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Low POWER HIGH FAULT COVERAGE TEST TECHNIQUES FOR DIGITAL
VLSI CIrRCUITS

ABSTRACT

Testing of digital VLSI circuits entails many challenges as a consequence of rapid

growth of semiconductor manufacturing technology and the unprecedented levels of
design complexity and the gigahertz range of operating frequencies. These challenges
include keeping the average and peak power dissipation and test application time

within acceptable limits.

This dissertation proposes techniques to addresses these challenges during test. The
first proposed technique, called bit-swapping LFSR (BS-LFSR), uses new
observations concerning the output sequence of an LFSR to design a low-transition
test-pattern-generator (TPG) for test-per-clock built-in self-test (BIST) to achieve
reduction in the overall switching activity in the circuit-under-test (CUT). The
obtained results show up to 28% power reduction for the proposed design, and up-to
63% when it is combined with another established technique. The proposed BS-LFSR
is then extended for use in test-per-scan BIST. The results obtained while scanning in
test vectors show up to 60% reduction in average power consumption. The BS-LFSR
is then extended further to act as a multi-degree smoother for test patterns generated
by conventional LFSRs before applying them to the CUT. Experimental results show
up to 55% reduction in average power.

Another technique that aims to reduce peak power in scan-based BIST is presented.
The new technique uses a two-phase scan-chain ordering algorithm to reduce average
and peak power in scan and capture cycles. Experimental results show up to 65% and

55% reduction in average and peak power, respectively.

Finally, a technique that aims to significantly increase the fault coverage in test-per-
scan BIST, while keeping the test-application time short, is proposed. The results
obtained show a significant improvement in fault coverage and test application time

compared with other techniques.
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Introduction

In recent years, with the advance of semiconductor manufacturing technology, the
requirements of digital very-large-scale-integrated (VLSI) circuits, which are
composed of tens to hundreds of millions of gates, have led to many challenges
during manufacturing test. Moreover, the unprecedented levels of design complexity
and the gigahertz range of operating frequencies make the testing of nanometre
system-on-chip (SOC) designs a most demanding challenge. This is because the large
and complex chips require a huge amount of test data and dissipate a substantial
amount of power during test, which greatly increases the system cost. There are many
test parameters that should be improved in order to reduce the test cost. These
parameters include the test power, test length (test application time), test fault

coverage, and test hardware area overhead.

This thesis addresses the problem of reducing power consumption during off-line test

(i.e. when the circuit is switched to test mode and stopped from carrying out its

normal operation) and the problem of keeping the test application time moderate

without incurring unacceptably low fault coverage. The main objectives of this

dissertation are

1. To introduce novel techniques that improve the power consumption during test
with minimum effect in test length, fault coverage, or hardware area overhead.

2. To introduce novel techniques to achieve high fault coverage in the circuit under
test (CUT) with an acceptable test length and small hardware area overhead.



3. To combine these new techniques with already existing techniques in order to

obtain further reduction in power consumption.

This chapter introduces some important concepts in testing of digital VLSI circuits
and the importance of minimising power consumption during test. It then provides the
motivation for this study and briefly summarises the organisation and contribution of

this dissertation.

1.1 Automatic Test Equipment (ATE)

Automatic test equipment (ATE) is instrumentation that is used in external testing to

apply test patterns to the CUT, to analyse the responses from the CUT, and to mark

the CUT as good or bad according to the analysed responses [1, 2]. Fig. 1.1 shows a

basic diagram for external testing using ATE with its three basic components:

1. The CUT: this is the integrated circuit (IC) part which is tested for manufacturing
defects.

2. The ATE control unit: this unit includes the control processor, the timing module,
and the power module.

3. The ATE memory: this memory contains test patterns that will be supplied to the
CUT and the expected fault free responses which are compared with the actual

responses obtained from the CUT to determine whether the CUT is faulty or not.

ATE Control Unit: ATE Memory:

1- Processor 1- Test Patterns

2- Timing Module 2- Fault Free CUT
3- Power Module Responses

Fig. 1.1  External testing using ATE.

External testing using ATE has a serious disadvantage since the ATE (control unit
and memory) is extremely expensive and its cost is expected to grow in the future as

the number of chip pins increases [2].



1.2 Built-In Self-Test (BIST)

As the complexity of modern chips increases, external testing with ATE becomes
extremely expensive. Instead, built-in self-test (BIST) [3-6] is becoming more
common in the testing of digital VLSI circuits since it overcomes the problems of
external testing using ATE. BIST test patterns are not generated externally as in case
of ATE; instead they are generated internally using some parts of the circuit, also the
responses are analysed using other parts of the circuit. When the circuit is in test
mode, test patterns generators (TPGs) generate patterns that are applied to the CUT,
while the signature analyser (SA) evaluates the CUT responses. One of the most
common TPGs for exhaustive, pseudo-exhaustive, and pseudorandom TPG is the
linear feedback shift register (LFSR) [4, 7]. LFSRs are used as TPGs for BIST circuits
because, with little overhead in hardware area, a normal register can be configured to
work as a test generator, and with an appropriate choice of the location of the XOR
gates, the LFSR can generate all possible output test vectors (with the exception of the
Os-vector, since this will lock the LFSR). The pseudorandom properties of LFSRs
lead to high fault coverage when a set of test vectors is applied to the CUT compared
with the fault coverage obtained using normal counters as TPGs. Also LFSRs can be
configured to act as signature analysers for the responses obtained from the CUT.
Despite their simple appearance, LFSRs are based on complex mathematical theory
that helps explain their behaviour as TPGs or SAs [4, 7].

The characteristic polynomial of an LFSR determines which flip-flop locations of the
LFSR feed the inputs of the XOR gates in the feedback path' [4, 8]. If the
characteristic polynomial of an LFSR is primitive, then the LFSR will generate the
maximum length non-repeating sequence, which is called an m-sequence. LFSRs can
be divided into two main categories: external-XOR LFSR (simply external LFSR) and
internal-XOR LFSR (simply internal LFSR). These are distinguished by the way in
which XOR gates are inserted into the system. In an external LFSR the XORs appear
only in the feedback, while in the internal LFSR the XORs appear between flip-
flops[4]. As a simple example, the characteristic polynomial p(x) = x> + x + 1 is a

primitive polynomial of degree 3 (i.e. 3 flip-flops are needed for implementation).

! See appendix A for more details



Fig. 1.2(a) shows the external LFSR implementation of this polynomial, while Fig.
1.2(b) shows the internal LFSR implementation.

Fig. 1.2 External (a) and Internal (b) LFSRs that implement characteristic polynomial

pX)=x3+x+1

1.3 Test-per-Clock and Test-per-Scan BIST

The BIST design methodology has been widely adopted in the design of VVLSI circuits
in order to enable the chip to test itself and to evaluate its response with an acceptable
cost [5, 7]. BIST schemes can be divided into two main types according to the way in
which test patterns are applied to the CUT [1, 5]. The first scheme is test-per-clock, in
which the outputs of a TPG directly feed the inputs of the CUT, and the outputs of the
CUT are directly connected to an SA. In this scheme a test vector is applied to the
CUT, and a response is captured from the CUT on each clock cycle. Fig. 1.3 shows a

test-per-clock configuration.
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Fig. 1.3 Test-per-clock configuration.

The second scheme is test-per-scan, in which a scan path is used to shift test patterns
into a CUT. A full scan cycle requires m+1 clock cycles, where m is the number of
flip-flops in the scan chain. The response to an applied test pattern is captured into a
scan chain and scanned out in the next scan cycle in parallel with scanning in another
test pattern. The main advantage of this scheme over the former one is its lower
hardware area overhead while the main disadvantage is in the test application time.
Fig. 1.4 shows one of many possible configurations for test-per-scan schemes.
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Fig. 1.4 Test-per-scan configuration.

1.4 Fault Modelling and Fault Coverage

A fault model can be defined as a description of the behaviour of, and assumptions
about, how components (nodes, gates...etc.) in a faulty circuit behave. In this way, a
high percentage of the faults that may occur in a circuit can be modelled. One of the
most popular and common fault models at the logic level of abstraction is the stuck-
at-fault model (single and multiple stuck at faults). It makes the assumption that a
node under consideration is permanently connected with ground, called stuck-at-0 (s-
a-0), or permanently connected with Vg, called stuck-at-1 (s-a-1). This fault model is
considered to be the most common model in logic circuits [9]. This fault model is the

target fault model used throughout this thesis due to its popularity.

In addition to the stuck-at fault model, there are other fault models which include

stuck-at-open, transition delay, path delay, and bridging fault models [9, 10].

A commonly used metric to represent the percentage of faults detected using a fault

model is the fault coverage (FC). The FC can be represented as in equation (1.1)

_DF
TF

Where DF represents the number of detected faults, TF represents the total number of

FC (1.1)

faults in the CUT. However, most CUTs contain redundant faults (RF) that are not
detectable due to the presence of redundant hardware in the circuit, hence another way

to represent the effective fault coverage (EFC) is given by equation (1.2)

DF

EFC=—— —
TF —RF

(1.2)



1.5 Fault Simulation

In order to determine the fault coverage for a specified set of test vectors applied to a
CUT, fault simulation is carried out. For each fault expected in the CUT (excluding
redundant faults), the output produced when a test vector is applied to a faulty circuit
differs from the output produced in a fault-free circuit. Thus, fault simulation
produces a list of detected faults for each test vector. There are many fault simulators
that can be used for this purpose, some commercial and others academic. The fault
simulator that is predominantly used within this thesis is an academic tool called
FSIM [11] which is based on parallel pattern single fault propagation for stuck-at

faults defects.

1.6 Automatic Test Pattern Generator (ATPG)

The automatic test pattern generator (ATPG) is software dedicated to the generation
of test vectors that are used to detect the modelled faults in a CUT. Since in many
cases the generated vectors do not achieve 100% fault coverage, the ATPG gives
statistics about the FC achieved, the percentage of redundant faults, and the aborted

faults (which will therefore not be detected) for these test vectors.

ATPG tools can be divided into two types: combinational ATPG and sequential
ATPG. The combinational ATPG is dedicated to generating test sets for
combinational circuits, or scan-based sequential circuits where all of the state
elements can be accessed directly through the scan-chain. This ATPG, if it is well-
designed, can generate test vectors that achieve high fault coverage. Most of the
combinational ATPGs depends on random and deterministic phases in the generation
of test vectors [1, 3]. In the random phase, the ATPG applies pseudo-random vectors
to inputs of the CUT and then performs fault simulation to check the fault coverage
and the faults remaining undetected. Normally, most of the faults are detected in this
phase. In the deterministic phase, the ATPG generates test vectors for specific faults
(that are hard to detect by pseudorandom means) and normally uses algorithms such

as the path sensitisation method for this purpose.



The sequential ATPG, which is dedicated to the generation of test vectors for
sequential circuits, is more complicated as a result of the timing signals and memory
elements present in the circuit. In general, two test vectors are needed to test a fault
(or group of faults). The first test vector is used to initialise the memory elements to a
specified state, and then the next is used to detect the presence of the fault(s). One of
the aims of design for testability techniques is to reduce the complexity of test
generation for sequential circuits. One common technique to achieve this is to change

the sequential circuit to a scan-based circuit.

The aim of this thesis is to reduce the test power in combinational circuits and scan-
based sequential circuits where a scan-path is present and memory elements are
accessible through this path. Thus, a combinational ATPG was used through this
thesis. The ATPG that is mostly used in this thesis is an academic tool called
ATALANTA [12] which is used to generate test vectors for stuck-at faults in

combinational and scan-based sequential circuits.

1.7 Test Vector Generation in Scan-Based Circuits

Internal scan design is one of the most efficient design-for-testability techniques to
increase controllability and observability in sequential circuits. In scan design, the D
flip-flops in the circuit are modified as in Fig. 1.5(a) to act as a scan D flip-flop. A
group of scan D flip-flops are connected in such a way that in addition to their normal
operation in normal mode, in test mode each flip-flop output is connected with the
input of the successive one to form a full scan-chain as shown in Fig. 1.5(b). The first
flip-flop input is connected with an external input to feed the scan-chain with patterns,
and the last flip-flop output is connected to a signature analyser to check the response.
In the multiple scan-chains, the flip-flops are divided into groups; each group forms

its own scan-chain.

When the LFSR is used to generate test patterns for full scan-chain sequential circuits,
one of its flip-flop outputs is connected with the scan-chain input. In this case the
LFSR will be considered as a one-dimensional TPG. The main problem of this
configuration is the long time needed to scan-in a test vector which is equivalent to

the number of flip-flops in the scan-chain.
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Fig. 1.5 (a) Scan D flip-flop (b) Scan-chain connection

In order to speed-up the scanning of test vectors (i.e. reducing test application time),
the flip flops in the circuit can be divided into groups, and each group forms a
separate scan-chain. This approach is called multiple scan-chains. In this case a two-
dimensional TPG should be used to scan-in test vectors in the multiple scan-chains in
parallel. The LFSR can be used for this purpose, where different flip-flops outputs can
be connected with the different scan-chain inputs and the outputs of the scan-chains
are connected with a multiple input signature register (MISR) as shown in Fig. 1.6
[13].
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Fig. 1.6 Multiple scan-chain design with the LFSR as a two-dimensional TPG.



1.8 Phase Shifters

In the case of multiple scan-chains with the LFSR as a two-dimensional TPG as
shown in Fig. 1.6, the fault coverage in such an environment is often unsatisfactory
due to structural dependencies introduced by the test generator [7, 8]. Furthermore, if
the scan-chains are fed directly from adjacent cells of the LFSR, then this will cause
the neighbouring scan-chains to contain test patterns which are exactly the same with
one clock shift. Thus, the test vectors seen by the CUT will no longer be
pseudorandom patterns, which can adversely affect the fault coverage. In order to
overcome this problem, while still using a short LFSR to feed many scan-chains in the
CUT, extra logic is inserted between the LFSR and the scan inputs of the scan-chains.

This logic is called a phase shifter [14].

A typical phase shifter consists of a network of XOR gates as shown in Fig. 1.7. The
presence of the XOR gates breaks the structural dependencies and generates test

sequences with the desired separation.
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Fig. 1.7 Multiple scan-chains with the presence of phase shifter to remove correlation.

1.9 Power Dissipation in Digital VLSI Circuits

With the development of portable devices and wireless communication systems,
design for low power has become an important issue. Minimising power dissipation in
VLSI circuits increases battery lifetime and the reliability of the circuit [15, 16]. In

general, the power dissipation of complementary metal oxide semiconductors



(CMOQOS) circuits can be divided into two main categories: static power and dynamic

power [16].

Static power is the power dissipated by a gate when it is inactive, i.e. when it is not
switching. A significant fraction of static power is caused by the reduced threshold
voltage used in modern CMOS technology that prevents the gate from completely
turning off, thus causing source to drain leakage. All the components of static power
dissipation have a minor contribution to the total power dissipation, and can be

minimised for well-designed circuits.

On the other hand, dynamic power dissipation, which is the dominant source of power
dissipation in CMOS circuits, occurs while the circuit is switching [15]. The circuit is
active when the applied voltage to an input of a cell changes, resulting in a logic
transition in one or more of the outputs of the circuit at the transistor level. Hence,
charging/discharging of the load capacitances of transistors is the main source of

dynamic power dissipation.

The energy that is consumed over a given time T can be expressed as given by
equation (1.3) [17]

T

] P(t)dt = j i(Vdt (1.3)

0

where P(t) is the instantaneous power, Vpp is the supply voltage and i(t) is the current
drawn from the voltage source. As the dynamic power is predominantly caused by the
current required for charging/discharging the load capacitance through the pull-up and
pull down networks as shown in Fig. 1.8, the energy consumed from the source for
charging the output from 0 to 1 is given by equation (1.4) [17]

T Vop
Eo i =Vop | 1A=V J.Cidv = CiVDD2 (1.4)
0 0

where C; is the load capacitance. Only half of this energy is stored in the capacitor,

while the other half is converted into heat [17, 18]. In the same manner, when the
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output switches from 1 to O the capacitor discharges through the pull down network

and the same amount of energy is dissipated as a heat.
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Fig. 1.8 Dynamic power dissipation in CMOS circuits [17].

Therefore, the rate at which the outputs change their value determines the average

dynamic power dissipation. This is mainly dependant on the circuit activity, which

can be particularly problematic during test for reasons that will be explained in

section 1.13.

1.10 Terminology Relating to Energy and Power

This section defines some terms related to power consumption measures in low power

testing (as defined in [19, 20]). These terms are used throughout this thesis:

Energy: represents the total switching activity generated during the application of
the complete test sequence. The increase of energy consumption during test has a
direct effect on the battery lifetime in portable devices.

Average Power: equals the total energy consumed during test divided by the test
time in order to represent the average rate of energy consumption. If the average
power is high this will cause a temperature increase in the CUT.

Instantaneous Power: corresponds to the power consumed at any given instant
during testing. This normally happens after applying a rising (or falling) edge of
the system clock.

Peak Power: corresponds to the highest value of instantaneous power measured
during testing. The peak power generally determines the thermal and electrical

limits of the circuit and the system package requirements.
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1.11 WSA and WT Modelling

The energy dissipated at node i per switching event is given by equation (1.5) [19]
Eq= %xCixV%pp (1.5)

where C; is the load capacitance and Vpp is the supply voltage. Thus, the total energy
consumed in a period T is given by equation (1.6) [19]

Er = %xCixV2ppXS; (1.6)

where S; is the total number of switching events at node i for the period T [19].
Capacitance C; is assumed to be proportional to the fan-out F; of node i [21]. Thus an

estimate of consumed energy E; at node i can be given by equation (1.7).
Ei=% xCo % Fi x V¥pp x §; (1.7)

where ¢, is the output load capacitance for a fan-out of one. In equation (1.7) ¢, and
Vpp are constants for all nodes in the circuit, while F; and S; vary between nodes. The
product “SixFi” is named the weighted switching activity (WSA) of node i and is
used as a metric for the energy consumption at that node [22]. Finally, the total WSA
produced by a CUT after applying all required test vectors is the summation of WSA
for each node for each applied test vector. Thus, E equals ¥2xcoxV2ppXWSA and
the average power equals Exotai/ Teycles, Where Teycles IS the time needed to apply the test

vectors.

Alternatively, in scan-based testing, a good way to estimate the power dissipated
during scan-in of test vectors or scan-out of captured responses is the weighted
transition (WT) metric [23]. The weighted transition metric states that the power
consumed in scan-based testing depends not only on the number of transitions in the
scanned-in vector (or scanned out response), but also on the positions of the
transitions. For example, for a test vector Vi = bjbobsbsbs = 10000, where bs is
scanned into the scan-chain first, then vector V; (which has one transition between b,
and b;) will cause one transition in a scan-chain of length 5 (assuming that the scan-
chain initial value is 00000). By contrast, V, = 00001 (which has one transition
between bs and bs) will cause 4 transitions in the scan-chain. The WT calculation is

given by equation (1.8) [23]
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WT=} [(Size of Scan-Chain) — (Position of Transition)] (1.8)

It is important to note that the position of a transition in equation (1.8) is counted from
right to left in scanned-in vectors, and from left to right in the scanned-out response
(e.g. in V1 = bib,bsbsbs = 10000, the transition is in position 4, hence WT = 1. But if
the response is R1 = bjb,bsbsbs = 10000, then the transition is in position 1, hence
WT = 4).

1.12 Average and Peak Power

The power consumption in VLSI circuits can be analysed from two different
perspectives: average power and peak power. The average power consumption is used
to refer to the average power consumed in the circuit during its period of operation or
during a large number of clock cycles. The instantaneous power consumption refers to
the power consumed in an instant of time after a rising (or falling) edge of clock. The
maximum instantaneous power during the whole period of operation is called the peak

power.

Excessive average and peak power consumption during test can lead to many serious
problems [24, 25]. High average power consumption (which means high power
consumption sustained for long period of time) will shorten the battery lifetime in
portable devices. Also, the high temperature during test and the heat dissipation
produced in CMQOS circuits is proportional to the average power consumption [21, 26,
27]; hence a circuit may malfunction if the temperature is too high or it can be
permanently damaged as a result of excessive heat dissipation [28, 29]. Furthermore,
high average power consumption speeds-up electro-migration and increases the

circuit temperature, which can lead to reliability problems [16, 30].

On the other hand, a high value of peak power also cause a high rate of current
flowing in the power and ground lines leading to excessive noise in these lines. This
noise can erroneously change the logic state of circuit lines leading to incorrect
operation of circuit gates causing some good dies to fail the test. Also, high power can
lead to a drop in power supply voltage, called voltage drop or IR drop. IR drop
reduces noise margins of cells and increases the probability of failure due to crosstalk
noise [31].
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1.13 Motivation for Low Power consumption and High Fault
Coverage Testing

In recent years, with the fast growth of personal mobile communication and portable
computing systems, design for low power has become one of the greatest challenges
in high performance VLSI design. As a consequence, many techniques have been
introduced to minimise the power consumption of new VLSI systems. However, most
of these methods focus on the power consumption during normal mode operation
(functional operation), whilst test mode operation has not normally been a
predominant concern. However, it has b