectively. The simulation results
also show that the proposed mixed-signal core-based testing architecture can provide test
access for the testing of embedded mixed-signal cores and the interconnection testing
successfully. Moreover, the calculated silicon area overhead results for this DfT architecture
show that the overhead is acceptable for analogue embedded core testing.
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6.1 Conclusions

The objective of this thesis is to find solutions for some crucial problems in the system-
level testing of embedded analogue cores in SoC. Due to the complexity of mixed-signal
SoCs, a hierarchical approach has been employed in our research for the testing of
embedded analogue cores in SoC. In this approach, a test set for each stand-alone core in
the SoC is generated first. Next, some test translation schemes are employed to translate the
core-level test into a system-level test because the test-input signals can only be controlled
at the primary SoC inputs and the test responses can only be observed at the primary SoC
outputs during production testing. The main task of the test translation is to propagate
(backwards and forwards) those core-level test-input signals and test-output responses of
each embedded core to the primary SoC inputs and outputs. Meanwhile, the corresponding
tolerance boxes should also be propagated to the primary SoC outputs.

A new test-pattern generation method based on the analogue testability analysis, for the
stand-alone core has been proposed in [Sta03]. The following crucial issues of the test
translation are dealt with in this thesis:

— analogue test-signal backtrace
— tolerance-box propagation
— mixed-signal P1500-compatible core-based testing architecture

— mixed-level modelling technique for reducing the analogue fault-simulation time.

e Analogue test-signal backtrace

Test-signal backtracing is the procedure to determine a stimulus at the primary SoC
inputs that will produce the desired test signal at the inputs of the embedded cores under
test. This is a major step in translating the core-level test patterns into system-level test
patterns. While digital backtrace procedures are relatively easy to implement with the help
of Boolean mathematics, there is no generic approach for backtracing analogue signals in a
mixed-signal IC because the analogue test signal is continuous and the respective input-
output relationships of the components used in analogue circuits are often expressed by the
nonlinear equations.

The PID (Proportional Integral Derivative) feedback loop based backtrace method
proposed in Chapter 3 provides a good solution to the test-signal backtracing for the testing
of embedded analogue cores. With this proposed method, the test-input signal for the
embedded core can be backtraced to the primary SoC inputs in the time as well as
frequency domain. Moreover, the computational effort for the backtrace procedure is low
since it is quite easy to implement the PID controller in a high-level language during
simulation. The presented theoretical analysis, simulation and measurement results show
that the test-signals of the embedded cores can be backtraced successfully to the primary
SoC inputs.
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e Tolerance-box propagation

The tolerance box plays a very important role in analogue testing because the
specification of an analogue circuit allows some variations in the circuit characteristics.
Tolerance-box generation is a very CPU-time consuming procedure with the conventional
Monte-Carlo approach. During the test translation, the tolerance-box at the output of the
embedded core under test should be propagated forwards together with the test response to
the primary SoC outputs.

Chapter 2 of this thesis proposes a new fast core-based tolerance-box generation and
propagation approach for the testing of embedded analogue cores by using the sensitivity-
analysis technique. The application of this approach to an example circuit shows that this
approach is about 140 times faster than the conventional Monte Carlo simulation approach
while the loss in the accuracy is smaller than 1.4%. Therefore, the proposed approach is
very useful for the tolerance-box propagation in the testing of embedded analogue cores.

e Mixed-signal P1500-compabitable core-based testing architecture

The testabilities of the embedded cores are limited by the behaviour of other
preceding/succeeding cores in the SoC. It is possible that the test patterns generated for
stand-alone cores cannot be successfully translated to the system-level test patterns due to
limited test access.

Chapter 5 proposes a new mixed-signal P1500-compatible core-based testing
architecture. The digital cores with the P1500 test wrapper can be directly used within this
architecture to enable extra test access because of its good compatibility. The new analogue
input- and output- wrapper cells and analogue test buses have been designed and used to
provide the test access for the analogue testing of embedded mixed-signal cores. In order to
verify the viability of this proposed new architecture and the associated circuits, an
analogue part of a locally designed mixed-signal SoC has been used as an example. The
simulation results show that the proposed architecture has a very small influence on the
normal operation of the example circuit. The simulation results also show that the proposed
mixed-signal core-based testing architecture can successfully provide the test access for the
testing of embedded mixed-signal cores as well as testing the interconnection between
cores. Moreover, the calculated silicon area overhead shows that the overhead is acceptable
for the analogue testing of embedded mixed-signal cores.

o Mixed-level modelling technique for reducing the analogue fault-simulation time

Structural fault-model based testing is a potential approach to develop low-cost test
signals for analogue circuit testing. In this approach, the manufacturing defects are
modelled with certain fault models. During the test-signal selection procedure, these fault
models are first inserted into the circuit netlist to construct the faulty circuits. Then, the
analogue fault simulation is employed to select the test signals and evaluate the
performance of the test signals in terms of fault coverage.
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Due to the fact that the list of faulty circuits is always very large and analogue circuit
simulation is CPU-time consuming, analogue fault simulation becomes unacceptable long
if the analogue circuit becomes more complex. One solution to reduce the massive fault-
simulation time is to use high-level models for the faulty-free blocks/cores in the fault
simulation. Crucial for this method is the generation of suitable high-level models for the
fault-free analogue functional blocks/cores.

In Chapter 4, a new mixed-level modelling technique with three stages is proposed to
speed up analogue fault simulation. In this structure, the original transistor-level circuits are
reused for the input stage and output stage. The functional stage is an equation-based part
to represent the function of the original fault-free block. This technique has been applied to
an analogue block in a real-life industrial mixed-signal chip. The simulation results indicate
that this kind of models can work properly in a fault-simulation environment.

Summarising, during the test translation, the test signal of the embedded cores can be
backtraced by using the proposed PID feedback loop-based approach and the tolerance-
boxes can be quickly propagated forwards while applying the proposed sensitivity-analysis
approach. The proposed P1500-compatible core-based testing architecture can provide the
extra test access for the embedded cores with low testability. Therefore, the core-level test
pattern for embedded analogue cores can be successfully translated into the system-level by
combining the methods presented in this thesis.

6.2 Original contributions of this thesis

The following original contributions have been proposed in this thesis.

o A PID feedback loop-based test-signal backtrace approach, which provides an effective
method to backtrace the test signals of the embedded cores to the primary SoC inputs.

e A sensitivity-analysis based tolerance-box generation and propagation method to
effectively propagate the tolerance-boxes at the output of the embedded cores to the
primary SoC outputs.

e A mixed-level modelling technique for fault-free blocks/cores that can reduce the
analogue fault-simulation time while retaining the same results as the conventional CPU-
time consuming fault simulation at transistor level.

e A mixed-signal P1500-compatible core-based testing architecture to provide extra test
access for embedded cores with low testability.

6.3 Recommendations for future research

The main recommendations for future research in the area of testing mixed-signal
embedded cores in SoC are as following:

¢ Many results presented in this thesis have been obtained by simulation. More
measurements can be carried out to optimise the methods proposed in this thesis in future
research.
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¢ It is assumed that the unexpected behaviour of the faulty preceding/succeeding
blocks/cores can be isolated by reusing the input and output interface circuit of the original
design. The limitations of isolation have to be investigated in more details in future
research.

¢ In this thesis, the testing of embedded analogue cores in SoC has been discussed. In a
mixed-signal SoC, there are also other important types of cores, being ADC and DAC.
How to test embedded data converters in SoCs is an issue for future research.

¢ The target vehicles of this research work are (embedded) audio/video range analogue
and mixed-signal cores in CMOS telecommunication ICs. Due to the expanding wireless
applications, the market demand for RF ICs is becoming increasingly strong. How to apply
the method developed in this research to RF chip testing is still an open question.

¢ A mixed-signal SoC always has an on-chip microprocessor and ADC and/or DAC cores.
Therefore, the possibility to use those already existing resources to build BIST (Build In
Self Test) circuitry for analogue cores has to be investigated in the future.

6.4 Reference

[Sta03] M. Stancic, “Test selection for analogue cores based on testability transfer
function,” Ph.D. thesis, University of Twente, Enschede, the Netherlands, 2003.
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Appendix A

Parameter-deviation model
and tolerance-box
propagation algorithm

In this appendix, more theoretical details about the parameter-deviation model and the
tolerance-box propagation algorithm are presented.

A.1 Parameter-deviation model

In this section, how to use the parameter-deviation model proposed in Chapter 2 (Figure
2.2) to model the correlation between the physical parameter deviations of different cores is
discussed.

For a general case, assume that there are M embedded analogue cores in the tolerance-
box propagation path in the mixed-signal SoC. Without lose of any generality, one
parameter deviation Ap, is considered. For the core j (j=12,---,M), the real physical
parameter deviation is Ap,f’j . Here “R” is used to indicate “real physical parameter
deviation”. For this parameter deviation, the corresponding global parameter deviation is
Apf and the local parameter deviations are Ap,{ (j=12,---,M) in the proposed
parameter-deviation model. The real physical parameter deviations can now be expressed
as:

ApfY =a;-Apg +b;-Apl  (j=12,,M) (A.1)

where a;(j=12,---,M) and b;(j=1.2,---,M) are constant coefficients. Using equation

(A.1), the mean value of these real parameter deviations can be derived as [Pee93]:

,u,f’j=aj',uf+bj'ﬂ;g (j=1,2,---,M) (A.2)
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where ,ukG and ,u,{ are the mean values of Apf and Ap,{ (j=12,---,M) . Since Aka and
Ap,{ (j=12,---,M) are mutually independent in the parameter-deviation model, using

equation (A.1), the variance of Ap,f’j can be expressed as [Pee93]:
(o) =(@)® () +()* - (])? (j=12-.M) (A3)
where (G,?)2 and (o’,{)2 are the variances of Apkc and Ap,{ (j=12,---,M) respectively.

The covariance Cyy between two random variables X and Y can be used to indicate the
correlation between them and is defined as [Pee93]:

Cxy = E[(X —px) - (Y = pty)] (A4)

where E[(X — uy)- (Y — uy)] is the mean value of the random variable. Using equation

(A.4), the covariance between any two real parameter deviations can be calculated with the
following equation:

Clj2 = El@p " = i) - (A = )] (A5)
where j1=12,---,M, j2=12,---,M and /1 # j2 . With equations (A.1), (A.2) and (A.5)
and the fact that Aka and Ap,{ (j=12,---,M) are mutually independent, the covariance

between Ap,f’j ! and Ap,f’j 2 can be derived as:

Chijp=aj ap-({)’ (A.6)
Additionally, the correlation coefficient pyy, between two random variables X and Y
can be used to measure the degree of correlation between them and is defined as [Pee93]:
Cxy

Py = (A.7)
O-X'O-Y

where oy and oy are the standard deviation of X and Y. Using equations (A.6) and (A.7),

the correlation coefficient between Ap,f’j ! and Ap,f’j 2 can be derived as:

G2

R _ajl'ajz‘(o'k) (A8)

Pjj2 = R,j1 _R,j2 ’
o, o

R,j

/! and o 2 can be calculated by using equation (A.3).

where o-,f’

A.2 Tolerance-box propagation algorithm

In this section, the detailed mathematical derivation of the tolerance-box propagation
algorithm is given.
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Figure A.1: Illustration of the system structure with different categories of parameter
deviations.

For the example system structure shown in Figure A.1, by using equations (2.26) and
(2.45), the deviation of the output y of core A under all the global and local parameter

deviations and the input signal deviation can be expresses as the following equation:
A Gy X4 y y
Ay =2 (56, AP+ (sp - Ap/) +57 - Ax (A.9)
i=1 i=1

where sé’ p, (=12,---,n) are the sensitivities for the output of the core A with respect to
the global parameter deviations Ap,G i=12,---,n) and s;,‘[ (i=12,---,n ) are the
sensitivities for the output of the core A with respect to the local parameter deviations
Ap[A i=12,---,n ),and s ;1 is the core sensitivity with respect to the core input x .
Similarly, the deviation of the output v of core B under all the deviations can be

expressed as:

n

g
Av="(5C, M)+ D (sp - Apl)+s7 - Au (A.10)
i=l1

i=1
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where sg’p_ (i=12,---,n) and sfj (i=12,---,np)are the sensitivities for the output of the

core B with respect to the global parameter deviations Ap,G (i=12,---,n) and its local
parameter deviations ApiB (i=12,---,ng),and s,f is the core sensitivity with respect to the
core input u .

For core C, let sg’P‘ (i=12,---,n) and SIC;,' (i=12,---,n-) be the sensitivities for the
output of the core C with respect to the corresponding global and local parameter

deviations, and syc and SVC be the core sensitivity with respect to the core input y and v.

With equation (2.26) and the core sensitivity defined in equation (2.45), the deviation of the

output of the core C under all parameter deviations and input deviations can be derived to
be:

n o
Az =7 (s, AP )+ Y (s -ApT)+sy - Ay+s) - Av (A.11)
i=1 i=1
Therefore by substituting equations (A.9) and (A.10) one can obtain:

n ny
_ c c 4 c B ) G C A A A
Az = Z(SG,A +Sy SGp, TSy SGp, ) AP +Z(Sy Sp, - APi)
i=1 i=1

ng ne
+Z(svc~s£ -ApiB)+Z(sg -ApE) + s -sf~Ax+sf -s$ - Au (A.12)
i=l i=1

Finally for core D, by using a similar derivation for equation (A.9), the output deviation
under all deviations can be derived as:

n nD
Aw=(sg,, Ap{)+ D (sp - Ap)+sP Az (A.13)
i=l i=1

Then by using equation (A.12) and equation (A.13), one can get:

n

_ D D C D C 4 D C B G

AW—Z(SG,A TS SGp T8z 08y "SGp TSz 08, 'SG,p‘)'Api
il

ny np ne
D C 4 A D C B B D C c
+Z(sz "8y 8, - Ap; )+Z(sz "8y S, - Ap; )+Z(sz S, AP, )

i=1 i=1

i=1

v

Tp,
+Z(s£-ApiD)+sf-syC~sZD~Ax+sf~sC s Au (A.14)
i=1

In the above equation, sg’l- (i=12,---,n) and sl[,: (i=12,---,n.) are the sensitivities for the
output of the core D with respect to the global parameter deviations and local parameter

deviations respectively, and s ZD is the core sensitivity of core D.
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According to equations (2.27) and (2.28), the final tolerance box for the whole test path
containing core A, core B, core C and core D with the structure shown in Figure A.1 can
then be expressed by:

[Wo + min{Aw}, wy + maX{Aw}] (A.15)
where w,, is the nominal value of the circuit output performance with nominal parameters.

In the above derivation, only four analogue cores are connected as shown in Figure A.1.
For the case that more than four cores are connected in a different structure, the same
propagation procedure can be employed to calculate the final tolerance-box. Assume that
there are M analogue embedded cores in the test path, which is one portion of the whole
mixed-signal SoC. This test path has K inputs and L outputs as shown in Figure A.2. The
input signals and output signals are u,;(i =12,---,K) and w;(i =12,---,L) respectively.
The connection of these M embedded cores is not specified in the figure because it is a
general structure and the connection can be any kind of topology.

u M —> embedded cores W

&, P W,

s x> j > Pl
5 —

Figure A.2: Illustration of the test path with M embedded cores, K inputs and L
outputs.

Without loss of any generality, let ApiG (i=12,---,n) be the global parameter deviations
and Ap,«j (i=12,---,n;) be the local parameter deviations for the jth (j =12,---,M) core.
Assume that the inputs and the outputs for the jth core are xé (¢g=12,---,1;) and

y;' (¢ =12,---,0;) respectively. By using the similar procedure for the derivation of

equation (A.11), the output deviation of the jth core under all the parameter deviations and
input deviations can be derived to be:

n n; Ij-
A , G , , . ,
Avy =205, M)+ D (s] - Ap )+ D (s] - Ax])  (q=12,--,0;)  (A.16)
i=1 i=1 i=1
where sé b s;; and sxj ~are the sensitivities with regard to the global parameter
deviations, local parameter deviations and the input deviations of the jth core. Since these M

embedded cores are connected in a certain way, the Ax/ in equation (A.16) can be the
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output deviation from the previous core or one of the input deviations Au; (k =1,2,---,K).
Therefore, using the similar procedure for the derivation of equation (A.14) and substituting
Axlj in equation (A.16) with the output deviation of the previous core or one of the input

deviations, one can obtain the final output deviations as:

n
_ 1 2 M 1 1 1 2 2 M M M
AW[ Z(f(SG,P"SG,P"“.’SG;P,"SXI’sz’“.’sxll ’SXI’sz’“.’le ’sz 1T XIM) pl )
i=1

n;

’ s sk st st 552 sl s ) ap
g/ xp° sz’ 9sx1]9sx]’sx2’ 9Sx1 ’sz’ 9Sx1M \D

1

+
Ma

17

~.
Il

K
+k2(hk(sxlﬂ X0 >S)lc,]>S§|’S§2>'",Si\|4,s£ja" 20X, ) Auk) (121,2;"')[’) (A17)

where the functions [, g,(j=12,---,M) and hy(k=12,---,K) are dependent on the

connection of these M embedded cores. These functions can be easily found by using the
similar substitution procedure as used for the derivation of equation (A.14). Similar to
equation (A.15), the final tolerance box for the whole test path can be expressed as:

[w) +min{Aw, |, w) + max{Aw, |l (1 =12,---,L) (A.18)

where w,o (l=L2,---,L) are the nominal outputs and Aw,(/ =1,2,---,L) are the output
deviations defined in equation (A.17).

Reference

[Pee93] P. Z. Peebles, “Probability random variables, and random signal principles,” 31

edition, McGraw-Hill, ISBN:0-07-112782-8, 1993.



Appendix B

DC convergence of the
proposed test-signal
backtrace approach

In this appendix, the DC convergence of the PID feedback-loop based test-signal
backtrace approach proposed in Chapter 4 will be analysed. The discussion will take place
from circuit simulation point of view.

Ves() e() PID x| MODULE1 Yo
)

-1 (<

Figure B.1: Basic structure of the test-signal backtrace implementation using PID
feedback loop.

The basic structure of the proposed test-signal backtrace implementation using the PID
feedback loop is shown in Figure B.1. In the figure, the function of the PID controller can
be described as:

xO)zKp-dﬂ+KQ-Idﬂdr+Kb- (B.1)
0

de(t)
dt

where e(?) is the error between the desired signal y, (#) and the MODULE 1 output

signal y(¢), andx(¢) is the output signal of PID controller. The factors K, K; and K

are the control parameters of the proportional, integral and derivative action respectively.
MODULE 1 represents all the circuits between the primary SoC input and the input of the
embedded core under test. We now assume that the MODULE 1 output y(#) in Figure A.1

is related to its input x(¢) by the following nonlinear equation:

y(@) = f(x(®)) (B.2)
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The error signal between the desired signal and output of MODULE 1 is:
e(t) = ¥ gos (1) = ¥(1) (B.3)
The output of the PID controller at time ¢ =7 is

x(t)=Kp-e(r)+K, - Jj e(t)dt + K, -% (B.4)

Without loss of any generality, assume that the time required for the previous circuit
analysis is 7 —T7 , where T has a small value. Then, one can obtain:

g e(t)dt = [_T e(t)dt + g eyt = A+ J:_T e(tydt ~ A+ T -e(7) (B.5)

where 4 = E_T e(t)dt . Since T has a very small value, the following equation holds:

de(t) _ e(ry—e(r-T)

B.6
dt T (B-6)
By using equation (B.4), (B.5) and (B.6), one can obtain:
Kp
x(r):(KP+K,~T+T)-e(T)+B B.7)

Kp-e(r—T)

where B=K;-A4- is a known value for the circuit analysis at time ¢=7.

K .
Let the gain of the PID controller be K =K, + K; *T + TD. Therefore, the DC analysis

of the circuit shown in Figure B.1 at time ¢ =7 requires solving the following nonlinear and
linear equations:

y=f(x) (B.8)
€= Vios — Y (B.9)
x=K-e+B (B.10)

where 7 is omitted in x(7), y(r) and e(r) for the simplicity of writing.
A circuit simulator such as Spice usually solves the above equations iteratively by
liberalizing the nonlinear system of equations at each iteration. Let x; be the input to the

circuit at the end of £ th iteration. Let x = be the DC input voltage that satisfies the
relation

Vaes = (@) (B.11)

Let g(x)=K:[y4, —f(x)]+B—x. Hence, the DC analysis procedure is to find the

solution to the following equation:

gx)=0 (B.12)

The solution for the (k +1) th iteration x,,; can be expressed as:
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g(xy) —y +K'[ydes_f(xk)]+B_xk
\ - Ak '
g (x;) K-f(x)+1

Xpo =X - (B.13)
where g'(xk) is the derivative of function g(x) with respect to x when x=x;. Let
0, =x; —a and J;,, = x;,; —a be the deviations from the true solution « at the end of

k th and (k +1) th iterations respectively. From equation (B.13), one can obtain:

_ K'[ydes _f(xk)]+B_xk
1+ K- f (x;)

Oks1 = O = Xjp — Xp (B.14)

: N
Applying Taylor’s expansion rule f(x;) = f(a) +f ()5, +f () Tk , one can get:

, W OF
K'|:ydes _f(a)_f(a)'é‘k _f(a)‘;}'f'B—xk

g — 0 = , (B.15)

K+l ~ Ok K700
By using equation (B.13) and x; =&, +«, equation (B.15) can be rewritten as:
2
—K'[fta)'5k +f"(06)-52"+5"£a}+3
Op1 — Ok = (B.16)

1+K-f(x;)

Similarly, by using Taylor’s expansion rule f txk) ~f(a)+ f"(a)- J, to equation (B.16),

one can obtain:

2
—K-{f'(a)-ék +f"(a)~52k+§k]:a}+3

Opp1 =04 = , ; (B.17)
1+K-[f(a)+f (a)-6;]
In order to simplify eequation (B.17), one can get:
" 5} B-a
S (@) 7" tx
Ops1 = (B.18)

Llr@er@-a]

Let a and b be any positive number, then their arithmetic mean is greater than or equal to
their geometric mean [Abr72], i.e. :

a+b=24a-b. (B.19)

K .
Since K; -7 >0 and TD > 0, then by using equation (B.19) one can obtain:
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K
K,-T+TD221/K,-KD . (B.20)
. . K,
Hence with regard to the gain of the PID controller K = Kp + K; -T + 7 one can have:

K>Kp+2K, - Kp . (B.21)

As discussed in Chapter 4, Kp+2,/K;K;, has a large value in the proposed test-signal

backtrace structure. Therefore K is also a large number. Based on this point, equation
(B.18) can be approximated as:

2

fley 2B
Sen v —— 2K (B.22)
f(@)+f(a)-6;
For the case that f () # 0, equation (B.22) can be rewritten as:
2
Flay- %k B
St = 2K (B.23)
f'(a>-[1+f,(“)-6k}
S (@)
Let A= % , then by using the power series expansion [Abr72], the following
a
approximation can be made:
+ ' k
Equation (B.23) can therefore be rewritten as:
B- 2 B-
5k+1zi.5§+[—,“}—l—-55—[ .,“];L-@ (B.25)
2 Kf(@)] 2 Kf (a)
The term Bf_( ) is the steady-state error in the final solution of the backtracing problem,
Kf (o

where B is the value determined in the previous time slot 7—7. As we know from control
theory, B is getting increasingly closer to « as time passes by due to the integral action in
the PID controller [Mor01]. Moreover, the gain of the PID controller K has a high value.
Therefore the stead-state error will approach zero:

B-a

2% 50 (B.26)
K-f(a)

and
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B-«a

—— 15, >0 (B.27)
K-f(a)
Hence equation (B.25) can be simplified as:
A 7
Spo 250 =8 (B.28)

Hence it can be concluded that if 2 has a finite upper bound, and the error at any iteration
of the solution is proportional to the square of the error in the previous iteration. In other
words, the proposed PID feedback based backtrace approach converges towards the final
solution at a quadratic rate.

For the case that f (&) =0 and f () # 0, equation (B.22) can be simplified to:

5 B-a
fl@)—+
Spn ~ 2 K %, B-a (B.29)
S (@)-o, 2 f(a)6;,-K

As already discussed, B is getting increasingly closer to « as time passes and the gain of
the PID controller K has a large value. Therefore the last term in (B.29) approaches to zero:

_Bre (B.30)
f(@)-6,-K
With expression (B.29), one can obtain:
Okt ~ 1 <1 (B.31)
oy 2

Approximation (B.31) shows that the simulation of the proposed signal backtrace structure
is converging.

Finally, for the case that f (@) =0 and f (&) =0, equation (B.18) can be rewritten as:
O =B-« (B.32)

Since B is getting increasingly closer to « as the iteration continues, J,,, is getting

increasingly smaller. According to the above analysis, it can be concluded that the
simulation will converge. This means that the DC signal can be backtraced successfully with
the proposed structure.
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