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Abstract

The relentless scaling of semiconductor devices and high integration levels have lead
to a steady increase in the cost of manufacturing test for integrated circuits (ICs).
The higher test cost leads to an increase in the product cost of ICs. Product cost
is a major driver in the consumer electronics market, which is characterized by low
profit margins and the use of a variety of core-based system-on-chip (SoC) designs.
Packaging has also been recognized as a significant contributor to the product cost for
SoCs. Packaging cost and the test cost for packaged chips can be reduced significantly

by the use of effective test methods at the wafer level, also referred to as wafer sort.

Test application time is a major practical constraint for wafer sort, even more than
for package test. Therefore, not all the scan-based digital test patterns can be applied
to the die under test. This thesis first presents a test-length selection technique for
wafer-level testing of core-based SoCs. This optimization technique, which is based
on a combination of statistical yield modeling and integer linear programming (ILP),
provides the pattern count for each embedded core during wafer sort such that the
probability of screening defective dies is maximized for a given upper limit on the SoC
test time. A large number of wafer-probe contacts can potentially lead to higher yield
loss during wafer sort. An optimization framework is therefore presented to address
test access mechanism (TAM) optimization and test-length selection for wafer-level
testing, when constraints are placed on the number of number of chip pins that can
be contacted.

Next, a correlation-based signature analysis technique is presented for mixed-
signal test at the wafer-level using low-cost digital testers. The proposed method
overcomes the limitations of measurement inaccuracies at the wafer-level. A generic

cost model is developed to evaluate the effectiveness of wafer-level testing of analog

v



and digital cores in a mixed-signal SoC, and to study its impact on test escapes,
yield loss and packaging cost. Results are presented for a typical mixed-signal “big-
D/small-A” SoC from industry, which contains a large section of flattened digital

logic and several large mixed-signal cores.

Wafer-level test during burn-in (WLTBI) is an emerging practice in the semicon-
ductor industry that allows testing to be performed simultaneously with burn-in at
the wafer-level. However, the testing of multiple cores of a SoC in parallel during
WLTBI leads to constantly-varying device power during the duration of the test.
This power variation adversely affects predictions of temperature and the time re-
quired for burn-in. A test-scheduling technique is presented for WLTBI of core-based
SoCs, where the primary objective is to minimize the variation in power consumption

during test. A secondary objective is to minimize the test application time.

Finally, this thesis presents a test-pattern ordering technique for WLTBI. The
objective here is to minimize the variation in power consumption during test applica-
tion. The test-pattern ordering problem for WLTBI is solved using ILP and efficient
heuristic techniques. The thesis also demonstrates how test-pattern manipulation
and pattern-ordering can be combined for WLTBI. Test-pattern manipulation is car-
ried out by carefully filling the don’t-care (X) bits in test cubes. The X-fill problem

is formulated and solved using an efficient polynomial-time algorithm.

In summary, this research is targeted at cost-efficient wafer-level test and burn-in
of current- and next-generation semiconductor devices. The proposed techniques are
expected to bridge the gap between wafer sort and package test, by providing cost-
effective wafer-scale test solutions. The results of this research will lead to higher
shipped-product quality, lower product cost, and pave the way for known good die
(KGD) devices, especially for emerging technologies such as three-dimensional inte-

grated circuits.
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Chapter 1

Introduction

As predicted by Moore’s law, the number of transistors on a chip has continued to
grow in recent years. This increase in transistor count has been accompanied by
rapid advances in the semiconductor industry, such as higher levels of integration on
a chip, greater functionality, faster clock rates, lower device power, and small form
factors. Shrinking feature sizes drive down the cost per transistor, a trend that has
been reported recently in the International Technology Roadmap for Semiconductors
(ITRS) [1]. The cost of manufacturing test, however, has failed to follow this trend;
the cost of test per transistor has shown no appreciable decrease over time. This
trend can clearly be seen from Figure 1.1 [1], where the cost for manufacturing and
testing a transistor are illustrated on the same axes. Higher levels of integration on
a chip lead to significant increase in test time. The increase in test time for these
devices leads to an increase in the test cost. More research is therefore needed to

reduce the test cost per transistor of integrated circuits (ICs).

A system-on-chip (SoC) integrated circuit consists of a set of complex pre-designed
modules, referred to as embedded cores, which are implemented on the same piece
of silicon [4]. An SoC provides the system integrator with a wider variety of design
alternatives than earlier generations of application-specific ICs. Recent advances
in semiconductor process technologies and the advent of sophisticated design tools
have enabled the design of complete electronic systems on a single chip. In order to
handle complexity and satisfy the ever-increasing demand for shorter time-to-market
for SoCs, design engineers typically use pre-designed and pre-verified embedded cores

in their designs. These embedded cores, typically provided by “fabless” companies
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Figure 1.1: Trend in test cost versus manufacturing cost per transistor (adapted
from [1]).

in black-box form, are known as intellectual property (IP) cores.

The manufacturing test of SoCs is a process where test stimuli are applied to
the fabricated SoC by means of a test-access mechanism (TAM). The TAM provides
test access to the embedded cores in the SoC from the input/output (I/O) terminals
of the chip. The steps involved in testing of SoCs, and semiconductor devices in
general, can be classified into three categories: wafer sort or probe test, post-package
manufacturing test, and burn-in.

Wafer sort is the first step in the manufacturing test process, where the chip
in bare wafer form is tested for manufacturing defects. The devices are subjected
to standardized parametric and functional tests; devices that pass these tests are
subjected to further assembly and test processes, and the ones that fail these tests

are marked with an ink dot on the wafer to indicate that they are faulty.

Once the devices that pass the test at the wafer-level are packaged, they are

2
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Figure 1.2: The steps involved in the testing of a semiconductor device.

subjected to package test. The package test process is often carried out in two
stages. The first stage of testing a packaged device takes place before the burn-in
process, and the second stage, i.e., the final step in testing the device, is carried out
after burn-in. Complete parametric, functional, and structural testing are performed

during package testing of these devices.

Some devices that pass all the manufacturing tests may fail early during their
lifetime. The burn-in test process accelerates failure mechanisms that cause early
field failures (“infant mortality”) by stressing packaged chips under high operating
temperatures and voltages. The burn-in process is therefore an important component
in the test and manufacturing flow of a semiconductor device, and it is necessary to
ensure reliable field operation. Figure 1.2 illustrates the conventional test flow for

semiconductor devices.



Techniques and solutions employed for probe testing of SoCs can also be used
exclusively during the manufacture of known good dies (KGDs); KGDs are fully
functional devices that are sold as bare dies and used in the manufacture of complex
system-in-package (SiP) devices and multi-chip packages (MCPs). Until recently, a
major concern was the electrical integrity of the bare die. There are several challenges
to performing full electrical testing of a bare die to verify conformance to specifica-
tions. Also, until recently, bare die were not subjected to burn-in. Thus latent defects
went undetected with the bare die. With recent advances in the manufacture of semi-
conductor test equipment, and increased awareness of the importance of the KGD,

complex test and burn-in functions can be carried out at the wafer level [5, 6].

Market and functionality segments exist for both SoCs and KGD integration in
SiPs and three-dimensional (3-D) ICs, and these design approaches are complemen-
tary rather than competitive [3]. SoCs find applications in standardized processes for
digital-centric functions, thereby enabling easy and seamless integration of additional
functions when necessary. SiPs and stacked 3-D ICs provide an approach where a
mix of devices, components, and technologies are used to maximize performance and
cost. Designers are thus able to drastically reduce the time-to-market with the choice
of such design technologies. It is therefore important to address the test challenges of

SoCs as well as reduce the test cost for the manufacture of KGDs at the wafer level.

1.1 Background

In this section, we review some key testing methods and concepts that are referred

to in the rest of the thesis.



1.1.1 System-level design-for-test and test scheduling for core-
based SoCs

The testing of core-based SoCs requires the availability of a suitable on-chip test
infrastructure, which typically include test wrappers and TAMs. A core test wrapper
is the logic circuitry that is added around the embedded core to provide suitable test
access to the core, while at the same time isolating the core from its surrounding
logic during test [7, 8, 9]. The test wrapper provides each core with a normal mode
of operation, an external-test mode, and an internal-test mode. When the core is
in the normal mode of operation, it maintains the functionality that is desired for
proper device operation; the wrapper is transparent to the surrounding logic in this
mode of operation. The core in its external-test mode observes the wrapper elements
for interconnect test, and when the core is in the internal-test mode, the wrapper
elements control the state of the core input terminals for testing the core internal
logic. The TAM transports test stimuli and responses between the SoC pins and the
core terminals. Careful design of test wrappers and TAM can lead to significant cost
savings by minimizing the overall test time [8, 9, 10, 11, 12, 13, 14].

Figure 1.3 illustrates the use of generic core test wrappers and TAMs for a design
with NV embedded cores [2]. The test source provides test vectors to the embedded
cores via on-chip linear feedback shift registers (LFSRs), a counter, ROM, or off-chip
automatic test equipment. A test sink, by means of on-chip signature analyzers, or off-
chip automatic test equipment (ATE), provides verification of the output responses.
The TAM is user-defined; the system integrator must design these structures for the
SoC by optimally allocating TAM wires to the embedded cores in the SoC with the
objective of minimizing the overall test time. The TAM is not only used to transport
test stimuli and responses to and from the cores, but it is also used for interconnect

test between the embedded cores in the SoC. The test access port (TAP) receives
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Figure 1.3: Test architecture based on wrappers and a TAM [2].

control signals from outside to control the mode of operation of test wrappers; the

TAP enables the loading of test instructions serially on to the test-wrappers.

The testing of core-based SoCs continues to be a major concern in the semicon-
ductor industry [1, 15]. The recent IEEE 1500 Standard addresses some aspects
of the testing of core-based SoCs [7]. A standardized 1500 wrapper can either be
provided by the core vendor or it can be implemented during system integration.
Wrapper/TAM co-optimization in conjunction with test scheduling play an impor-
tant role during system integration as they directly impact the testing time for the
SoC and the associated tester data volume. There are several issues to be consid-
ered during test scheduling of core-based SoCs, e.g., power consumption constraints
[16, 17|, precedence constraints during test [17, 18], conflicts between cores arising
from the use of shared TAM wires, etc. A number of efficient solutions have recently

been proposed for TAM optimization and test scheduling [8, 11, 12, 14, 16, 18, 19];



however, these methods are aimed at reducing the test time for package test only.

They do not address the problems that are specific to wafer-level testing.

1.1.2 Wafer-level test during burn-in

In addition to the need for effective test techniques for defect screening and speed
binning for ICs, there is an ever-increasing demand for high device reliability and low
defective-parts-per-million levels. Semiconductor manufacturers routinely perform
reliability screening on all devices before shipping them to customers [20]. Accelerated
test techniques shorten time-to-failure for defective parts without altering the device
failure characteristics [21]. Burn-in is one such technique that is widely used in the

semiconductor industry [6, 21].

The long time intervals associated with burn-in result in high cost [1, 22, 23].
It is however unlikely that burn-in will be completely eliminated in the near future
for high-performance chips and microprocessors [1]. Wafer level burn-in (WLBI) has
recently emerged as an enabling technology to lower the cost of burn-in [6]. In this
approach, devices are subjected to burn-in and electrical testing while in the bare
wafer form. By moving the burn-in process to the wafer-level, significant cost savings
can be achieved in the form of lower packaging costs, as well as reduced burn-in and

test time.

Test during burn-in at the wafer-level enhances the benefits that are derived from
the burn-in process. The monitoring of device responses while applying suitable test
stimuli during WLBI leads to the easier identification of faulty devices. We refer to
this process as “wafer-level test-during-burn-in” (WLTBI); it is also referred to in the
literature as “test in burn-in” (TIBI) [21], “wafer-level burn-in test” (WLBT) [24],

ete.

Figure 1.4 illustrates and compares the test and burn-in flow in a semiconductor



manufacturing process. The manufacturing flow for package-level burn-in (PLBI) is
shown in Figure 1.4(a); Figure 1.4(b) highlights the manufacturing flow when WLTBI
is employed for test and burn-in at the wafer-level. Test and burn-in of devices in the
bare wafer form can potentially reduce the need for post-packaging test and burn-in
for packaged chips and KGDs. In the manufacture of KGDs, WLTBI eliminates the

need for a die-carrier and carrier burn-in, thereby resulting in significant cost savings.

The basic techniques used for the testing and burn-in of individual chips are the
same as those used in WLTBI. Test and burn-in require the availability of suitable
electrical excitation of the device/die under test (DUT), irrespective of whether it is
done on a packaged chip or a bare die. The only difference lies in the mode of delivery
of the electrical excitation. Mechanically contacting the leads provides electrical bias
and excitation during conventional testing and burn-in. In the case of WLTBI, this
excitation can be provided in any of the following three ways: the probe-per-pad

method, the sacrificial metal method and the built-in test/burn-in method [25].

The built-in test/burn-in method involves the use of on-chip design-for-test (DfT)
infrastructure to achieve WLTBI. This technique allows wafers to undergo full-wafer
contact using far fewer probe contacts. The presence of sophisticated built-in DfT
features on modern day ICs makes “monitored burn-in” possible. Monitored burn-in
is a process where a DUT is provided with input test patterns; the output responses
of the DUT are monitored on-line, thereby leading to the identification of failing
devices. It is therefore clear that WLTBI has a significant potential to lower the
overall product cost by breaking the barrier between burn-in and test processes. As
a result, ATE manufacturers have recently introduced WLBI and test equipment
that provide full-wafer contact during burn-in and they also provide test monitoring

capabilities [6, 24, 26].
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Combinational Circuit

— FF,; — FF, — FF; FF, E—
Scan-in Scan-out

Figure 1.5: Flip-flops in a circuit connected as a scan chain.

1.1.3 Scan design

Scan design is a widely used DfT technique that provides controllability and observ-
ability for flip-flops by adding a scan mode to the circuit. When the circuit is in scan
mode, all the flip-flops form one or more shift registers, also known as scan chains.
Using separate scan access 1/O pins, test patterns are serially shifted in to the scan
chains and test responses are serially shifted out. This process significantly reduces
the cost of test by transforming the sequential circuit into a combinational circuit for
test purposes. For circuits with scan designs, the test process involves test pattern
application from external ATE to the primary inputs and scan chains of the DUT.
To make a pass/fail decision on the DUT, the states of the primary outputs and the
flip-flops are fed back to the ATE for analysis. Figure 1.5 illustrates how flip-flops

are connected to form a scan chain.

1.2 Motivation for thesis research

The ATE is first used in the semiconductor manufacturing process during wafer
sort, when the chip is still in the bare wafer form. Effective defect screening at the
wafer level leads to significant cost savings by eliminating the assembly and further
testing of faulty die. Data generated during the sort process quickly provides valuable

feedback to the wafer fab. This information is time-sensitive, and the timely reporting
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of this information to the fab can facilitate changes to the manufacturing process that

can increase the yield.

1.2.1 Challenges associated with wafer sort

Wafer-level testing leads to early defect screening, thereby reducing packaging and
production cost [2, 27, 28]. As highlighted in [1, 29], packaging cost accounts for a
significant part of the overall production cost. Current packaging costs for a cost-
sensitive, yet performance-driven, IC can vary between $3.6 to $20.5, depending
on the number of pins in the IC [1]. These costs are further increased for high-
performance 1Cs. It has also been reported that the packaging cost per pin exceeds
the cost of silicon per square millimeter, and the number of pins per die can easily

exceed the number of square millimeters per die [1, 29].

Several challenges are associated with testing at the wafer-level. These challenges
need to be addressed in order to reduce the cost associated with the complete test

process of a semiconductor chip.

Semiconductor companies often resort to the use of low-cost testers at the wafer-
level to reduce the overall capital investment on ATE. These testers are constrained
by the limited amount of memory available to store test patterns and responses,
the number of available tester channels, and the maximum frequency at which they
can be operated. Reduced memory and the limited the number of available tester
channels reduce the number of devices that can be tested simultaneously. This is
especially a severe limitation at the wafer-level since there are multiple dies on a
single wafer; decrease in parallelism due to tester limitations results in a significant

increase in the overall test time.

Measurement inaccuracies are common when analog cores are tested in a mixed-

signal test environment based on digital signal processing. This problem is exacer-
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bated by noisy DC power supply lines, improper grounding of the wafer probe, and
lack of proper noise shielding of the wafer probe station [30]. The above problems
make test and characterization at the wafer-level especially difficult, and they can

lead to high yield loss during wafer sort.

The scaling of test costs for semiconductor devices highlights the need for new
techniques to minimize the overall test cost. Several techniques to minimize the
overall test time for SoCs during package testing have been proposed in [8, 10, 11,
12, 9]. In contrast, test planning for effective utilization of hardware resources for
wafer-level has not been studied. There is a need for basic research in two focus
areas related to wafer-level testing of core-based digital SoCs. It is common practice
in industry to partially test these devices at the wafer level in order to reduce test
cost. The first focus area addresses wafer-level test planning of these devices under
constraints of test application time. The ATE is also constrained by the number of
available tester channels because of the use of low-cost digital testers. The second
focus area develops test techniques to test these devices at the wafer-level under such

limitations.

In a special class of SoC designs known as “big-D/small-A” mixed-signal SoCs, the
fraction of die area taken up by analog circuits can range from 5% to 30% [31]. The
DragonBall”™-MX1 SoC, details for which are presented in [32], is an example of a
“big-D/small-A” mixed-signal SoC. Most “big-D/small-A” SoCs comprise of at least
a pair of complementary data converters, a significant amount of digital logic and a
PLL [32, 33]. In the SoC described in [32], the mixed-signal components constitute up
to 10% of the overall die area. The applications of mixed-signal SoCs to the consumer
market are numerous, ranging from medical monitoring devices to audio products and
handheld devices. The consumer electronics market is also characterized by low profit

margins and rising packaging costs [1, 29]. Test and packaging costs are therefore of
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increasing importance for such SoCs. Wafer-level defect screening techniques to test

these devices are essential in order to minimize the overall test cost.

1.2.2 Emergence of KGDs

Watfer sort testing was once considered a method to save packaging costs by elim-
inating bad dies. Today, wafer sort is an important step in process control, yield
enhancement, and yield management [34]. The emerging trend of selling bare dies
(KGDs) instead of packaged parts further emphasizes the importance of wafer sort.
KGDs are handled in the following ways: a) packaged by the customer in a custom
package; b) mounted directly on a substrate; ¢) combined with other die in a MCP
or SiPs [34]. KGDs produced with different process technologies can be integrated
into a high-density product at the package level.

With the emergence of MCPs and SiPs, the yields of the individual die making up
the package determine the overall yield of the product. Full functional and structural
testing of these devices at wafer sort is therefore important. In addition to testing
these devices, there is a need to burn-in these devices in their bare wafer form to
weed out all latent defects and ensure reliable operation.

The test flow for a typical SiP, shown in Figure 1.6, highlights the need for cost-

effective wafer-scale test and burn-in solutions.

1.2.3 WLTBI: Industry adoption and challenges

WLTBI technology has recently made rapid advances with the advent of the KGD
[35]. The growing demand for KGDs in complex SoC/SiP architectures, multi-chip
modules, and stacked memories, highlights the importance of cost-effective and vi-
able WLTBI solutions [6]. WLTBI will also facilitate advances in the manufacture of

3-D ICs, where bare dies or wafers must be tested before they are vertically stacked.
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Figure 1.6: System-in-package test flow [3].

WLTBI can therefore be viewed as an enabling technology for cost-efficient manufac-
ture of reliable 3-D ICs.

Recently, Motorola teamed up with Tokyo Electron Ltd. and W.L. Gore & Asso-
ciates Inc. to develop a WLTBI system for commercial use. These systems provided
a full-wafer direct-contact solution for bumped die used in flip-chip assembly applica-
tions [25]. Aehr Test Systems recently announced that it shipped full wafer contact
burn-in and test systems to a leading automotive IC manufacturer [36]. These test
systems have the ability to contact 14 wafers simultaneously by providing 30,000
contact-point capability per wafer. The test features of the system include a full al-

gorithmic test for memories, and vector pattern generator for devices using BIST [36].
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A study was presented in [5] to compare the cost of wafer level burn-in and test with
the burn-in and test of a singulated die. It was shown that in a high-volume manu-
facturing environment, wafer-level burn-in and test was more cost-effective compared
to equivalent “die-pack” and chip-scale packaging technologies [5]. Similar WLBI
and TDBI equipment with response monitoring capabilities at elevated temperatures
have been successfully manufactured and deployed by other leading test equipment
manufacturing firms such as Advantest [37] and Delta-V instruments [6].

Successful implementation of WLTBI technologies is essential for the cost-effective
manufacture of devices used in communication, automobile and computer markets
[25]. The following are some of the benefits of WLTBI, which motivate the need for

enabling technologies for WLTBI.

1. Burn-in for KGDs at the wafer level require less test insertions and also reduces

the burn-in cycle time when compared with die-level burn-in [25].

2. WLTBI can provide quick feedback to wafer manufacturing; this provides an
effective mechanism for process control, while at the same time improving the

yield of the process.

3. It has been shown in [5] that WLTBI is a cost-efficient technique for the man-

ufacture of reliable and fully functional KGDs.

4. Commercial WLTBI test equipment are currently being deployed by some lead-

ing semiconductor companies to lower manufacturing cost [5].

Thermal Challenges

Successful WLTBI operation requires a through understanding of the thermal char-
acteristics of the DUT. In order to keep the burn-in time to a minimum, it is essential

to test the devices at the upper end of their temperature envelope [38]. Moreover,
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the junction temperatures of the DUT need to be maintained within a small window

such that burn-in predictions are accurate.

Scan-based testing is now widely used in the semiconductor industry [39]. How-
ever, scan testing leads to complex power profiles during test application; in partic-
ular, there is a significant variation in the power consumption of a device under test
on a cycle-by cycle basis. In a burn-in environment, the high variance in scan power
adversely affects predictions on burn-in time, resulting in a device being subjected
to excessive or insufficient burn-in. Incorrect predictions may also result in thermal

runaway.

The challenges that are encountered during WLTBI are a combination of the
problems faced during the sort process and during burn-in. Wafer-sort is used to
identify defective dies at wafer level before they are assembled in a package. It is also
the first test-related step in the manufacturing process where thermal management
plays an important role. Current wafer probers use a thermal chuck to control the
device temperature during the sort process. The chuck is an actively regulated metal
device controlled by external chillers and heaters embedded under the device [38].
The junction temperature of the DUT is determined by the following relationship
(38, 40, 41]:

T; =T, + P -0 (1.1)

where Tj is the junction temperature of the device, 7;, is the ambient temperature,
P is the device power consumption, and 6}, is the thermal resistance (junction to
ambient) of the device. The value of T} is therefore determined by the device power
consumption, thermal resistance, and a constant 7,. The controllability of 7} is lim-
ited by the extent to which the parameters T, and P can be controlled. Considerable
power fluctuations during the test of the DUT can significantly affect the value of T}

for the DUT, thereby adversely impacting the reliability screening process.
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One of the important goals of the burn-in process is to keep the burn-in time to a
minimum, thereby increasing throughput, and minimizing equipment and processing
costs. It is also important to have a tight spread in temperature distribution of
the device, to increase yield and at the same time minimize burn-in time [38]. The
parameter 7T cannot exceed a pre-determined threshold due to concerns of thermal
runaway and the need to maintain proper circuit functionality. It is this issue of
controlling the spread in T} over the period of test application that we address in this
thesis.

The objective of this thesis research is to reduce the overall cost of the product
by efficient test planning and test resource optimization at the wafer level. Four key

research problems are identified and solved in this thesis.

e Wafer-level test planning for core-based digital SoCs. A framework for
TAM optimization and test-length selection for wafer-level testing of core-based
digital SoCs is necessary, especially when constraints are placed on the number
of chip pins that can be contacted and the overall test time for the SoC during

probe test.

e Wafer-level defect-screening for mixed-signal SoCs. The goal here is
to develop a signature analysis technique that is especially suitable for mixed-

signal test at the wafer-level using low-cost digital testers.

e Test scheduling for WLTBI of core-based SoCs. An efficient test-scheduling
method is needed for core-based SoCs that reduces the overall variation in power

consumption during WLTBI.

e Test-pattern ordering and test-data manipulation for WLTBI. The

goal here is to optimally order test patterns and carefully fill the don’t care bits
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in the test cube such that the variation in power consumption during WLTBI

1s minimized.

We present additional background material on the above problem areas in Sections

1.3-1.6, and also provide a brief overview of the work carried out in this thesis.

1.3 Wafer-level test planning for core-based SoCs

A recent SoC test scheduling method attempted to minimize the average test time
for a packaged SoC, assuming an abort-on-first fail strategy [42, 43]. The key idea
in this work is to use defect probabilities for the embedded cores to guide the test
scheduling procedure. These defect probabilities are used to determine the order in
which the embedded cores in the SoC are tested, as well as to identify the subsets of
cores that are tested concurrently. The defect probabilities for the cores were assumed
in [42] to be either known a priori or obtained by binning the failure information
for each individual core over the product cycle [43]. In practice, however, short
product cycles make defect estimation based on failure binning difficult. Moreover,
defect probabilities for a given technology node are not necessarily the same for the
next (smaller) technology node. Therefore, a yield modeling technique is needed to
accurately estimate these defect probabilities.

Test time is a major practical constraint for wafer sort, even more so than for
package test, because not all the scan-based digital tests can be applied to the die
under test. It is therefore important to determine the number of test patterns for
each core that must be used for the given upper limit on SoC test time for wafer
sort, such that the probability of successfully screening a defective die is maximized.
The number of patterns need to be determined on the basis of a yield model that

can estimate the defect probabilities of the embedded cores, as well as a “test escape
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model” that provides information on how the fault coverage for a core depends on

its test length.

Reduced-pin count testing (RPCT) has been advocated as a design-for test tech-
nique, especially for use at wafer sort, to reduce the number of IC pins that needs
to be contacted by the tester [44, 45, 46, 47, 48]. RPCT reduces the cost of test by
enabling the reuse of old testers with limited channel availability. It also reduces the
number of probe points required during wafer test; this translates to lower test cost,
as well as less yield loss issues arising from contact problems with the wafer probe.
We have developed an optimization framework for wafer sort that addresses TAM

optimization and test-length selection for wafer-level testing of core-based digital

SoCs.

1.4 Wafer-level defect screening for mixed-signal
SoCs

The test cost for a mixed-signal SoC is significantly higher than that for a digital SoC
[49]. This is due to the capital cost associated with expensive mixed-signal ATE, as
well as the high test times for analog cores. Test methods for analog circuits that
rely on low-cost digital testers are therefore especially desirable; a number of such

methods have recently been developed [50, 51, 52, 53, 54, 55, 52].

Despite the numerous benefits of testing at the wafer level, industry practitioners
have reported that mixed-signal test is seldom carried out at the wafer level [33, 56].
In our work, we present a new correlation-based signature analysis technique for
mixed-signal cores, which facilitates defect screening at the wafer-level. The proposed
technique is inspired by popular outlier analysis techniques for IDDQ testing [57, 58].
Outlier identification using IDD(@Q during wafer sort is difficult for deep-submicron

processes [59]. This problem has been addressed using statistical post-processing
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techniques that utilize the test response data from the ATE [57]. We have developed
a similar classification technique that allows us to make a pass/fail decision under
non-ideal ambient conditions and using imprecise measurements. We present a wafer-
scale analog test method based on the use of low-cost digital testers, and with reduced

dependence on mixed-signal testers.

1.5 WLTBI of core-based SoCs

Several test scheduling techniques target reduction in overall test application time
while considering power consumption constraints [16], precedence constraints during
test [18], and conflicts between cores arising from the use of shared TAM wires.
However, test scheduling for WLTBI has not thus far been addressed in research
literature. In this thesis, we present a test scheduling technique that reduces the

variation in power consumption during WLTBI.

1.6 Power management for WLTBI

The higher power consumption of ICs during scan-based testing is a serious concern in
the semiconductor industry; scan power is often several times higher than the device
power dissipation during normal circuit operation [60]. Excessive power consumption
during scan testing can lead to yield loss. As a result, power minimization during
test-pattern application has recently received much attention [61, 62, 63, 64, 65, 66].
Research has focused on pattern ordering to reduce test power [61, 67, 68]. The
pattern-ordering problem has been mapped to the well-known Traveling Salesman
Problem (TSP) [67, 68]. Testing semiconductor devices during burn-in at wafer-
level requires low variation in power consumption during test [38]. A test-pattern
reordering method that minimizes the dynamic power consumption does not address

the needs of WLTBI. Specific techniques need to be developed to address this aspect
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of low-power testing testing, i.e., the ordering of test patterns to minimize the overall

variation in power consumption.

In this thesis, we address the problem of power-conscious test-pattern ordering
for WLTBI. The solutions methods, which are based on ILP and efficient heuristics,
allow us to determine an appropriate ordering of test patterns that minimizes the
overall cycle-by-cycle variation in power. Reduced variance in test power results in
less fluctuations in the junction temperatures of the device. Test cubes generated
by commercial automatic test pattern generation (ATPG) tools such as [69] have a
significant percentage of don’t-care bits in the test cubes. These unspecified bits in
the test cubes can be filled with logic ‘0’ and ‘1’ to minimize peak/average power,
enhance test compression, and increase the coverage of unmodeled defects. Several
methods have been proposed to reduce the power consumption during scan testing
by filling unspecified values in the test cubes [64, 70, 71]. In this thesis, we focus on a
WLTBI-specific X-fill framework that can control the variation in power consumption

during scan shift/capture.

1.7 Thesis outline

In this thesis we address three important practical problems: (i) wafer-level modular
testing of core-based digital SoCs, (ii) wafer-level defect screening for “big-D/small-
A” SoCs, and (iii) power management for WLTBI. These problems are solved with
the underlying objective of lowering product cost, either by reducing the cost of
packaging, or the cost of testing and the associated test infrastructure. The remainder

of the thesis is organized as follows.

In Chapter 2, we present techniques for wafer-level modular testing of core-based
SoCs. A statistical yield model is first developed to estimate the defect probabil-

ities of the cores. This information is then used in an optimization framework to
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make decisions on the test-lengths for the cores under constraints of test application
time. Similar techniques for wafer-level RPCT are also developed. Simulation results
on the defect-screening probabilities are presented for five of the ITC’02 SoC Test

benchmarks.

In Chapter 3, we propose a signature analysis technique for wafer-level defect-
screening of “big-D/small-A” SoCs. A generic cost model is used to evaluate the
effectiveness of wafer-level testing of analog and digital cores in a mixed-signal SoC,
and to study its impact on test escapes, yield loss and packaging costs. Experimental
results are presented for a typical “big-D/small-A” SoC, which contains a large section

of flattened digital logic and several large mixed-signal cores.

A test-scheduling technique specifically suited for WLTBI of core-based SoCs is
presented in Chapter 4. The primary objective of the test-scheduling technique is to
minimize the variation in power consumption during test. A secondary objective is
to minimize the test application time. The test-scheduling problem is modeled using
multi-partite graphs and it is solved using a graph-matching technique. Simulation
results are presented for three ITC02 SoC benchmarks, and the proposed technique
is compared with two baseline methods.

In Chapter 5, we present a test-pattern ordering technique for WLTBI, where
the objective is to minimize the variation in power consumption during test appli-
cation. The test-pattern ordering problem for WLTBI is formulated and it is solved
optimally using integer linear programming (ILP). Efficient heuristic methods are
also presented to solve the pattern-ordering problem for large circuits. Simulation
results are presented for the ISCAS’89 and the IWLS’05 benchmark circuits, and
the proposed ordering technique is compared with two baseline methods that carry
out pattern-ordering to minimize peak power and average power, respectively. A

third baseline method that randomly orders test patterns is also used to evaluate the
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proposed methods.

In Chapter 6, we present a unified test-pattern manipulation and pattern-ordering
technique for WLTBI, where the objective is to minimize the variation in power con-
sumption during test application. Test-pattern manipulation is carried out by care-
fully filling the don’t-care bits in test cubes. The X-fill problem is formulated and
solved using an efficient polynomial-time algorithm. Simulation results are presented
for the ISCAS’89 and the IWLS’05 benchmark circuits, and the proposed ordering
technique is compared with three baseline methods that carry out pattern manipu-
lation to minimize peak-power consumption as well as with a fourth baseline that
targets only pattern compaction.

Finally, in Chapter 7, we present conclusions and identify future research direc-

tions.
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Chapter 2

Test-Length Selection and TAM
Optimization

In this chapter, we present an optimal test-length selection technique for wafer-level
testing of core-based SoCs [72, 73]. This technique, which is based on a combination
of statistical yield modeling and ILP, allows us to determine the number of patterns
to use for each embedded core during wafer sort such that the probability of screening
defective dies is maximized for a given upper limit on the SoC test time. Therefore,
this work complements prior work on SoC test scheduling that lead to efficient test
schedules that reduce the testing time during package test. For a given test access
architecture, designed to minimize test time for all the scan patterns during package
test, the proposed method can be used at wafer sort to screen defective dies, thereby
reducing package cost and the subsequent test time for the IC lot. While an optimal
test access architecture and test schedule can also be developed for wafer sort, we
assume that these test planning problems are best tackled for package test, simply
because the package test time is higher.

We also present an optimization framework for wafer sort that addresses TAM op-
timization and test-length selection for wafer-level testing of core-based digital SoCs
when the tester has limited channel availability [74]. The objective here is to design
a TAM architecture for that utilizes a pre-designed underlying TAM architecture for
package test, and determine test-lengths for the embedded cores such that the overall
SoC defect-screening probability at wafer sort is maximized. The proposed method
reduces packaging cost and the subsequent test time for the IC lot, while efficiently

utilizing available tester bandwidth at wafer sort.
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The key contributions of this chapter are as follows:

e We show how statistical yield modeling for defect-tolerant circuits can be used

to estimate defect probabilities for embedded cores in an SoC.

e We formulate the test-length selection problem for wafer-level testing of core-
based SoCs. To the best of our knowledge, this is the first attempt to define a

core-based test selection problem for SoC wafer sort.

e We develop an ILP model to obtain optimal solutions for the test-length se-
lection problem. The optimal approach is applied to five ITC02 SoC test

benchmarks, including three from industry.

e We present an efficient heuristic approach to handle larger SoC benchmarks

that may emerge in the near future.

e We present two techniques for test-length selection and TAM optimization. The
first technique is based on the formulation of a non-linear integer programming
model, which can be subsequently linearized and solved using standard ILP
tools. While this approach leads to a thorough understanding of the optimiza-
tion problem, it does not appear to be scalable for large SoCs. We therefore
describe a second method that enumerates all possible valid TAM partitions,
and then uses the ILP model presented in Section 2.2.1 to derive test-lengths
to maximum defect screening at wafer sort. This enumerative procedure allows
an efficient search of a large solution space. It results in significantly lower
computation time than that needed for the first method. Simulation results on
TAM optimization and test-length selection are presented for five of the ITC’02
SoC Test benchmarks.
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2.1 Defect probability estimation for embedded
cores

In this section, we show how defect probabilities for embedded cores in an SoC can

be estimated using statistical yield modeling techniques.

2.1.1 Unified negative-binomial model for yield estimation

We adapt the yield model presented in [75, 76, 77] to model the yield of the indi-
vidual cores in a generic core-based SoC. The model presented in [75] unifies the
“small-area clustering” and “large-area clustering” models presented in [76] and [77],
respectively. It is assumed in [75, 76] that the number of defects in a given area A is a
random variable that follows a negative-binomial distribution. The negative binomial
distribution is a two-parameter distribution characterized by the parameters A4 and
a4. The parameter A4 denotes the average number of defects in an area A. The
clustering parameter a4 is a measure of the amount of defect clustering on the wafer.
It can take values that range from 0.5 to 5 depending on the fabrication process, with
lower values of a denoting increased defect clustering. The probability P(x, A) that

x faults occur in area A is given by:

P(va) = FZE"C;A(;A?) ‘ (1 —i—(()\/\AA/;;Aj;aAer (2‘1)

The above yield model was validated using industrial data in [78], and it has
recently been used in [79, 80, 81]. An additional parameter incorporated in [75] is
the block size, defined as the smallest value B such that the wafer can be divided
into disjoint regions, each of size B, and these regions are statistically independent
with respect to manufacturing defects. As in [75], we assume that the blocks are

rectangular and can be represented by a tuple (By, Bs), corresponding to the dimen-
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sions of the rectangle. The goal of the yield model in [75] was to determine the
effect of redundancy on yield in a fault-tolerant VLSI system. The basic redundant
block is called a module, and the block is considered to be made up of an integer
number of modules. Since our objective here is to model the yield of embedded (non-
overlapping) cores in an SoC, we redefine the module to be an imaginary chip area
denoted by (aq, az). The size of the imaginary chip area, i.e., the values of a; and ay
can be fixed depending on the resolution of the measurement system, e.g., an optical
defect inspection setup. In this chapter we assume the dimensions of the imaginary

chip area, a; and as, to be unity.

2.1.2 Procedure to determine core defect probabilities

We use the following steps to estimate the defect probabilities for the embedded cores:

(1) Determine the block size: Empirical data obtained on wafer maps and tech-
niques described in [75] can be used to determine the block size. The block size helps
us to determine the model parameters ap and Ag, where Ap refers to the average
number of defects within a block B of size (By, Bs), and ap is the clustering param-
eter for the block. The size of the block plays an important role in our procedure
to determine core defect probabilities. We next describe the procedure to determine

the block size.

Efficient techniques for determining the block size have been presented in [75],
and these techniques have been validated using empirical data. The block size can
be determined using a simple iterative procedure, in which the wafer is divided into
rectangular sub-areas (blocks), whose sizes are increased at every step. Starting with
blocks of size I = 1, J = 1, we alternately increase I and J. For each fixed value of
block size I x J, we then calculate the corresponding parameter ap(I, J) and arrange

these values in a matrix. The value of (I, J), for which the difference between a (I, J)
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Figure 2.1: Defect estimation: Placement of a core with respect to blocks.

and ap(1,1) is minimum, is chosen as the block size. The value of ag(I,J) can be
determined using standard estimation techniques such as the moment method, the
maximum likelihood method, or curve fitting [76]. The clustering parameter remains
constant within a block and increases when the are consists of multiple blocks [75, 76];
this property forms the basis for determining the block size.

In our work, we make the following assumptions: (a) as in [75], we assume that
the area of the block consists of an integer number of imaginary chip areas; (b) the
block size and its negative binomial parameters are pre-determined using rigorous
statistical information processing of wafer defect maps. The illustration in Figure 2.1
represents a cross section of a wafer and its division among blocks. The dimensions
of the block in Figure 2.1 is (2, 3), and each block contains 8 imaginary chips of area
(1,1).

(2) We consider each core in the SoC to be an “independent chip”. Let us consider
a core represented by (C4, Cy), block size (By, Bs), and imaginary chip (ay, az). The
imaginary chip is a sub-area in a block. For a fault in a block, the distribution of

the fault within the area of the block is uniform; the imaginary chip area parameters
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Am and «,, take on values Ag/B and ap respectively. The relationship between
the imaginary chip area parameters and the block parameters can be established
using techniques proposed in [75]. The purpose of dividing a wafer into blocks, is to
facilitate the division of a wafer into sub-areas, such that distinct fault clusters are
contained in distinct blocks (each block is statistically independent with respect to
manufacturing defects). We now determine the probability that the core is defective
using the following steps:

(a) In a statistical sample of multiple wafers, a core can be oriented in different
configurations with respect to the block. The number of possible orientations of the
core with respect to the block in the wafer is given by min{B;, C1} x min{ By, Cs}.
The dimensions of the block in Figure 2.1 are smaller than that of the core. The
number of possible orientations for the core in Figure 2.1 is therefore 2 x 4, i.e., there
are 8 possible core orientations with respect to the block in Figure 2.1. The list of
possible values (Ry, Ry) in Figure 2.1 can take, (1,1), (1,2), (1,3), (1,4), (2,1), (2,2),
(2,3), (2,4), intuitively illustrates the 8 possible core orientations with respect to a
block of size (2,4).

(b) For each orientation, determine the distance from the top-left corner of the core to
the closest block boundaries. This is represented as (Ry, Ry), the two values denoting
distances in the Y and X directions, respectively; the placement of the core with
respect to the block determines the way the core is divided into complete and partial
blocks. In Figure 2.1, we have Ry = Ry = 1.

(¢) The dimensions of the core can now be represented as C; = Ry + ny - By + my,

and Cy = Ry 4+ no - By + Mo, where ny and m, are defined as:

m = [(952)]

my = (Cl — Rl) mod Bl

The parameters ny and moy are defined in a similar fashion. The values of nq, mq, no,
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my for the illustrated orientation in Figure 2.1 are all 1.

(d) The core can be divided into a maximum of nine disjoint sub-areas for the orienta-
tion illustrated in Figure 2.1, with each sub-area placed in a different block. Dividing
the core into independent sub-areas allows for the convolution of the probability of
failure of each individual sub-area. Let us assume that there are a total of D sub-
areas; the probability that the core is defect-free is given by P(F1:f2) — Hi’il a(N;).
The superscript (R;, Ry) indicates the dependence of this probability on the place-
ment. Here a(N;) denotes the probability that all the N; imaginary chip areas in
the sub-area i are defect-free. This probability can be obtained from Equation (2.2)
shown below, where a(k, N) denotes the probability of k defect-free modules in a
sub-area with N modules. By substituting /N instead of k in Equation (2.2), we
obtain Equation (2.3). This is done in order to estimate the probability that a block

is fault-free.

a(lk, N) = (]]Z) Jf_ok(_1)i (N N k) (1 + %) - (2.2)

1=

a(N,N) = a(N) = (1 + N—”) m (2.3)

Om

The process of dividing the area of a core into multiple sub-areas facilitates the
application of large-area clustering conditions on the individual sub-areas. It is im-
portant to distinguish between sub-areas ¢ = 1,3,7,9 and 7 = 2,4,5,6,8 in Figure
2.1. In the latter case, the sub-area ¢ is divided into several parts, each contained in a
different block. The derivation of the probability density function for these sub-areas
is now a trivial extension of the base case represented by Equation (2.3).

(e) The final step is the estimation of the defect probability for the core. We first

estimate the probability that the core is defect-free for all possible values of R; and
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Procedure: Estimate core
defect probability

Obtain wafer defect
information and core
dimensions

!

Determine block size B(B;,B;)
and imaginary chip area
A( a 1,(12)

Determine block parameters
Ay Om

|

Estimate defect-free probability
for min(B;,C;) . min(B,,C;)
possible core orientations

Estimate overall defect-free
probability using Equation 4.

L

Repeat procedure for all
cores

<Terminate procedure >

Figure 2.2: Flowchart depicting the sequence of procedures used to estimate core
defect probabilities.

Ry. The overall defect-free probability P is obtained by averaging the defect-free

probability over all orientations, and it is given by:

min(B1,C1) min(Bz2,C2)

1
= (R1,R2)
4 min(By, C) - min(By, Cs) Z Z P (2.4)

Ro=1

We use Figure 2.1 to illustrate the calculation of the defect probability for an
embedded core. The figure represents the relative placement of a core with respect
to the blocks. We have a block size of (4,2), a core size of (6,4) and imaginary chip

area of size (1,1). The core is divided into nine distinct sub-areas numbered 1 — 9.
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For values of ag = 0.25 and A = 0.1, we now determine the probability that the

core is defect-free using Equation (2.3):

P(l’l) = G(Rl . RQ) . G(Rl . Bg>n2 . G(Rl . mg) .
G(Bl . Rg)nl . &(Bl . BQ)”IXHQ . &(Bl . mg) .

mq - RQ) . a(ml : Bg>n2 . a(m1 . mg)

= (0.9879) - (0.9554) - (0.9879) - (0.9765) - (0.9193)
-(0.9765) - (0.9879) - (0.9879) - (0.9554)

= 0.76206 (2.5)

The above procedure is repeated until the defect-free probability for all min(By, C4)
X min(By, C) combinations of Ry and Ry are determined. The final core defect-free
probability is then calculated using Equation (2.4). The probability that the core
has a defect is simply P = 1 — P. For a given SoC, this procedure can be repeated
for every embedded core until all defect probabilities are obtained. The flowchart in
Figure 2.2 summarizes the sequence of procedures that lead to the estimation of core
defect probabilities. The procedure begins by accumulating wafer defect information
and information on the individual core dimensions. This information is then used to
determine the size of the block and the block parameters, A\, and «a;. These are then
used to calculate parameters for the imaginary chip area. The defect probability of
the core is then calculated for all possible core orientations, with respect to a block
in the wafer; the defect probability of the core is the calculated using Equation (2.4).

The knowledge of the dimensions of each individual core is necessary to deter-

mine the corresponding defect probabilities. In this chapter, we use the overall SoC
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dimensions as given in [82] to derive information pertaining to the size of the indi-
vidual modules in the I'TC’02 SOC Test benchmarks. Since these benchmarks do not
provide information about the sizes of the embedded cores, we use the total number
of patterns for each core as an indicator of size. This assumption helps us extract the
relative size of a core by normalizing it with respect to the overall SoC dimensions.
We use layout information in the form of X —Y coordinates for the SoC as described
in [82]; the bottom-left corner of the SoC has X — Y coordinates of (0,0), and the
layout information provides information on the X — Y coordinates of the top-right
corner of the SoC. The sequence of procedures in Figure 2.2 is then performed to
determine the core defect probabilities. Table 2.1 shows the defect probabilities for
each core in four of the ITC’02 SoC test benchmark circuits [83], estimated using the

parameters ag = 0.25 and A = 0.035.

2.2 Test-length selection for wafer-level test

In this section, we formulate the problem of determining the test-length for each em-
bedded core, such that for a given upper limit on the SoC test time (expressed as a
percentage of the total SoC test time), the defect-screening probability is maximized.
We present a framework that incorporates the defect probabilities of the embedded
cores in the SoC, the upper bound on SoC test time at wafer sort, the test lengths
for the cores, and the probability that a defective SoC is screened. The defect prob-
abilities for the cores are obtained using the yield model presented in Section 2. Let
us now define the following statistical events for Core i:

A;: the event that the core has a fault; the probability associated with this event is
determined from the statistical yield model.

B;: the event that the tests applied to Core ¢ do not produce an incorrect response.

A, and B; represent events that are complementary to events A; and B, respectively.
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Defect Probability
Core SoC: SoC: SoC: SoC:
Number | d695 | p34392 | p22810 | p93791
1 0.0038 | 0.1126 | 0.9864 | 0.5825
2 0.1104 | 0.4597 | 0.9234 | 0.1756
3 0.1160 | 0.8821 | 0.9986 | 0.8886
4 0.2162 | 0.7983 | 0.9931 | 0.0006
5 0.2339 | 0.6841 | 0.9837 | 0.9926
6 0.6946 | 0.9997 | 0.9132 | 0.2202
7 0.1766 | 0.4552 | 0.9998 | 0.1508
8 0.1882 | 0.9642 | 0.9060 | 0.1508
9 0.0038 | 0.1309 | 0.9545 | 0.1756
10 0.0960 | 0.3877 | 0.1356 | 0.9992
11 0.9192 | 0.5904 | 0.1678
12 0.0824 | 0.5820 | 0.5501
13 0.9010 | 0.0002 | 0.1788
14 0.3609 | 0.6920 | 0.1788
15 0.9118 | 0.1294 | 0.3515
16 0.0503 | 0.0065 | 0.5596
17 0.7469 | 0.0615 | 0.2167
18 0.7134 | 0.9982 | 0.0092
19 0.9432 | 0.2887 | 0.2061
20 0.7889 | 0.5943
21 0.9991 | 0.0092
22 0.2964 | 0.0092
23 0.1490 | 0.2491
24 0.0712 | 0.9789
25 0.9906 | 0.9981
26 0.9633 | 0.0469
27 0.0004 | 0.9875
28 0.0666 | 0.5596
29 0.1427
30 0.1756
31 0.1956
32 0.9110

Table 2.1: Core defect probabilities for four ITC’02 SoC test benchmark circuits.

Two important conditional probabilities associated with the above events are yield
loss and test escape, denoted by P(B; | 4;) and P(B; | A;), respectively. Using a ba-

sic identity of probability theory, we can derive the probability that the test applied
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to Core i detects a defect:

P(Bi) = P(B; | Ai) - P(Ai) + P(B; | A;) - P(A;) (2.6)

Due to SoC test time constraints during wafer-level testing, only a subset of the
pattern set can be applied to any Core 1, i.e., if the complete test suite for the SoC
contains p; scan patterns for Core ¢, only p; < p; patterns can be actually applied to
it during wafer sort. Let us suppose the difference between the SoC package test time
and the upper limit on wafer sort test time is AT clock cycles. The test time for each
TAM partition therefore needs to be reduced by AT clock cycles, if we assume that
the package test times on the TAM partitions are equal. The value of p! adopted for
Core i depends on its wrapper design. The larger the difference between the external
TAM width and internal test bitwidth (number of scan chains plus the number of
I/Os), the greater the impact of (p; —p;) on AT In fact, given two cores (Core i and
Core j) with different wrapper designs, the reduction in the number of patterns by
the same amount, i.e., p; —p; = p; —pj, can lead to different amount of reductions in
core test time (measured in clock cycles). Let fc;(p;) be the fault coverage for Core
1 with p; test patterns.

We next develop the objective function for the test-length selection problem.
The goal of this objective function is to satisfy two objectives: (1) Maximize the
probability that Core i fails the test; 2) Minimize the overall test escape probability.
The ideal problem formulation is one that leads to an objective function satisfying
both the above objectives.

Let us now assume that the yield loss is ;, the test escape is (3;, and the probability
that Core ¢ has a defect is 6;. Using these variables, we can rewrite Equation (2.6)

as:

P(Bi> = fei(pi) - 0i + i - (1= 0;) (2.7)
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Similarly we can rewrite P(B;) as follows:
P(B;) =1—=P(Bi) =0;- B + (1 =) - (1 - 6) (2.8)

We therefore conclude that for a given value of «; and ~;, the objective function
that maximizes the probability P(B;) that Core i fails the test, also minimizes the test
escape ;. Therefore, it is sufficient to maximize P(B;) to ensure that the test escape
rate is minimized. In our study, we assume that the yield loss ; is negligible for each
core. Assuming that the cores fail independently with the probabilities derived in
Section 2, the defect-screening probability Pg for an SoC with N embedded cores is
given by Ps = 1 — [[L, P(B)).

2.2.1 Test-length selection problem: %r;g

We next present the test-length selection problem Zrrg, wherein we determine an
optimal number of test patterns for each core in the SoC, such that we maximize the
probability of screening defective dies at wafer sort for a given upper limit on the SoC
test time. We assume a fixed-width TAM architecture as in [8], where the division of
W wires into B TAM partitions, and the assignment of cores to the B TAM partitions
have been determined a priori using methods described in [84, 8, 85, 10].

Let the upper limit on the test time for an SoC at wafer sort be T},.. (clock
cycles). This upper limit on the scan test time at wafer sort is expected to be a
fraction of the scan test time Tg,c (clock cycles) for package test, as determined by
the TAM architecture and test schedule. The fixed-width TAM architecture requires
that the total test time on each TAM partition must not exceed T,4;.

If the internal details of the embedded cores are available to the system integrator,
fault simulation can be used to determine the fault coverage for various values of p;,

i.e., the number of patterns applied to the cores during wafer sort. Otherwise, we
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model the relationship between fault coverage and the number of patterns with an
exponential function. It is well known in the testing literature that the fault coverage
for stuck-at faults increases rapidly initially as the pattern count increases, but it

flattens out when more patterns are applied to the circuit under test [2, 86]. In our

logyo (P} +1)

work, without loss of generality, we use the normalized function fc¢;(p;) = oo p:

to represent this relationship. A similar relationship was used in [86]. We have
verified that this empirical relationship matches the “fault coverage curve” for the

ISCAS benchmark circuits.

Let €;(p}) be the defect-escape probability for Core ¢ when p} patterns are applied
to it. This probability can be obtained using Equation (2.8) as a function of the test
escape ; and the probability 6; that the core is faulty. The value of 6; for each core
in the SoC is obtained using the procedure described in Section 2.2.

The optimization problem #rrs can now be formally stated as follows:

Prrs: Given a TAM architecture for a core-based SoC and an upper limit on the
SoC test time, determine the total number of test patterns to be applied to each
core such that: (i) the overall testing time on each TAM partition does not exceed
the upper bound T}, and (ii) the defect-screening probability P(B;) for the SoC is

maximized. The objective function for the optimization problem is as follows:

N
Maximize Y = [[ 1 - P(B))
i=1
where the number of cores in the SoC is N. We next introduce the indicator binary
variable 9,5, 1 < i < N, 0 < j < p;, which ensure that exactly one test-length is
selected for each core. It is defined as follows:

5 — 1 ifpf=y
Y1 0 otherwise
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where Y " 0;; = 1. The defect escape probability € for Core i is given by € =
?;1 dij€i(7). We next reformulate the objective function to make it more amenable

for further analysis. Let F = In(Y’). We therefore get:

F = In(Y)

= In (H 1—P(B))
= Zln(l —€)
= Zln <1_i5ij€i(j)>

We next use the Taylor series expansion In(l — z) = — (3: + %2 + ‘%3 + )

and ignore the second- and higher-order terms [87]. This approximation is justified
if the defect-escape probability for Core ¢ is much smaller than one. While this is
usually the case, occasionally the defect-escape probability is large; in such cases, the
optimality claim is valid only in a limited sense. The impact that this approximation
has on the overall defect-screening probability of the SoC is examined in Section 2.3.

The simplified objective function is given by:

Maximize F = g: (i — <5ij€i(j)>> (2.9)

i=1 \ j=1

In other words, our objective function can be stated as

N Di
Minimize F = <Z 5ijei(j)> (2.10)
i=1 \ j=1
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Next we determine the constraints imposed by the upper limit on the SoC test
time. Suppose the SoC-level TAM architecture consists of B TAM partitions. Let
T;(j) be the test time for Core ¢ when j patterns are applied to it. For a given Core
i on a TAM partition of width wp, we use the design-wrapper technique from [§]
to determine the longest scan in (out) chains of length s;(s,) of the core on that
TAM partition. The value of T;(j) can be determined using the formula T;(j) =
(1 + max{s;, So} - 7 + min{s;, s,}) [8]. The test time T for Core i is therefore given
by T; = >0, 05Ti(j). Let A; denote the set of cores that are assigned to TAM
partition j. We must ensure that ZCoreiE 4 TF < T, 1 < j < B.

The number of variables and constraints for a given ILP model determines the
complexity of the problem. The number of variables in the ILP model is only N +
N 2511 pi, and the number of constraints is only 2511 N - p; + B; thus this exact
approach is scalable for large problem instances. The complete ILP model is shown

as Figure 2.3.

Minimize F = SN | ( A 5ijei(j)) subject to:
LY 6 =11<i<N,0<j<p;
2. ZCoreieAj TF <Thma, 1 <j<B
3.6;=00r1, 1<i<N, 0<j<p;

/* Constants : €;(5), Ti(j) */

/* Variables : 6;;, T, 1 <i< N,0<j<p; */

Figure 2.3: Integer linear programming model for Zrps.
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2.2.2 Efficient heuristic procedure

The exact optimization method based on ILP is feasible for the largest benchmarks
(contributed by Philips) in the ITC’02 SoC benchmark set. While these three bench-
marks are representative of industrial designs in 2002, current core-based SoCs are
larger in size. To handle such SoCs, we present a heuristic approach to determine
the test-length p! for each core, given the upper limit on maximum SoC test time.
The heuristic method consists of a sequence of five procedures. The objective of the
heuristic method is similar to that for the ILP technique, i.e., to maximize the over-
all defect-screening probability. The heuristic method performs an iterative search
over the TAM partitions. In each, step we identify a core for which a reduction in
the number of applied patterns results in a minimal decrease in the overall defect-
screening probability. This procedure is repeated until the time constraint on all TAM
partitions is satisfied. We next describe the procedures that make up the heuristic

method.

1. We begin our heuristic procedure by assuming that all patterns are applied to

each core. This assumption implies that > .. A, Tr =Tsec, 1 < j<B.

2. In procedure Tp,_Reduce, for each TAM partition j,1 < j7 < B, we chose a
particular Core; € A; such that a decrease in the number of applied patterns
Apf results in a minimal decrease in ¢;(p}); we consider different values of
Ap? in the range 1 < Ap; < 15 in our experiments, and choose the value
that results in maximum defect screening for the SoC. Procedure T),,;-Reduce,
searches for a core in each TAM partition, which yields a maximum value for
0; - (fei(pf) — (fei(pf — Api). For the sake of simplicity, we assume that the

yield loss ~; is negligible for each core.

3. We use the design wrapper technique in our next procedure step, Tyim.-Update,
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to determine the test time reduction for Core i (obtained using 7),.;_Reduce),
corresponding to the reduction in the number of test patterns Ap;. We denote
AT;; as the reduction in test time obtained by reducing the number of test
patterns for Core ¢ on TAM partition j by Ap;; this can be obtained by solving
the following equation: ATp...,, = [(1+ max(s;,S,)i;) - Ap; +min(s;, 5,)i5]-

The core test time, T}, is now updated as T;" — AT 44, -

4. The T,,4.-Check procedure checks whether ZCoreie A Tr < Thee, 1 <7 < B.

This procedure is performed each time after procedure 7},,;_Reduce is executed.

5. If the check in procedure T},,,-Check returns true for all TAM partitions, we

then compute the overall defect-screening probability for the SoC.

A sort operation is performed each time procedure 7,,.-Reduce is executed. Hence
the worst-case computational complexity of the heuristic procedure is O(p,.- NlogN),
where N is the number of cores in the SoC, and p, = le\il p; is the total number
of test patterns for package test for all the cores. The pseudocode for the heuristic
procedure, as shown in Algorithm 1, calculates the test-lengths and the defect-escape

probabilities for each core in the SoC.

2.2.3 Greedy heuristic procedure

We now present a greedy heuristic procedure to solve the test-length selection prob-
lem. This procedure was developed to demonstrate the need for an iterative heuristic
procedure that reduces the core test-lengths with minimal impact on defect-screening.
The heuristic approach in this section determines the test length p; for each core,
given the upper limit on maximum SoC test time as a constraint. Let us suppose

there are B TAM partitions in the SoC test access architecture. It is obvious that
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Algorithm 1 Test-Length Selection

1: Let T,,.. be the constraint on wafer test time for the SoC, T,,.. = k- Tsoc,
0<k<1;

2: Let B = total number of TAM partitions;

3: Let k = fraction of Tg,c permissible for wafer test;

4: ZCoreiEAj 7;* - TSOC) 1 S j S B7

5. while time constraint for the SoC is not satisfied for TAM partition j, 1 < j < B
do

6: for all cores in A; do

7: Find ¢ such that 6; - (fe;(pf) — (fei(pf — Apf) is maximum;

8: end for _

9: AT nae,; = [(1+ max(s;, 85)i5) - Ap; 4+ min(s;, S,)ij];

10:  T7 =T — Al e,
11:  for all TAM partitions, 1 < j < B do

12: if ZCOT@»;EAJ' 7-;* S Tmaxa 1 S j S B then
13: Compute relative defect-screening probability for the SoC;
14: end if

15:  end for
16: end while ) .
17: return relative defect-screening probability Pg for the SoC;

we can satisfy the constraint on T},,, if we reduce the test time for all the cores in
each TAM partition to a fraction of the original test time.
Let us denote the maximum wafer-test time for Core ¢ on TAM partition j as

Tnaz;;- The test-length for the core corresponding to the test time 7, maz;; 1S given

LTmaij mln(57,750 ng

14+max(s;,S0)ij

by p; = With the knowledge of the test-length p; for each core
in the SoC, we can then proceed to determine the corresponding defect-escape prob-
abilities €;(p}), and then the overall defect-escape probability of the SoC given by
€500 = sz\il (1 —€(p} )) The heuristic procedure is simple and has a computational
complexity of only O(N). The above procedure is reasonable if the test times on
the TAM partitions are fairly close to one another. This however is not the case in
most industrial designs because of the heterogeneous nature of the cores in the SoC.

The pseudocode for the heuristic procedure, which calculates the test-lengths and

the defect-escape probabilities for each core in the SoC, is shown in Algorithm 2.
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Algorithm 2 Test-length selection

1: Let Thaw = k- Tsoc, 0 < k < 1; /*Constraint on wafer-test time for the SoC*/
2: Let B = total number of TAM partitions;

3: Let k = fraction of Tg,c permissible for wafer test;

4: Let eg,c = overall SoC defect escape probability during wafer-test;
5. while all core test-lengths have not been determined, do

6: for TAM; « 1to B do

7: Calculate max(s;, s,);; and min(s;, s,);, V; on T AM;;

s o= TR Vioon TAM;

9: Calculate €;(p}), V; on TAM; ;

10: end for

11: end while

—
N

eso =TT, (1 - o) )

2.3 Experimental results

In this section, we present experimental results for five SoCs from the I'TC’02 SoC
test benchmark suite [83]. We use the public domain ILP solver Ipsolve for our
experiments [88]. Since the objectives of our experiment are to select the number
of test patterns in a time-constrained wafer sort test environment, and at the same
time maximize the defect-screening probability for the SoC, we present the following

results:

e Given values of W and T,,,, relative to Ts,c, the percentage of test patterns
for each individual core that must be applied at wafer sort to maximize the

defect-screening probability for the SoC.

e The relative defect-screening probability Pg for each core in an SoC, where
Pi = Pg/PL° and P is the defect-screening probability if all 100% of the

patterns are applied per core.

e The relative defect-screening probability for each SoC obtained using the ILP

model and the proposed heuristic methods.

e Approximation errors in Pg due to the Taylor series approximation.
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We first present results on the number of patterns determined for the cores. The
results are presented in Figures 2.4-2.6 for three values of T,4.: 0.75Ts,c, 0.50T s,
and 0.257Ts,c. For the three large “p” SoCs from Philips, we select the value of B
that minimizes the SoC package test time. The results show that the fraction of
patterns applied per core, while close to 100% in many cases, varies significantly in
order to maximize the SoC defect-screening probability. The maximum value of TAM
width W (in bits) is set to 32 and we repeat the optimization procedure for all TAM
widths ranging from 8 to 32 in steps of eight. Results are reported only for W = §;
similar results are obtained for other values of W. The CPU time for Ipsolve for the

largest SoC benchmark was less than a second.

We next present the defect-screening probabilities for all the individual cores in
the benchmark SoCs (Figures 2.7-2.9). The cores that are more likely to lead to
fails during wafer sort exhibit higher defect-screening probabilities, and vice versa.
A core with small defect probability ends up having more patterns removed from the
initial test suite during wafer sort. This is because a manufacturing defect is unlikely
to cause a failure in that core. The second reason for low relative defect-screening
probability is because certain cores have very few patterns that need to be applied
when test-lengths are reduced for these cores. As a result, we obtain significantly low
relative defect-screening probabilities for these cores. Even though the large SoCs
have low relative defect-screening probabilities, these are the optimal values under
the given test time constraints at wafer sort.

Finally, we compare our ILP-based optimization technique with the two heuris-
tic procedures on the basis of relative SoC defect-screening probabilities obtained
using the two methods. The values of the defect-screening probabilities Pg of the
benchmark SoCs obtained using both the ILP-based model and the heuristic method

for varying TAM widths, as well as overall test time are summarized in Table 2.2.
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The results show that, as expected, the ILP-based method leads to higher defect-
screening probabilities when compared with the heuristic procedure. Nevertheless,
the heuristic procedure is efficient for defect screening when T,,,, = 0.75Ts,c and
0.5Ts,c. The greedy heuristic method on the other hand yields poor defect-screening
probabilities compared to the ILP method and the heuristic method. This shows
that the proposed heuristic method is effective for screening dies at wafer sort testing
of large SoCs. A significant percentage of the faulty dies can be screened at wafer

sort, using our proposed techniques.
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Figure 2.4: Percentage of test patterns applied to each core in p22810 for W = 8.

Approximation error in Py due to Taylor series approximation

A Taylor’s series expansion of 0;(j)€;(7), without the higher-order terms, was used
in Section 2.2 to obtain a linear objective function for Prrg. If the defect-escape

probability for Core ¢ is much smaller than unity, this assumption can be justified.
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Figure 2.5: Percentage of test patterns applied to each core in p34392 for W = 8.

To study the effect of this approximation, we evaluated the approximation error for
industrial designs. We used a commercial nonlinear programming (NLP) solver [89] to
incorporate higher order terms in our objective function. The nonlinear programming
solver [89] uses the generalized reduced gradient (GRG) method to solve large-scale
nonlinear problems [90].

We present experimental results on the approximation error in Pg when ILP is
used to solve Prps versus when NLP is used. The relative defect-screening proba-
bility Pg was determined for a nonlinear objective function where the quadratic and
cubic terms are considered in addition to the leading order term. Let Pg_;; p denote
the relative defect-screening probability of the SoC obtained using a linear objec-
tive function (Equation (2.10)), and let PZ_,, p denote the relative defect-screening

probability of the SoC using a nonlinear objective function. The nonlinear objective
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function that we use in our experiments is shown in Equation (2.11).

Minimize £ — ; (; o)+ (5Z-je;(j>>2 . ((sije;(ﬁ)g) -

The relative magnitudes of the quadratic and cubic terms are negligible compared
to the leading order term when the defect-escape probability of the core is negligible.

We determine the approximation error as a measure to quantify the effect of these

: L - PL_np—P5
higher-order terms on Pg. The approximation error is given by —*=Z5—="£E % 100%.
S—ILP

As in the case of any nonlinear optimization package, the commercial solver used
[89] cannot guarantee finding a globally optimal solution in cases where there are
distinct local optima and CPU time is limited. Knowledge of the convexity of the ob-
jective function and the constraints are essential to determine whether the nonlinear
test-length selection problem will yield globally optimal solutions. In other words, if
a function f(z) has a second derivative in the interval [a, b], a necessary and sufficient
condition for it to be convex in that interval is that the second derivative f”(z) > 0,
Va in [a,b] [91]. It is evident that the a second derivative exists for the objective
function in Equation (2.11), and the function is convex; the solver therefore yields
globally optimal solutions for the nonlinear test-length selection problem.

The approximation errors for the d695 SoC, and two “p” SoCs from Philips are
shown in Table 2.3 respectively. The experimental results show that the relative
defect-screening probabilities for the SoC are consistently higher when a linear ob-
jective function is used. The error in predicting the defect-screening probability,
however, is less that 10% in most cases; our approximation is therefore reasonable
for the benchmark circuits used in this work. The CPU time for Ipsolve, to solve the
ILP version of Prpg for the largest SoC benchmark was less than a second. The time

on the NLP solver [89] to solve Prps with the nonlinear objective function ranges
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from 4 minutes for the d695 SoC, to 26 minutes for the “p” SoCs from Philips. This

clearly indicates that the nonlinear version of Prpg is not scalable for large SoCs.

Table 2.3: Approximation error in Pg due to Taylor series approximation.

Approximation Error (%)
Wl Thae = 0.75 Tsoc | Trnaz = 0.5 Tsoc | Tinaz = 0.25 Tso0
d695 8 7.14 5.66 1.59
16 7.55 5.2 4.28
24 7.82 8.25 23.66
32 11.19 8.62 9.80
p34392 | 8 1.31 7.35 7.40
16 1.02 0.86 3.68
24 0 0.86 3.87
32 2.02 1.79 11.14
p22810 | 8 1.48 1.02 12.82
16 1.48 0.53 18.43
24 0.74 1.10 8.44
32 2.15 36.08 36.18

2.4 Test data serialization

Suppose Core i is accessed from the SoC pins for package test using a TAM of width
w; (bits). Let us assume that for RPCT-based wafer sort, the TAM width for Core
i is constrained to be w; bits, where w} < w;. In order to access Core 7 using only
w; bits for wafer sort, the pre-designed TAM architecture for package test needs to
be appropriately modified.

Figure 2.10(a) shows a wrapped core that is connected to a 4-bit wide TAM
width (w; = 4). For the same wrapped core, Figure 2.10(b) outlines a modified test
access design that allows RPCT-based wafer-level test with w; = 2. For wafer sort
in this example, the lines TAM,,;[0], and T AM,,;[2] are not used. In order to ensure

efficient test access architecture for wafer sort, serial-to-parallel conversion of the test
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data stream is necessary at the wrapper inputs of the core. A similar parallel-to-
serial conversion is necessary at the wrapper outputs of the cores. Boundary input
cells BICI0],..., BIC[3], and boundary output cells BOC|0], ..., BOC|3], which can
operate in both a parallel load and a serial shift mode, are added at the I/Os of the
wrapped core. Multiplexers are added on the input side of the core to enable the
use of a smaller number of TAM lines for wafer sort. A global select signal PT /W S
is used to choose either the package test mode (PT/WS = 0) or the wafer sort
mode (PT /WS = 1). For the output side, the multiplexers are not needed; the test
response can be serially shifted out to the TAM while the next pattern is serially
shifted in to the boundary input cells. Note the above design is fully compliant
with the IEEE 1500 standard [7] because no modifications are made to the standard

wrapper cells.

We next explain how the test time for Core i is affected by the serialization
process. Let T;(j) be the total testing time (in clock cycles) for core i if it is placed
on TAM partition j of the SoC. Let w;(j) be the width of TAM partition j in the
pre-designed TAM architecture. At the wafer level, if only w; bits are available for
TAM partition j, we assume, as in [92] for hierarchical SoC testing, that the w; lines
are distributed equally into w} parts. Thus the wafer-level testing time for core ¢ on
TAM partition j equals (;‘j—((]])ﬂ -Ti(j) clock cycles. In the example of Figure 2.10(b),
the test time for core i due to serialization for is T;*(j) = T;(j)-(4/2). Note that other
TAM serialization methods can also be used for wafer sort. While TAM serialization

can be integrated in an overall optimization problem, it is not considered here for the

sake of simplicity.
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2.4.1 Test-length and TAM optimization problem: Zr;rws

Let us now consider an SoC with a top-level TAM width of W bits and suppose it
has B TAM partitions of widths wq,ws, -+ ,wpg, respectively. For a given value of
the maximum wafer level TAM width W*, we need to determine appropriate TAM
sub-partitions of widths wj, w3, ..., wg such that w; < w;, 1 < i < B, and
wi +ws + - - +wp = W*. The optimization problem Zrprws can now be formally
stated as follows:

Problem ;1 s: Given a pre-designed TAM architecture for a core-based SoC,
the defect probabilities for each core in the SoC, maximum available test bandwidth
at wafer sort W* and the upper limit on the test time for the SoC at wafer sort Ty ax,
determine (i) the total number of test patterns to be applied to each core, and (ii)
the (reduced) TAM width for each partition, such that: (a) the overall testing time
on each TAM partition does not exceed the upper bound 7,,,,, and (b) the defect-

screening probability P(B;) for the SoC is maximized.

The objective function for the optimization problem is the same as that developed
in Section 2.2.1 and is given by Equation (2.10). Due to serialization, the testing
time for core i on TAM partition j, is given by [(w;(7)/w}(7)]7Ti(j) [92]. Therefore
the test time of core ¢ when it is tested with a reduced bitwidth of w; is given by

Equation (2.12).

T; = i5ijﬂ(j) [wi((j.)w (2.12)

wy J)

Let us now define a second binary indicator variable \;;, to ensure that every core

in the SoC is tested using a single TAM width; this variable can be defined as follows:

0 otherwise

)\ik:{ 1 ifw=1/k
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It can be inferred from the above definition that } ;" A = 1 and Equation (2.12)
can now represented as 77 (j) = >0 37,2 8 T5(7) Ajx[w; - k]. The nonlinear term in
the constraint d;; - A, can be replaced with a new binary variable w;;, by introducing
two additional constraints:

0ij + Nik > 2 - wiji (2.14)

A constraint to ensure that every core in a TAM partition is tested with the same
TAM width W is also necessary and can be represented as shown in Equation (2.15).
The variable A; denotes the set of cores that are assigned to TAM partition j. The

constraint must be satisfied for every core in A;.
w;
S kA=W (2.15)
k=1

The complete ILP model is shown in Figure 2.11. The number of variables and
constraints in the ILP model determines the complexity of the problem. The number

of variables in our ILP model is Zi]il(pi +w; + p; - w;), and the number of constraints

is2-N+257 (pi-w)+ B+1.

2.4.2 Experimental results: Zprys

We now present the experimental results for two SoCs from the ITC’02 SoC test
benchmark suite [83]. We use the public domain ILP solver [psolve for our experi-
ments [88]. Since the objectives of our experiment are to select the number of test
patterns in a time- and bitwidth-constrained wafer-sort environment, and at the same

time maximize the defect-screening probability, we present the following results:

e Given values of W* and T,,, relative to Ts,c, the percentage of test patterns

that must be applied for each individual core to maximize the defect-screening
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Minimize F = S | ( b 5ijei(j)), subject to :

D) X (S0 Sk STk wi - K) < Tonaai Vo, 1 < 3 < B
2) Yh 6 =1Vi, 1<i< N
3) Yol Ak =1Vi,1<i<N
4) Y i kXN =Wk VCore; € A;
5) Yoy Wi < W”
6) 0ij + i — 1 < wgjn; Vi, j k
7) 8ij + Niw > 2 wijn; Vi, 4, k
[* Constants : €;(j), Tmaz */

[* Variables : 55, A, wijry 1 <i <N, 0< 5 <p; */

Figure 2.11: Integer linear programming model for ZPrprws.
probability for the SoC.

e The values of TAM partition widths w}, wy, - - - wg such that wj+wj+- - -+wg =

W=,

e The relative defect-screening probability Pg for each core in an SoC, where
Pi = Pg/PL° and PP is the defect-screening probability if all 100% of the

patterns are applied per core.

e The relative defect-screening probability for the SoC obtained using the ILP

model.

We first present results on the number of patterns determined for the cores. The
results for the d695 benchmark SoC is presented in Figure 2.12 for three values of
Traz: Tsoc, 0.75Ts,c and 0.5T5,c. The fraction of test patterns applied per core

is found to be different in each case to maximize the defect-screening probability.
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Figure 2.12: Percentage of test patterns applied to each core in d695 when W* = 16
and W = 32.

Results are reported only for W* = 16 and W = 32; similar plots are obtained for
different values of W* and W. Figure 2.13 illustrates the defect-screening probabilities
for the cores in the d695 benchmark for the above-mentioned test case.

We summarize the results for two benchmark SoCs in Table 2.4.2 for three different
values of W* and W = 32. The relative defect-screening probabilities Pg and TAM
partition widths to be used at wafer sort, obtained using Zrrrws, are enumerated
for both benchmark SoCs. The ILP-based technique takes up to 3 hours of CPU
time on a 2.4 GHz AMD Opteron processor with 4 GB of memory for d695, when
W* =16 and W = 32. The results show that a significant portion of the faulty dies

can be screened at wafer sort using the proposed technique.
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Figure 2.13: Relative defect-screening probabilities for the individual cores in d695
when W* =16 and W = 32.

2.4.3 Enumeration-based TAM width and test-length selec-

tion

The ILP-based approach in Section 2.2 is efficient only for small SoCs. However,
due to its large size, it may not scale well for SoCs with a large number of cores.
It is therefore necessary to develop an alternative technique that can handle larger
SoC designs. We next propose an efficient heuristic approach &,_rrrws based on a
combination TAM partition-width enumeration and ILP.

Our enumeration approach is based on the “odometer” principle used in a car
odometer. Each digit of a car odometer here corresponds to a TAM partition width
at wafer sort. Each digit can take values between 1 and the upper limit fixed by the
TAM architecture designed for package test. We first increase the least significant
digit if possible, and next roll the digit over to one and increase the next least-
significant digit. The implementation of the enumeration approach for determining

the optimal TAM partition widths and test-lengths can be done using the following
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sequence of procedures:

(i) Given the number of TAM partitions B and an upper limit on the maximum
TAM width W*, we first enumerate all possible TAM partition combinations. This
enumeration can be done following the principle of a B-bit odometer, where each
bit corresponds to the width of each TAM partition. The odometer resets to one as
opposed to zero in the case of a conventional odometer (the maximum value that the
i bit can take before a reset is w;). At every increment in the odometer, we check
whether S°7  w? = W*.

All possible TAM partitions that meet the above condition are recorded as a valid
partition. We illustrate the above enumeration procedure with a small example. Let
us consider an SoC whose TAM architecture is fixed and designed for 5 bits, and parti-
tioned into three TAM partitions of widths 2, 3, and 1 respectively. The possible TAM
enumerations for the above partitions are {(1,1, 1), (1,2,1),(1,3,1),(2,1,1),(2,2, 1),
(2,3,1)}. If we consider W* to be 4, then the valid TAM partitions are {(1,2,1),(2,1,1)}.
(ii) For each valid TAM partition calculated in Step (i), we apply the test-length se-
lection procedure Prrs. We calculate the defect-screening probability for the SoC
from the results obtained using Zrrs.

(iii) If the defect-screening probability of the new partition is greater than the pre-
vious partition, we store it as the new defect-screening probability, and store this
partition as the current optimal partition.

(iv) We repeat this procedure until all possible TAM partitions are enumerated.

Experimental results obtained using the &, _r.rws procedure are summarized in
Table 2.5. The results are represented in a similar fashion as in Table 2.4. The values
of the defect screening probabilities Py for five benchmark circuits [83], as well as
the recommended TAM partition widths for wafer-sort are shown in the table. The

number of patterns determined using &2, _r;rws for the p34392 SoC is illustrated in
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Fig. 2.14. The results are shown for three values of T},4.: Tsoc, 0.75T5,c and 0.5Tg,¢.
Results are reported only for W* = 16 and W = 32; similar plots are obtained for
a range of values of W* and W. Fig. 2.15 illustrates the relative defect-screening
probabilities for the cores in the p34392 benchmark for the above-mentioned test
case. The heuristic method results in lower defect-screening probability for most
cases compared with the ILP-based method; for higher values of W*, the difference
in defect screening probability between the two methods decreases. The computation
time for the largest benchmark SoC p93791 was only 4 minutes, hence this approach

is suitable for large designs.
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Figure 2.14: Percentage of test patterns applied to each core in p34392 when when
W* =16 and W = 32.
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Figure 2.15: Relative defect-screening probabilities for the individual cores in
p34392 when W* = 16 and W = 32.

2.4.4 TAM width and test-length selection based on geomet-

ric programming

Geometric programming (GP) problems are convex optimization problems that are
similar to linear programming problems [93]. A GP is a mathematical problem of
the form
Minimize fo(x)
subject to f;(x) <

Li=1,--,m
1, i=

gz(l') ]-7 » D

where f; are posynomial functions, g; are monomials, and x; are the optimization
variables; it is implicitly assumed that the optimization variables are positive, i.e.,
x; > 0 [93]. Mixed-integer GPs are a class of problems that are hard to solve [93].

The problem P rws can be modeled as a mixed-integer GP (MIGP) problem. In
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this chapter, we employ a heuristic method to solve the MIGP problem Z,,_rrrws
for test-length and TAM width selection. Using heuristic methods, approximate
solutions can be found in a reasonable amount of time; however, the optimality
of the solution cannot be guaranteed. Before we describe the GP-based heuristic
method, we need to modify the objective function to make it amenable for further
analysis. The objective of P rws is to maximize the defect-screening probability,
Pg = 1—H£\i1 P(B;). This is equivalent to the following minimization-based objective

function.

N Pi
Minimize G = H <Z 5ijei(j)>
i=1 \ j=1

Minimize G = [, (Zf;l 6ije,-(j)>, subject to :

PN (Zé’il Sk 85T ()N ’—wi'k.l)
1)

3) iA=LV, 1<i<N

4y ZEINE 1y Core; € 4,

5) Lot Wo
I* Constants : €;(7), Tmaz, W* */

/* Variables : §;;, Aik; 1< i< N,0<j5<p; *

<LiVx,1<zxz<B

Figure 2.16: Geometric programming model for Prrrws.

The constraints for the optimization problem described in Section 2.4.1 can be
easily modified for use in the MIGP problem. The complete MIGP problem for
Prirws is shown in Figure 2.16. We use GP relaxation to transform the MIGP
problem to a general GP problem that can be solved using commercial tools [94]. To
obtain an approximate solution of the MIGP problem, the MIGP is relaxed to a GP

and solved using [94]; the result obtained in this way is an upper bound on the optimal

64



value of the objective function for the MIGP. The values of the variables obtained after
relaxation are then simply rounded towards the nearest integer. The heuristic then
iteratively reassigns the values of the variables such that the constraints are satisfied
while maximizing the defect-screening probability for the SoC. The heuristic used to

solve Py, rrrws consists of the following steps:

1. In the first step of this procedure, we relax the MIGP 71w s to a GP problem.
The relaxation essentially means that the binary indicator variables used in the

optimization problem can take non-integer values.

2. We then use [94] to solve the relaxed MIGP problem. The resulting values of
the indicator variables d;; are sorted for each core i. The highest value of ¢;; for
each core is rounded to unity, while the remaining variables are rounded down

to zero.

3. The procedure then assigns the smallest value of TAM width to each core in
the SoC; i.e., \j; = 1, Vi. For the smallest value of TAM widths assigned to the

cores, the test time for each TAM partition is calculated.

4. The procedure then iteratively assigns additional TAM width to the TAM par-

tition with the maximum test time. This is repeated until Zfil w; = W=,

5. Once the TAM widths for RPCT are determined, we check to determine if
ZCoreiE A, Tr < Thaw, 1 < 7 < B. If violations in test time constraints are
observed, we identify a core in each TAM partition for which a reduction in
the number of applied patterns results in a minimal decrease in the overall
defect-screening probability. For each TAM partition 7,1 < j < B, where a
violation in test time is observed, we chose a particular C'ore; € A; such that a
decrease in the number of applied patterns Ap! results in a minimal decrease
in € (p}); we consider different values of Ap} in the range 1 < Ap} < 5 in our
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experiments, and choose the value that results in maximum defect screening Pg
for the SoC. This procedure, searches for a core in each TAM partition, which
yields a maximum value for 6; - (fc;(pf) — (fei(pf — Apy). This is repeated until

the time constraint on all TAM partitions are satisfied.

6. The relative defect-screening probability P5 = Pg/PL? for each core in the
SoC is then calculated; P is the defect-screening probability if all 100% of
the patterns are applied per core. This information is used to determine the

relative defect-screening probability for the SoC.

Experimental results obtained using the GP-based heuristic procedure are sum-
marized in Table 2.6. The results are represented in a similar fashion as in Table
IT. The relative defect-screening probability obtained using the GP-based heuristic is
greater than that obtained using the enumerative heuristic technique and less than
that obtained using the ILP method. The computation time ranges from 6 minutes

for the ab86710 SoC, to 51 minutes for the p93791 SoC.

2.4.5 Approximation error in Pg

We present experimental results on the approximation error in Pg when ILP and
heuristic methods are used to solve Prrrivs versus when NLP and GP-based meth-
ods are used. We use a commercial solver [94] for the GP-based heuristic method. The
relative defect-screening probability was determined for a nonlinear objective (Equa-
tion (2.11)) function using [89], where the quadratic and cubic terms are considered
in addition to the leading order term; this procedure is similar to the procedure
described in Section 2.3.

Let P5_;;p denote the relative defect-screening probability of the SoC obtained
using a linear objective function, Pg_._;; g the defect-screening probability us-
ing the enumerative heuristic, Pg_y;p denote the relative defect-screening prob-
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ability of the SoC using a nonlinear objective function, and Pg_.p the relative
defect-screening probability using the GP-based heuristic method. We determine
the approximation error as a measure to quantify the effect of these higher-order

terms on Pg. The approximation error obtained using the ILP method is deter-

. prL P . . . .
mined as 0;p = w x 100%. The approximation errors obtained using

SNLP

the heuristic and GP are similarly determined as ey, = w x 100% and
SNLP

737‘ _737‘ .
dap = W x 100% respectively.

As it is evident from the above equations, the results obtained using the non-
linear programming solver is used as a baseline case. This is because the results
obtained using GP-based heuristic are only bounds (upper bounds on the relative
defect-screening probability), and the results obtained using ILP and the enumera-
tive heuristic method are not optimal. The “p” benchmarks do not consider solutions
obtained using ILP because of the lack of a suitable solver to solve problems of this
size. The approximation errors for the benchmark circuits are presented in Tables
2.6-2.7. The time needed by the NLP solver [89] to solve Prrrws with the nonlinear
objective function ranges from 6 minutes for the d695 SoC, to 4 hours for the “p”
SoCs from Philips. This clearly indicates that the nonlinear version of Prrrwg is
not scalable for large SoCs. The time to solve the GP-based heuristic ranges from 2
minutes for the d695 SoC, to 45 minutes for the “p” SoCs. The GP-based heuristic

can therefore be used to quickly determine bounds on Pg.

2.5 Summary

We have formulated a test-length selection problem for wafer-level testing of core-
based SoCs. This is the first attempt to formulate a test-length selection problem

for wafer sort of core-based SoCs. To solve this problem, we first showed how defect
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Table 2.7: Approximation error in relative defect-screening probability for d695 and
ab86710.

Tmaac — TSOC Tmaa: = 0'75TSOC Tmaac — 0'5TSOC

SoC W* | dmeur | Ogp | O11P | OHewr | 0GP | O1LP | OHewr | Ogp | OrLP
d695 8 4.36 | 1.59 | 0.17 | 7.77 | 4.82 ] 0.37 | 15.09 | 11.81 | 3.31
12 | 3.83 | 1.58 | 0.15 | 7.48 | 7.48 | 0.58 | 12.73 | 10.45 | 2.94
16 | 3.23 | 1.74]10.25 | 7.10 | 5.72 | 1.04 | 11.31 | 9.61 | 2.36
ab86710 | 8 247 | 1.52 | 0.12 | 3.77 | 1.46 | 0.54 | 5.40 | 4.76 | 0.94
12 | 2.18 | 1.46 | 0.32 | 3.27 | 1.22 | 0.41 | 4.87 | 3.79 | 0.79
16 | 2.05 | 1.53 ] 0.28 | 3.03 | 0.78 | 0.46 | 4.36 | 2.93 | 1.03

Table 2.8: Approximation error in relative defect-screening probability for the “p”
SoCs.

Trnae = Tsoc | Trmae = 0.75Ts0c | Trnae = 0.25Ts0c
SoC w 5Heur 5GP 5Heur 5GP 5Heur 5GP
p22810 | 8 291 | 4.09 | 4.36 7.68 5.40 7.18
12 | 1.82 | 292 | 4.29 7.09 5.31 8.19
16 | 1.28 | 2.26 | 3.06 4.43 3.62 4.54
p34392 | 8 0.97 | 2.62 | 3.48 5.99 6.54 10.33
12 | 1.12 | 2,56 | 3.25 5.49 7.55 11.07
16 | 1.85 | 2.64 | 2.84 4.78 5.67 7.62
p93791 | 8 4.30 | 6.62 | 5.75 8.97 6.48 8.92
12 | 6.16 | 8.87 | 7.10 10.28 8.21 10.72
16 | 490 | 7.01 | 6.53 7.23 8.35 9.15

probabilities for the individual cores in an SoC can be obtained using statistical
modeling techniques. The defect probabilities were then used in an ILP model to
solve the test-length selection problem. The ILP approach takes less than a second
for the largest SoC test benchmarks from Philips. Experimental results for the ITC’02
SoC test benchmarks show that the ILP-based method can contribute significantly
to defect-screening at wafer sort. A heuristic method that scales well for larger SoCs
has also been presented.

We have also formulated a test-length and a TAM width selection problem for

wafer-level testing of core-based digital SoCs. To the best of our knowledge, this
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is the first attempt to incorporate TAM-width-selection in the wafer-level SoC test
flow. Experimental results for the I'TC'02 SoC test benchmarks using the optimal
method and the enumeration based approach show that the proposed approach can
contribute to effective defect screening at wafer sort.

Chapter 3 presents a wafer-level defect screening technique for core-based mixed-
signal SoCs. A cost model is also formulated to study the impact of the defect-

screening technique on overall cost savings.

70



Chapter 3

Defect Screening for “Big-D/Small-A”
Mixed-Signal SoCs

Conventional test techniques for mixed-signal circuits requires the use of a dedicated
analog test bus and an expensive mixed-signal ATE [95, 96]. In this chapter, we
present a correlation-based signature analysis technique for mixed-signal cores in a
SoC [97]. This method is specifically developed for defect screening at the wafer level

using low-cost digital testers, and with minimal dependence on mixed-signal testers.

A comprehensive cost model is needed to evaluate the effectiveness of wafer-level
testing, and its impact on test and packaging cost. We develop a cost model and use
it to quantify the benefits derived from wafer-level testing of both analog and digital
cores. Correction factors, which account for the misclassification of dies under test,
are incorporated in the cost model. Experimental results involving the wafer-level
test technique as well as the cost model are presented for an industrial mixed-signal
SoC. The results show that a significant reduction in product cost can be obtained
using wafer-level testing and the proposed signature analysis method.

The remainder of the chapter is organized as follows. Section 3.1 describes the
proposed signature analysis method for wafer-level test of analog cores. Simulation
results are presented to evaluate the signature analysis method. Section 3.2 describes
the cost model for a generic mixed-signal SoC. Section 3.3 details the reduction in
product cost that can be obtained using wafer-level testing for an industrial mixed-

signal SoC. Finally, Section 3.4 concludes this work.

71



3.1 Wafer-level defect screening: Mixed-signal cores

Test procedures for data converters can be classified as being based on either spectral-
based tests or code density tests. Spectral-based test methods [96] usually involve
the use of a suitable transform, such as the Fourier Transform, to analyze the out-
put. These methods are used to determine the dynamic test parameters of the data
converter. On the other hand, code density tests are based on the constructions of
histograms of the individual code counts [98]. The code counts of the data converter-
under-test are then analyzed and compared with the expected code counts to de-
termine its static parameters. Recent work in mixed-signal testing has focused on
spectral-based frequency domain tests, due to the inherent advantage of test time
over the code density tests. In [96], a test flow process is described, that uses only
the dynamic tests. A case study on sample data converters presented in [96] claims
that 96% of faults involving both static and dynamic specifications can be detected
without using the code density test technique. It is important to note that the pro-
cedure described in [96] is aimed at production testing. In [99], it has been shown
that frequency-domain-based signature analysis helps in suppressing non-idealities
associated with the test data, and it serves as a robust mechanism for enhancing
fault coverage and reducing false alarms.

In effect, a mixed-signal path can be sandwiched between a pair of complementary
data converters to generate a mixed-signal core driven by digital inputs and outputs
[53]. Testing this mixed-signal path, which is a basic building block in most “big-
D/small-A” SoC designs, holds key to cost effective testing using low cost digital
testers. The inadequacy of analog tests and their lack of effectiveness at wafer sort to
accurately measure test parameters and identify faulty dies have been highlighted in
[33] and [56]. A new defect screening technique for mixed-signal cores at wafer sort

is needed for the following reasons:
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e Time-domain signature analysis techniques have extremely low tolerance to

noise, since the measured signature can be incorrect even for single bit errors

[100].

e Noisy signals and imprecise test clocks at wafer sort lead to distortion in the
value of the dynamic parameters of such a signal to noise ratio (SNR), which
directly affects the effective number of bits for the data converter. The lower-
order bits of the data converter, in the presence of noise, convert noise rather
than the signal itself. In such circumstances, the comparison of the data con-

verter with a pre-specified signature, inevitably leads to increased yield loss.

e Test signals which are more linear than the linearity of the device under test
(DUT), are prescribed as a requirement for successful testing of data convert-
ers [101]. This cannot be guaranteed in “big-D/small-A” SoC designs, as the
digital-to-analog converters (DACs) are used to provide test stimuli to the

analog-to-digital converters (ADCs), when configured in a loop-back mode.

Measurement inaccuracies associated with a mixed-signal test and measurement
environment are described in [53, 30]. These problems can lead to a degradation in
the quality of the measurements made; these effects are more pronounced at wafer
sort [30, 56]. As a result, yield loss and test escape are more likely at the wafer-level.

Test procedures examine the output response of the circuit and compare it to
a pre-determined “acceptable” signature. In light of all the possible error sources
during wafer sort, a reliable acceptable signature is hard to derive because it requires
the modeling of all possible errors. To address the above problems, outlier analysis
has been extensively used in the IDDQ testing of digital circuits [57, 58]. We employ
a similar pass/fail criterion in the proposed wafer-level testing approach. To perform

such an analysis, we first require a measurable parameter for each core. In IDDQ
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testing, this data comes in the form of supply current information. However, in spec-
tral analysis, the information obtained as a signature is spread over multiple data
points, where each data point represents the power associated with the corresponding
frequency bin. It is therefore necessary to encode this information as a single param-
eter corresponding to each individual core. We propose two correlation-based test
methods to achieve this goal. These methods are referred to as the mean-signature-

and golden-signature-based correlation techniques.

3.1.1 Signature analysis: Mean-signature-based-correlation
(MSBC)

In [99], the authors use the correlation between a reference spectrum and the spectrum
of the circuit under test as a pass/fail criterion. The reference spectrum serves
as an acceptable signature, and is used for comparison with the spectrum of the
circuit under test. Such a reference signature is called an Eigen signature [99]. The
sensitivities to changes in the shape of the spectrum of the device-under-test from
the Eigen signature can be quantified by means of a correlation parameter. The
correlation is a fraction that lies between 0 and 1, and it serves as a single measurable
parameter for each individual die.

The characteristic spectrum X; of the i*" core-under-test in a batch of m identical
cores is obtained using a P-point Fast Fourier Transform (FFT) and is defined as:
X; = A{xn, xi, - -xip}, 1 < i < m. The elements x;1,x;2, - - z;p in the above spec-
trum denote the power associated with the corresponding frequency bin. Ideally, the
spectrum of each die should be correlated to a set of averages of the spectra of m dies
tested under similar ambient operating conditions. The Eigen signature E is deter-

mined as the set of averages of the spectra of m identical cores-under-test and can be

defined as: E = {3, xi)/m, O oimy zi2)/m, -+, (Ot xip)/m}. In particular, if
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the number of good dies is appreciably larger than the number of defective ones, the
Eigen signature contains the information needed to classify the good dies from the
defective ones. Since both X; and E are random variables, let X; and E represent
the mean of X; and E respectively. The correlation between the FEigen spectrum and

that of the circuit under test can now be defined using Equation (3.1) as:

S (x5 — X) (72% Yy E)
corr(X;, E) = - = - ~ 217 (3.1)
[Z(-Tij_yi)QZ <7zzﬂi ij —E) }

3.1.2 Signature analysis: Golden-signature-based-correlation

(GSBC)

For the MSBC technique, the collection of spectral signatures requires the storage
of spectral information of a number of dies before a pass/fail decision can be made.
While this information does not have to reside in the main memory of the tester,
storing and handling such a large amount of data may be inconvenient. It may be
desirable to use a pre-defined golden-signature for correlation during wafer sort. It is
important to note that the use of a pre-defined spectrum as the golden signature does
not hamper outlier analysis. The golden-signature spectrum is obtained a priori, by
assuming ideal and fault-free operating conditions for the circuit under test. The
correlation parameter can still be used to identify the possible faulty dies. The
correlation parameters are estimated in the same way as in Section 3.1.1. The only
difference here lies in the use of a golden signature as the Eigen signature. The test
flow for both methods is described in Figure 3.1.

The next step in signature analysis is to set a threshold to determine the pass/fail

criterion for each die. As explained previously, due to all the non-idealities in the
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Figure 3.1: Flowchart depicting the mixed-signal test process for wafer-level fault
detection.

measurements, a pre-determined threshold is of little use. However, during wafer sort,
characterization data on mixed-signal components is already available. The charac-
terization data provides information on the approximate percentage of dies that are
expected to pass the final test. Modular testing of SoCs can also provide information
on the approximate yield per module/core in an SoC [102]. Characterization infor-
mation, in conjunction with the module yield data, can be used to estimate a priori,
the approximate number of dies that will pass the test. The yield loss due to this
indirect testing method should be minimized, since yield loss affects overall cost by

increasing the effective cost of silicon per unit die. The number of passing dies can
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be estimated by using the expected yield (Yy) information from the characterization
data. We set the fraction of the number of dies passing the test to be Yy + W.

The constant k£ can be chosen based on the type of signature analysis technique used.

The effectiveness of the proposed methods can be established by determining the
resultant yield loss and test escapes. If G represents the number of good circuits and

G i the number of good circuits failing the test, then the yield loss can be estimated

to be % The number of faulty circuits that pass the test (Fjqss) can be used to
calculate the test escapes as %‘lé

To evaluate the above performance metrics, we develop a behavioral model of a
flash-type ADC in MATLAB. We generate 1500 unique circuit instances of the ADC
by inducing parametric variations in the associated components and also by injecting
certain hard and soft failure types. The hard failure type corresponds to catastrophic
failures and the soft failure type corresponds to parametric variations that result in
undesirable circuit operation. The hard faults are generated for 100 data converters
by forcing resistive opens and broken lines in the comparator network. We then
vary the component parameters; the values of resistors and the offset voltages of
the comparators, to generate three sets of data converters. We modify the standard
deviations of resistor values and offset voltages to randomly inject the soft faults.
The three sets of data converters correspond to high yield (HY-90%), moderate yield
(MY-75%) and low yield (LY-60%). Correlation parameters for each unique ADC are
obtained for both the proposed methods and by using a 1024-point and a 4096-point
FFT. In this experiment, the specification that determines the good/faulty dies is
the differential-non-linearity (DNL) parameter. The acceptable range of DNL for the
ADC is set to be 0 < DNL < 0.5. Based on the random fault injection scheme, we
have a number of marginally faulty dies (0.5 < DNL < 1), moderately faulty dies

(1 < DNL < 2) and grossly faulty dies (DNL > 2). The percentages of marginal,
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moderate and grossly faulty data converters in the overall population are 44%, 37%

and 19% respectively.

We present experimental results for the 8-bit flash ADC model in Table 3.1. It is
clear that the MSBC technique outperforms the GSBC technique in most cases, both
in terms yield loss (YL) and overall test escapes (OTE). Table 3.1 lists the percentage
of test escapes for marginal (T'E)ps.r), moderate (T'Eyor), and grossly (T Eqr) faulty
dies. The percentages are given in terms of the number of faulty dies in each group).
Columns 5-7 list the relevant data separately for each fail type. As a result, the
rows of the table for these three columns do not add up to 100%. This analysis is
performed in order to evaluate the effectiveness of our proposed signature analysis
techniques over different failure regions. A significant percentage of marginal failures
result in test escapes. This shows that the proposed signature analysis technique is
not effective for screening marginal failures. On the other hand, 33%-92% and 26%—
92% of the moderately faulty dies are screened in the case of the MSBC technique and
GSBC technique, respectively. Thus our technique is effective for screening moderate
and gross failures, which is typically the objective in wafer-level testing. Marginal
failures are best detected at package test, where the chip can be tested in a more

comprehensive manner.

3.2 Generic cost model

In this section, we present a cost model to evaluate wafer-level testing for a generic
mixed-signal SoC. A cost model for an entire electronic assembly process is described
in [103], using the concept of “yielded cost”. However, it cannot be readily adapted
for wafer-level testing. In [27], a cost modeling framework for analog circuits was
proposed, but it did not explicitly model the precise relationship between yield loss,

test escape and the overall product cost. The effects of yield loss and test escape for
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Table 3.1: Wafer-level defect screening: experimental results for an 8-bit flash ADC.

FFT: No. of

Correlation | Sample Points-
Technique Yield Type YL (%) | OTE (%) | TEnmar (%) | TEyor (%) | TEgr (%) | k
Mean 1024-LY 0.8176 46.66 89.25 33.21 3.53 5
Signature 1024-MY 0.25 67.7 97.11 66.19 0 7
1024-HY 0.9 49 95.23 54 7.4 7
4096-LY 0.06 47 77.1 7.95 0 10
4096-MY 0.08 27.43 58.65 12.67 0 10
4096-HY 0 25 95.23 10 0 10
Golden 1024-LY 1.006 75.71 98.59 73.7 42.47 5
Signature 1024-MY 0.0375 68.75 96.15 67.6 5 7
1024-HY 1.1 74 100 76 55.55 5
4096-LY 0.18 29.78 88.31 7.95 0.88 8
4096-MY 0.16 43.36 96.15 15.49 0 10
4096-HY 0.1 2.5 100 8 0 10

YL — Yield loss; OTE — Overall test escapes; TEpqr, TENor and TEgp — Test escapes for
marginal, moderate and grossly faulty dies respectively.

both the digital and mixed-signal cores in an SoC is modeled in our unified analytical
framework. The proposed model also considers the cost of silicon corresponding to

the die area.

3.2.1 Correction factors : Test escapes and yield loss

Testing at the wafer level leads to yield loss and test escapes. Yield loss occurs when
testing results in the misclassification of good dies as being defective, and the dies
are not sent for packaging. We use the term Wafer-Test-Yield Loss (WYL), to refer
to the yield loss resulting from wafer-level testing, and the associated non-idealities.
Clearly, WYL must be minimized to reduce product cost.

The test escape component is also undesirable, due in large part to the mandated
levels of shipped-product quality-level (SPQL), also known as defects per million,
which is a major driver in the semiconductor industry. SPQL is defined as the
fraction of faulty chips in a batch that is shipped to the customer. Test escapes at
the wafer-level are undesirable because they add to packaging cost, but they do not

increase SPQL if these defects are detected during module tests.

In order to make the cost model robust, we introduce correction factors to account
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for the test escapes and WYL. The correction factor for test escapes is obtained from
the “fault coverage curve”, which shows the variation of the fault coverage versus the
number of test vectors. It has been shown in [2], and more recently in [104], that, the
fault coverage curve can be mapped to a log function of the type fc, = 1 — ae ™",
where n is the number of test patterns applied, fc, is the fault coverage for n test
patterns, a and (3 are constants specific to the circuit under test and the fault model

used.

Typically in wafer-level testing for digital cores, only a subset of patterns are
applied to the circuit, i.e., if the complete test suite contains n patterns, only n* <n
patterns are actually applied to the core-under-test. The correction factor ,,, defined

— (fcn

as 0, %’“‘), 0 < n* < mn,isused in the model to account for test escapes during

wafer-level testing.

Figure 3.2 shows how the fault coverage varies as a function of the number of
applied test vectors for the digital portion of a large industrial ASIC, which we
call Chip K!''. The digital logic in this chip contains 2,821,647 blocks (including
approximately 334,000 flip-flops), where a block represents a cell in the library. The
figure also shows the correction factor as a function of the number of test vectors
applied to the same circuit. Section 3.1 showed how we can evaluate the test escapes
for analog cores. Let us assume that the test escape for analog cores is 5. Assuming
that test escapes for the analog cores are independent from the test escapes for digital
cores (a reasonable assumption due to the different types of tests applied for the two
cores), the SoC test escape can be estimated to be 1 — (1 —6,,+) - (1 — ).

Let us now consider the correction factor due to WYL. If the WYL for the digital
part of the SoC is WY L, and that for the analog part of the SoC is WY L,, the
effective WYL for the SoC is simply given by WY Losr = 1—(1-WY Ly)-(1-WYL,).

LASICs Test Methodology, IBM Microelectronics, Essex Jct, VT 05452.
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Figure 3.2: The variation of the fault coverage and correction factor versus the
number of test vectors applied to the digital portion of Chip K.

The parameter WY L, can be negligible if overtesting, which is a major concern
nowadays for production testing of digital circuits [105], is not significant at the
wafer-level. However, the parameter WY L, cannot be neglected for the reasons

described in Section 3.1.

3.2.2 Cost model: Generic framework

We now present our generic cost model. The cost model treats the outcomes of a
test as random variables and assigns probabilities to the different possible outcomes.
Appropriate conditional probabilities are used to ensure that the model takes all
possible scenarios into account. Let us first define the following events: T7: the
event that the test passes, i.e., the circuit is deemed to be fault-free; T~: the event

of the test fails, i.e., the circuit is deemed to be faulty; D*: the event that the die is
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fault-free; D™: the event that the die is faulty.

Conditional probabilities associated with the above events help us to determine
the various factors that influence overall test, packaging and silicon cost. The follow-
ing conditional probabilities are of interest—P (7" | D7): Probability of a test pass
for a faulty die (representative of test escapes); P(Tt | DT): Probability of a test
pass for a good die (correct classification of a good die); P(T~ | D™): Probability of
a test fail for a bad die (correct defect screening); P(T~ | D): Probability of a test
fail for a good die (representative of WYL).

Using the above conditional probabilities, we can derive the following expressions

for P(T*) and P(T7):
P(T")=P(T" | D")P(D*)+ P(T* | D7)P(D") (3.2)

P(T™)=P(T" | DY)P(DY)+ P(T~ | D7)P(D") (3.3)

where, P(TT) =1— P(T").
P(T* | D7) denotes the test escape, while P(T~ | DT) indicates the yield loss.
Note that P(D™) represents the yield Y of the process and P(D~) = 1 — P(D™).

Knowing these parameters, we can calculate P(7~) using Equation (3.3). Solving

for P(T* | DT) from the above equations, we get:
P(T*| D) =(1-P(T") - (P(T" | D")P(D7))/P(D") (3.4)

The probability P(T") represents the fraction of the total number of dies that
need to be packaged. The conditional probability P(T" | D) represents the number
of good dies that are packaged i.e., it represents the fraction of dies for which the test
passes when the die is fault-free. This conditional probability, which can be easily
calculated using Equation (3.4), is used to calculate the effective cost per unit die

from the overall test and manufacturing costs.
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3.2.3 Overall cost components

The overall production cost depends on whether only after-package testing is carried
out, or if wafer-level testing is done in addition to production testing. We first
determine the cost when only after-package testing is carried out. Let the total
number of dies being produced be NV, let t,, represent the total test application time
at the production level and ¢, represent the cost of test application (in §) per unit
time during after-package testing. Let C'p denote the cost of packaging per unit die,
Agie be the area of the die under consideration, and Cj; be the cost of silicon (in $)
per unit area of the die. The overall production cost C.,, (that includes test time
cost and silicon area cost, but ignores other cost components not affected by the
decision to do wafer-level testing) associated with manufacturing a batch of N dies

can now be determined using Equation (3.5):
Cocap = (N ' tap ' Cap) + N - Cp + (N . Adie . Csil) (35)

Similarly the overall cost (C,

OCwap

) associated with the manufacture of a batch of
N dies for which both wafer-level and after-package testing are performed can be

determined using Equation (3.6).

C,

O0Cwap

= (N ty-cy)+P(TY)-N-Cp+ (P(T") -

N - tap - Cap) + (N - Adie - Csir) (3.6)

In Equation (3.6), t,, and ¢, represent the overall test time at the wafer-level and
the tester cost per unit time, respectively. Recall that P(TT) represents the fraction
of dies that pass the test at the wafer-level. This is an indicator of the number of dies
to be packaged and tested at the production level. The cost per unit die by performing
wafer and production level tests (Cye,,,) can be calculated from Equations (3.5) and

(3.6) as C,

OCwap

J(N-Y-P(T" | DT)). When only production level tests are performed
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the cost per unit die can be estimated to be Cj,,/(IN-Y'). This estimate of the cost per
unit die is overly optimistic because we assume that there is no yield loss or test escape
associated with after-package testing. This is usually not the case in practice. We
can now define the cost savings as (0C = Co,,/(N-Y)) = (Cocyo, /N-Y - P(TT | DY)),
which indicates the reduction in production cost per die due to the use of wafer-level

testing.

3.3 Cost model: Quantitative analysis

In this section, we use the model to validate the importance of wafer-testing from a
cost perspective. In order to use the cost model, we need realistic values of the cost
components used in the model. For this purpose, we model the section of flattened
digital logic (as explained in Section 3.2) as a single core, and use relevant information
from a commercial mixed-signal SoC, Chip U?2. The mixed-signal SoC includes a pair
of complementary data converters of identical bit-resolution. The data converters can
be configured in such a way that each DAC is routed through the ADC for purposes
of test (as explained in Section 3.1). It is appropriate to assume that the ADC and
the DACs are tested as pairs because a single point of failure is a sufficient criterion
to reject the IC as being faulty.

In [29], the importance of packaging is highlighted with realistic numbers on the
cost of silicon and cost of packaging per unit die. Furthermore, [31, 106] provides
actual packaging costs for various types of packages. In this section, we choose the cost
of packaging per die after carefully studying the published data. The package cost is
varied from $1 per die to $9 per die, which is considerably lower than published data.
Lower values of package costs are considered for smaller dies. Since the cost model

for wafer-level testing will predict more cost savings for higher package costs, we

2ASICs Test Methodology, IBM Microelectronics, Essex Jct, VT 05452.
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choose lower values for the package cost to ensure that there is no bias in the results.
Packaging costs for a high-end IC can be as high as $100 per die [29, 106, 1]. The cost
of silicon from [29] is estimated to be $0.1 per unit mm?. We consider three typical die
sizes from industry (10mm? 40mm? and 120mm?) corresponding to small, medium
and large dies, for purposes of simulation. We use a typical industry “yield curve”!,
shown in Figure 3.3, to illustrate the spread in cost savings than is achieved by testing
mixed-signal SoCs at the wafer level. The points on the yield curve correspond to the
probability that the yield matches the corresponding point on the x-axis. The yield
curve is appropriately adjusted to reflect distributions corresponding to die sizes,

because, higher yield numbers are optimistic for large dies, and vice versa [107].

3.3.1 Cost model: Results for ASIC chip K

Test costs typically range from $0.07 per second for an analog tester to $0.03 per
second for a digital tester!. The cost is further reduced dramatically for an old tester,
which has depreciated from long use to a fraction of a cent per second. The proposed
wafer-level test method benefits from lower test time costs, hence to eliminate any
favorable bias in our cost evaluation, we assume that the test time cost is an order
of magnitude higher, i.e., $0.30 per second.

We model the test escapes by assuming that the the digital portion ASIC Chip
K is tested with 4046 test patterns, and for which the test escape correction factor
is calculated from Figure 3.2. The analog test time is modeled by assuming that
the data converter pair is tested with a 4096-point FFT. The test escape of the
mixed-signal portion of the chip is assumed to be 50%.

Figures 3.3-3.5 illustrate the effect of varying packaging costs on dC for small and
large dies, respectively. The cost savings per die are analyzed for each point in the

discretized yield curve. This is done in order to illustrate the spread in cost saving
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that can be achieved in a realistic production environment. It is evident that the
savings that can be achieved by performing wafer level tests is significant, and that

it decreases with increase in yield.
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Figure 3.3: Distribution of cost savings for a small die with packaging costs of (a)

$1 (b) $3 (c) $5.

3.3.2 Cost model: Results considering failures due to both

digital and mixed-signal cores

Until now, we have only considered chip failures that can be attributed to either
the digital logic or the analog components, but not both. We next evaluate the cost
savings when the digital and the analog fails are correlated. Let A denote the event
of a mixed-signal test escape and B denote the event of a digital test escape. A test
escape in either the mixed-signal portion of the die, or in the digital portion of the die
will result in the part being packaged. The probability that the test process results in

at least one test escape can be given as P(AU B); this probability can be represented
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using the following equation:
P(AUB)=P(A)+ P(B)— P(ANnB) (3.7)

Using previously introduced notation, the above equation can be rewritten as

follows:

P(T* | D7) =3 +0,- — P(AN B) (3.8)

Our initial experiment considered a scenario where we assumed the test escapes
occurring in the different sections of the die to be independent. We therefore took
the product of the individual test escape probabilities to determines the resultant
test escape. We now consider an additional scenario where test escapes occur in
both parts of the die simultaneously, i.e., when a test results in a test escape in the
digital portion of the die, the mixed-signal test also results in a test escape. This is
given by the probability P(ANB). In our experiments we consider test escape values
by varying P(A N B) between 0 and min{P(A), P(B)} to determine the test escape
probability from Equation (3.8). The values of P(A), P(B), and the various costs
associated with the test and packaging process remain the same from our experiments
in Section 3.3.1. The purpose of this experiment is to determine the impact, on the
overall cost savings, of test escapes that occur in both the digital and mixed-signal
portions of the die.

We now present experimental results for a large die under three different yield
scenarios: high yield (Figure 3.6(a)) where the yield is 90%, medium yield (Figure
3.6(b)) where the yield is 75%, and low yield (Figure 3.6(c)), where the yield is 60%.
The x-axis denotes the probability of test escape overlap; the overlap in test escape
is varied from 0 to the test escape probability of digital cores (0.05 for Chip U). It is
observed from Figure 3.6 that our defect screening technique results in cost savings

despite the overlap in test escapes in the digital and mixed-signal cores. The cost
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savings are minimum when there is no overlap in test escapes between the digital
and mixed-signal cores, and vice-versa. Similar results are obtained for small and

medium dies.

3.3.3 Cost model: Results considering failure distributions

The results in Figures 3.3-3.5 do not consider the breakdown between the various
mixed-signal fail types. The percentage of marginal, moderate and gross failures
can be determined via statistical binning of failure information for a given batch of
dies being manufactured. Unfortunately, such failure data is not easily available in
the literature; companies are reluctant to disclose this information. Therefore, we
consider different scenarios and a range of values for the percentages corresponding
to the different failure types. Let z1, o and x3 represent the percentage of failures
corresponding to marginal, moderate and gross fail types, and T E;, T E5 and T E3 be
their corresponding test escape rates. The test escape ([3) for the analog cores can
now be calculated as: (TEy - xq +TFEy-xo+ TE;5 - x3)/(21 + 29 + x3).

We first consider the following cases: 1) all the fail types are equally distributed; 2)
the marginal fail type dominates the sample fail population; 3) the moderate fail type
dominates the sample fail population; 4) the gross fail type dominates the sample fail
population. In the case of a particular fail type dominating the sample fail population,
we assume that the other two fail types make equal contributions to the number of
failing dies. Table 3.2 illustrates the above four cases; it is assumed here that the
digital core in the SoC is tested with 4046 digital test patterns. The packaging costs
are chosen according to the yield type considered. We consider a packaging cost of
$5 for the low yield case, since the low yield case nominally corresponds to large
dies. Similarly we consider packaging costs of $3 and $1 for the medium and high

yield cases respectively. The die areas considered are, 10mm?, 40mm? and 120mm?,
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Figure 3.6: Distribution of cost savings for a large die with packaging costs of (a)
$5, (b) $7 (c) $9, when test escapes between digital and analog parts are correlated.
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corresponding to low, medium and high yield. A constant yield loss of 1% for all test
cases is considered. The percentage test escapes corresponding to failure type are
determined from Table 3.1 for all yield cases. The choices of packaging costs reflect
the lower bounds from the values considered in Section 3.3.1. We assume here that
the digital and mixed-signal fails are uncorrelated, due to the lack of representative
information. In practice, as discussed in Section 3.3.2, the correlation information

can be easily incorporated in the cost model if it is available for failing dies.

Table 3.2 presents results obtained using the cost model for the different cases
described above. We present results for both the MSBC- and the GSBC-based tech-
niques. The purpose of this experiment is to relate the importance of the proposed
wafer-level defect screening techniques to the dominance of a particular fail type. It is
obvious that a sample population with a high marginal fail type will result in a high
overall test escape rate for the SoC (TEjspc and TEgspe). On the other hand, the
test escape rate will be low for the gross fail type. Table 3.2 shows that irrespective of
the distribution of fail types, wafer-level testing reduces cost in most cases. The use
of the MSBC-based technique results in greater cost savings (CSy/spc), compared to
the GSBC technique (CSgspc). For a process known to have high yield, wafer-level
testing does not always reduce test and packaging costs. The negative entries in
Table 3.2 provide a reality check on the extent to which wafer-level tests should be
applied. These results help us to judiciously determine the extent of wafer testing
for different scenarios. The GSBC technique is inefficient for testing in a high-yield
production environment, which typically corresponds to the manufacture of small

dies. It is more suitable for low- and medium-yield dies.

We next vary zq, o, and x3, each between 0 and 100, under the constraint that
1 + 9 + x3 = 100. The resulting cost savings are shown in Figure 3.7. The three

axes in Figure 3.7 denote the percentage of marginal failures (x;), the percentage
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Figure 3.7: Variation in cost savings considering the impact of mixed-signal fail
types.

of gross failures (r3), and the cost savings per die, respectively. (The percentage of
moderate failures, z,, is derived from z; and x3.) Results are presented for three
different yield scenarios: low, medium, and high yield; MSBC is used as the defect-
screening technique for the results presented in Figure 3.7. It is observed that the cost

savings are the least when marginal failures dominate the fail population. Similarly,
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a fail population with significant gross failures result in high cost savings per die.
As expected, the cost savings for moderate failures lies between the cost savings for

marginal and gross failures. Similar results are observed when GSBC is used instead

of MSBC.

3.4 Summary

We have proposed a wafer-level defect screening technique for core-based mixed-signal
SoCs. Two new correlation-based signature analysis methods have been presented for
wafer-level testing of analog cores. A comprehensive cost model has been developed
for a generic mixed-signal SoC; this model allows us to quantify the savings that
result from wafer-level testing. Test escape, yield loss, and packaging have been
incorporated in this production cost model. We have used an industrial mixed-signal
SoC to evaluate the proposed wafer-level test method. The proposed method uses
a low-cost digital tester for wafer-level mixed-signal test, which further reduces test
cost.

The next chapter presents a test scheduling technique for WLTBI of core-based
SoCs. The objective of the proposed test-scheduling technique is to minimize the
variation in power consumption during WLTBI, while maintaining a reasonable test

application time for the SoC.
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Chapter 4

Wafer-Level Test During Burn-In (Part
1): Test Scheduling for Core-Based SOCs

Test scheduling of core-based SoCs leads to varying junction temperatures during
test application. This is due to the varying power consumption of the multiple
heterogeneous cores that are tested in parallel. This can result in a device being
subjected to excessive or insufficient burn-in, and in certain cases may result in
thermal runaway.

In this chapter, we present a power-conscious test-scheduling technique for WLTBI
of core-based SoCs [108]. This technique allows us to select cores that are tested in
parallel while minimizing the overall variation in power. Minimizing the overall vari-
ance in power results in less fluctuations in the junction temperature of the device.
Test scheduling for WLTBI of core-based SoCs is important because of the following

reasons:

1. Scheduling the cores serially during WLTBI does not satisfy the objectives of
dynamic burn-in. The objective of dynamic burn-in is to have the maximum
switching activity, so that all the latent defects can be screened efficiently.
Testing a single core at a time does not contribute significantly towards stressing

the device.

2. Even though the burn-in time is long, all the time is not allocated for test
purposes. Burn-in involves temperature and voltage cycling multiple times [40].
Burn-in also involves subjecting the device to a period of static burn-in when

no patterns are applied. Any minimization in test time that can be achieved
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through a test scheduling technique will help minimize the overall time required
for WLTBI, while at the same time satisfying the twin objectives of burn-in

and test.

. All the die in the wafer cannot be contacted during WLTBI [6]. This can
be because of the lack on sufficient probe pins and/or limitations of WLTBI
equipment to remove heat. When only a fraction of the die can be tested during

burn-in, it is important to have low test times for the SoCs in order to test all

die during WLTBI.

The main contributions of this chapter are as follows:

We motivate the importance of handling thermal problems during WLTBI from
a test-application perspective, and show how test scheduling can be used to

alleviate these problems.

We formulate a test-scheduling problem for WLTBI of core-based SoCs. Our
goal is to minimize the variations in the test power of the SoC during test

application

We prove that the test-scheduling problem for WLTBI is NP-complete. We
develop a heuristic technique to solve the test-scheduling problem for core-based

SoCs.

The remainder of this chapter is organized as follows. Section 4.1 formulates

the test-scheduling problem for WLTBI. The heuristic method to solve the problem

efficiently is presented in Section 4.2. Section 4.3 presents the baseline methods. The

simulation results for three off the ITC’02 SoC benchmarks are presented in Section

4.4. Finally, we summarize the chapter in Section 4.5.
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4.1 Test scheduling for WLTBI

Efficient test-scheduling methods target increased test concurrency to reduce the test
application time. This leads to increased power consumption during test. Recent test-
scheduling techniques for core based SoCs have included the additional dimension
of test power consumption [109, 17]; this ensures that a pre-determined limit on
power consumption is not exceeded during test. These techniques, however, do not
address the variations in power that occur during test application. We develop a
power-conscious test scheduling approach in this chapter, tailored for WLTBI of
core-based SoCs. The primary objective of our work is to minimize variations in
power consumption such that predictions on burn-in time are accurate. A secondary

objective is to minimize the test application time.

4.1.1 Graph-matching-based approach for test scheduling

A graph G(Vi,---,Vy; E), where V}, Va, - -+ | Viy are subsets of vertices and E is the
set of edges, is B-partite if there is no edge between any two vertices in the vertex
subset V;, 1 < i < N [110]. In other words, the vertices are partitioned into B sets
(partitions), such that no two vertices contained in any one partition are adjacent
to one another. The assignment of cores to TAMs in an SoC can be represented by
a complete B-partite graph, where B is the number of TAM partitions; the set of
vertices, V; denotes the cores assigned to TAM partition i. The edges between the
nodes in the different partitions model the fact that at any clock cycle, any group of
cores on different TAM partitions are candidates for concurrent testing. An example
of a TAM architecture for the d695 SoC with a TAM width W = 32 is shown in
Figure 4.1(a). This can be represented by a complete B-partite graph (B = 3) as
shown in Figure 4.1(b); this is also known as a complete tripartite graph. Edges

exist between all pairs of nodes (cores) in different partitions; this implies that at
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Figure 4.1: (a) TAM architecture for the d695 SoC with W = 32 (b) Corresponding
B-partite (B = 3) graph, also referred to as a tripartite graph for the d695 SoC with
W = 32. The nodes correspond to cores.

any given clock cycle, any set of cores on the three different TAM partitions can be
tested concurrently.

We assume a fixed-width TAM architecture and test buses [111], where the divi-
sion of W wires into B TAM partitions has been determined a prior: using methods
described in [111, 84]. We now have to determine an optimal ordering of cores such
that the overall variation in power consumption for the SoC is minimized while sat-
isfying the constraint on peak power consumption P,,,.. We refer to this problem as
Pecore.order- We use the following two measures as metrics to analyze the variation in

power consumption.

1. The first measure is the statistical variance in test power consumption. Let Tg,¢
represent the test time for the SoC in clock cycles, and P,,cq, the mean value
of power consumption per clock cycle during test. The variance in test power
consumption for the SoC is defined as ﬁ Z?ji’c(Pi — Ppean)?. Low variance
indicates low (aggregated) deviation in test power from the mean value of power
consumption during test. Successful WLTBI requires the minimization of this
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metric.

2. The cycle-to-cycle variation in test power consumption is an indicator of the
“flatness” of the power profile during test. Large cycle-to-cycle power variations
are undesirable. We therefore quantify the “flatness” in the power profile using

2500 |Pia— Pl :
=1 ; P, and P, denote the power consumption

the metric v = Too1
during the " and (i + 1) clock cycles. Low values of v are desirable for

WLTBI.

Without loss of generality and to simplify the presentation, we henceforth consider

an SoC with three TAM partitions (B = 3). (The extension to more than three TAM
partitions is straightforward.) The problem Pgore orger for an SoC with three TAM
partitions can now be formally stated as follows:
Problem Pcore order: Let T, To and T3 be the sets of cores on TAM partitions 1,
2 and 3 respectively. Determine the sets of cores that can be tested simultaneously,
and the ordering of the cores on the TAM partitions, such that the overall variation
in power consumption for the SoC is minimized and the peak power constraint P,,..
is satisfied.

We relate the core-ordering problem to the maximum tripartite graph-matching
problem [112]. For any three sets X, Y, Z, and a corresponding set S of triples X x
Y x Z, the maximum tripartite matching problem determines a maximum matching
set of triples M, M € S. The elements of X, Y and Z that are matched occur exactly
in one triple € M, and for any other matching M', [M| > |M|.

To solve Pcore_orders We need to determine sets of cores that are tested (con-
currently) during a test-session, and the ordering of these sets of cores in the test
schedule such that the variation in power consumption during test is minimized. The

tripartite graph, such as the the one shown in Figure 4.1(b), is used to represent the
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assignment of cores to TAMs in an SoC. A matched triple in the tripartite graph
represents a set of three cores that are concurrently tested during a test-session with-
out violating the peak power constraint P,,,.. The numbers of cores on each TAM
partition in an SoC are not necessarily equal. It is therefore necessary to determine
matched sets of triples, matched edges, and unmatched vertices (in the same order)
iteratively for the tripartite graph, to ensure that all the cores are assigned to the test
schedule. A graph-theoretic matching procedure can be used to determine and order
the matched triples, the resulting matched edges, and unmatched vertices. We next
describe how edge weights are added to the tripartite graph. These weights indicate

the power variation during test.

In a weighted tripartite graph G, a weight w(e), is associated with each edge e.
The edge weight in the context of Peoore.order can be used to numerically represent
the variation in power consumption when the two cores corresponding to the vertices
at the end-points of the edge are tested concurrently. The tripartite graph can now
be augmented to include weights for groups of three vertices, one from each partition
in the tripartite graph. This weight p(i, j, k) is used to represent the variation in
power consumption when the three cores 7, j, and k£ are tested in parallel. It is given
by p(i,j, k) = p(i, j, k) + o(i, j, k); the parameter pu(i, j, k) is the statistical mean and
o(i, 7, k) is the standard deviation in power consumption, when cores i, j, and k are
tested concurrently. Note that 1 <i < |T|, 1 < j <|Ty| and 1 < k < |T3].

We next determine a matching in the tripartite graph that results in the least
“cost”. The cost of a matching here corresponds to the aggregate variation in power
consumption when the cores corresponding to the matched groups of vertices and
matched edges, are assigned to test sessions in the test schedule for WLTBI. The
matching problem uses the weighted tripartite graph to determine matched sets of

three vertices and matched edges in the order of increasing weight to obtain a match

100



with the lowest cost. Matched sets of three vertices and edges in the order of increas-
ing weight leads to a reduction in the variance in test power, and the mean cycle-
to-cycle variation in test power. The least-cost weighted tripartite graph-matching
problem is

Problem Pgpp: Given a weighted tripartite graph G, determine a lowest-cost
matching for G.

Figure 4.2(a) illustrates an example test schedule optimized for WLTBI. The first
two test sessions T'S; and T'S5 in the test schedule correspond to matched set of
triples {3,1,4}, and {7,2,6} in the weighted tripartite graph shown in Figure 4.2(b).
The dotted lines in Figure 4.2(b) represent matching in the tripartite graph. Cores 3,
1, and 4 when tested concurrently result in the least power variation among all valid
core combinations. The power data for this example is taken from the cycle-accurate
test modeling approach presented in [109]. The test session T'S3 is represented by a
matched edge {5,8} in Figure 4.2(b). Cores 9 and 10 represent unmatched vertices
in the tripartite graph, and they are tested individually in the test schedule. The
solution to Pgarp therefore corresponds to a solution for Poore order-

We next use the method of restriction to prove that Pcoore.order i NP-hard. A
special case of Poore_order, Where |T1| = |Tz| = |T3] = n and all the edge weights are
equal, is equivalent to the well-known perfect tripartite matching problem [112]. The
perfect tripartite matching problem is stated as follows:

Instance: Three disjoint subsets X,Y and Z, where | X| =|Y| = |Z| =n, and a
set of triples S C X xY x Z.

Question: Is there a matched set of triples M, where M C S such that |[M| = n,
and every element of M occurs exactly in one triple of S?

The perfect tripartite matching problem is known to be NP-Complete [112]. Since

a special case of Poore_order 1S equivalent to a general instance of the perfect tripartite

101



TAM | TAM : TAM
partition 1 ;| partition2  : partition 3

. TS TS
P 5

TAM width

2 p(3,1,4) = 4.02
p(7,2,6) = 60.14
p(5,8) = 106.42
p(9) = 205.37
p(10) = 246.13

9 10

Test time (cycles)V

(a) (b)

Figure 4.2: (a) Test schedule for the d695 SoC with W = 32 and P,,,, = 1800.
(b) Matched tripartite graph for the d695 SoC with W = 32. Dotted lines represent
matching.

matching problem, it follows from the method of restriction that Pooreorder is NP-

hard.

4.2 Heuristic procedure to solve Pcyre 0rder

We next describe the heuristic algorithm that we use to solve Poore_order- The algo-
rithm starts with an initial assignment of cores to TAM partitions, and then itera-
tively (re)assigns cores to the three TAM partitions such that the variation in test

power is minimized. The main steps, as shown in Figure 4.3, are outlined below:

1. In procedure Initial_Assign, we schedule cores that are tested first on each TAM
partition, i.e., their test start-times are zero. The assignment of cores is obtained
by determining the set of cores that yield the least variation in power consumption

when tested simultaneously.

2. In procedure Assign_Cores, we determine the next sets of cores that are assigned

to the test schedule. Cores are iteratively scheduled in sets of three, until all cores
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Algorithm Core Order

1: Initial _Assign();

2: Determine ,0(’5, .jv k)init = U(iuja k)znzt + U(ia .ja k)init;

3: while there is a matched triple, do

4: Assign_Cores();

5. delete vertices corresponding to the triple chosen
by Assign_Cores();

end while

while |T1|,|Ts|, and |T3| # 0; do
Unmatched _Assign();

end while

10: return test schedule for the cores in the SoC;

Figure 4.3: Pseudocode for the C'ore_Order heuristic procedure.
corresponding to the matched connections in the tripartite graph are scheduled.

3. In procedure Unmatched_-Assign, we determine the assignment of cores (vertices)
that have not been matched. If all the cores in a particular TAM partition have
already been scheduled, Unmatched_Assign selects cores from the remaining TAM

partitions to reduce the overall variation in test power.

The proposed solution can be easily extended for SoCs with more than three
TAM partitions. Instead of a tripartite graph, we will need a B-partite graph for
B TAM partitions. The Initial_Assign procedure and the Assign_Cores procedure
both require searching through N3 candidate solutions in the worst case; hence the
time complexity is O(N?), where N is the number of cores in the SoC. The worst-case
time complexity of the heuristic procedure in terms of the number of TAM partitions
B is O(N®). The heuristic procedure is exponential in the number of TAM partitions
B, but B is a constant at wafer-level since the TAM architecture is optimized during

design time for package test.
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4.3 Baseline methods

We next describe two baseline methods. The first baseline method solves a power-
constrained test-scheduling problem for core-based SoCs. This approach considers
a single power-limit value for the entire SoC [109]. We determine the variation in
power consumption over time, when only a peak power limit is considered for test

scheduling. We use the same TAM architecture used by the Core_Order heuristic.

The baseline scheduling algorithm keeps a record of the per-cycle values of power
consumption and ensures that it is less than P, at every cycle. When a new core
is added to the test schedule, the test power for the core is accumulated to reflect
the overall power consumption profile of the SoC. The algorithm iteratively schedules
the cores in the SoC to minimize the SOC test time, while satisfying the power limit
Pz

In the second baseline method, we consider a pre-designed TAM architecture,
where the division of W top-level TAM wires into B TAM partitions, and the as-
signment of cores to these TAM partitions are determined a prior: using methods
described in [111] for package test. We then test these cores serially with their pre-
allocated TAM width, such that the power consumption and the variance in power

consumption are kept to a minimum. No two cores are tested concurrently.

4.4 Experimental results

In this section, we present experimental results for three SoCs from the I'TC'02 SoC
test benchmarks. We use cycle-accurate power data from [109]. Since the objective
of Pcore.order 1S to minimize the variation in test power consumption (represented by
the two metrics presented in Section 4.1) during WLTBI, we present the following

results:
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e The percentage difference in variance between baseline method 1 and C'ore_Order.

This difference is denoted by 0Vpgaserine1, and it is computed as VBascline1 =VCore Order

Baselinel

100%; Voore.order T€presents the variance in test power consumption obtained using
the Core_Order heuristic, and Vigseine1 represents the variance in power consump-

tion obtained using the first baseline method.

e The percentage difference in variance between baseline method 2 and Core_Order.

This is calculated in a similar fashion as 0Vpgserine1, and is denoted as dVigserine2-

e We highlight the difference in the mean cycle-to-cycle power variation obtained

using baseline method 1, and Core_Order. We characterize this difference as 6~

= 73”5“;;1*7?02 e-Order 5 100%; VBasetinel ANA Yoore.Order are the “flatness” indicators
obtained using the first baseline method and the Core_Order heuristic respec-

tively.

o We also present the WLTBI test time for the SoC obtained using C'ore_Order and

the baseline test methods.

We first present power profiles and the corresponding distribution in power con-
sumption values during test. Figure 4.4 illustrates the power profile for the d695 SoC
when tested with a TAM width of 32; the maximum value of power consumption,
Pz, s set to 1800 units in this case. (The units are derived from [109].) Figures
4.4(a) and 4.4(b) represent the power profile during test for the baseline approach
and the distribution in power consumption values corresponding to the power profile,
respectively; Figures 4.4(d) and 4.4(e) represent the same information obtained us-
ing the Core_Order heuristic. Figures 4.4(c) and 4.4(f) illustrate the flatness profiles
obtained for the baseline scenario and using Core_Order respectively. We can make

the following observations from Figure 4.4:
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The standard deviation SD, and hence the variance in power during test, is sig-

nificantly lower when Core_Order is used to determine the ordering of cores.

The mean value of power consumption (Mean) during test is also significantly
lower when the cores are ordered using C'ore_Order. This is because C'ore_Order

reduces the variation in power consumption at the cost of increased test time.

The lower values of variance in power consumption obtained using the C'ore_Order
heuristic results in a distribution where the power consumption values are packed
into fewer bins in the power distribution profile as compared to the baseline ap-

proach.

The power profile obtained using Core_Order, for the case illustrated in Figure
4.4, is 59% flatter than the baseline scenario. This is an indicator of the low

cycle-to-cycle power variation during test.

The results for the three benchmark SoCs, d695, p22810 and p93791 are sum-

marized in Tables 4.1-4.3 respectively; eight different values of W are considered in

each case. The values of P,,,, for each circuit are chosen carefully after analyzing the

per-cycle test-power data provided in [109]. The minimum value of P, is chosen

such that a feasible schedule can be formulated using the given value of P,,,.. The

SoC test time, TTore_order, Obtained using Core_Order, and the SoC test time using

the baseline cases, TTgusctine1 and TTByserine2 are reported in addition to dVagseinet s

0VBasetine2, and 6. The results show that significant reduction in test power variation

can be obtained using our heuristic procedure, which ideally is the goal for WLTBI.

Significant reduction in cycle-to-cycle power variation is observed for all scenarios

when Core_Order is used to order the cores.

The test times for the proposed approach are higher than that for baseline method

Recall that test-time minimization is a secondary objective for WLTBI. The
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primary objective here is to minimize the test-power variance. Note that a limited
increase in the test time is not a serious drawback because the wafer is subjected to

relatively long intervals of burn-in.

The second baseline approach results in low values of variance for power consump-
tion. This because the cores are tested sequentially in this case, thereby resulting in
much higher test times as compared to the first baseline approach and Core_Order.
Higher test times result in higher memory requirements; this limits the number of die
that can tested in parallel during WLTBI. Temperature and voltage cycling during
burn-in result in the die being tested at different operating temperatures and voltages
[37]. A reasonable test time is therefore necessary to support test repetitions under
such a scenario. The tester scan clock frequency for the burn-in ATE is lower than
that for a conventional ATE [37]. The significantly higher test time for the second
baseline method renders the method unsuitable for WLTBI.

The CPU time for test scheduling for d695 is less than a minute for all cases. The
Core_Order procedure takes up to 2 hours for the p22810 SoC and up to 4 hours of
CPU time for the p93791 SoC on a 2.4 GHz AMD Opteron processor, with 4 GB of

memory.

4.5 Summary

We have formulated a test-scheduling problem for WLTBI of core-based SoCs, which
minimizes the variation in test power during test application. This is the first at-
tempt to develop a test-scheduling solution to address thermal issues that arise during
WLTBI. We have used cycle-accurate test-power data for the cores to solve the test-
scheduling problem. We have shown that test-scheduling under power-variation con-
straints can be modeled using the graph-matching problem on multi-partite graphs.

We have proven that the test-scheduling problem Peore order i8 NP-Complete; there-
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fore, we have presented a heuristic technique to solve Poore.order- Results for the
ITC’02 SoC test benchmarks show that a significant reduction in power variation is
obtained using the proposed method.

In Chapter 5, we present test-pattern ordering technique for WLTBI of full scan
circuits. The objective of the test-pattern ordering problem is to minimize the vari-

ation in power consumption during test application.
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Chapter 5

Wafer-Level Test During Burn-In (Part
2): Test-Pattern Ordering

Test application during burn-in at the wafer level requires low variation in power
consumption during test pattern application. The issue of controlling the variation in
power consumption during test is addressed in this chapter. We present two solution
methods, that allow us to determine an ordering of test patterns for WLTBI. Reduced
variance in test power results in less fluctuations in the junction temperatures of
the device. The ordering methods presented help control the variation in power
consumption during test; this will significantly lower the fluctuations in junction

temperature.

The key contributions of this chapter are as follows:

e We motivate the importance of handling thermal problems during WLTBI, and

show how test pattern ordering can be used to alleviate these problems.

e We present a test-pattern-ordering technique based on ILP for scan-based WLTBI.
Our goal is to minimize the variations in the test power of the device during test

application.

e We also develop heuristic techniques to solve the test pattern ordering problem

for large circuits.

The remainder of the chapter is organized as follows. A brief overview of cycle-
accurate power modeling technique for scan based circuits is presented in Section

5.1. Section 5.2 presents the ILP-based test pattern ordering technique for WLTBI.
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In Section 5.3, a heuristic method to solve the problem efficiently is presented. The
baseline methods used to evaluate the test pattern ordering techniques are presented
in Section 5.4. Section 5.5 presents simulation results for several ISCAS’89 and

IWLS’05 benchmark circuits [113]. Finally, Section 5.6 summarizes the chapter.

5.1 Background: Cycle-accurate power modeling

A significant percentage of scan cells change values in every scan-shift and scan-
capture cycle. The toggling of scan flip-flops can result in excessive switching activity
during test, resulting in high power consumption. It has been shown in [63] that the
number of transitions of the DUT is proportional to the number of transitions in the
device scan-chains. Therefore, a reduction in the number of transitions in the scan
cells during test application leads to lower test power. A number of techniques have
been developed to reduce the peak power and average power consumption during test
by reducing the number of transitions in the scan chain [62, 114]. These techniques
rely on test-pattern ordering [115, 116], scan-chain ordering [67, 117], and the use of
multiple capture cycles during test application [115] to reduce the toggling of scan
cells during shift/capture cycles. Segmented scan approaches [118, 65, 64] have also

been used to address test power issues for industrial designs.

Scan-chain transition-count calculation

In [63], a metric known as the weighted transition count (WTC) was presented to
calculate the number of transitions in the scan chain during scan shifting. It was
also shown in [63] that the WTC has a strong correlation with the total device power
consumption. The WTC metric can be extended easily to determine the cycle-by-
cycle transition counts while applying test patterns. The knowledge of the length

of the scan chains, the test pattern to be scanned in, and the initial state of the
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scan cells (response from previously applied test stimulus), can be used to generate

cycle-accurate test power data.

We next illustrate the procedure to determine cycle-accurate power consump-
tion. Let us consider the case of a circuit under test (CUT) with six scan cells
FF\,FF,,FF3, FF,, FFs, FFg, and a test pattern tp = (110110) being scanned in.
Let the initial state of scan cells be ¢tr = (101110). Figure 5.1 represents the cycle-
by-cycle change in the values of the scan cells when the test pattern is scanned in,
and the test response is scanned out. The scan-in and scan-out of the test pattern
and responses are not the only contributors to the change in values of the scan cells.
It is also important to consider the transitions that occur during the capture cycle.
The number of transitions that occur during the capture cycle can be calculated by
determining the Hamming distance between the test stimuli and its expected test

respomnse.

Let us consider a scan chain of length n that has an initial value ti = (tiy, ..., ti,),
and a test pattern tp = (tpy, ..., tp,) that is shifted into the scan chain. The transitions
that occur during the shifting of the test pattern (and shifting out the previous state
test response) can be represented as an n x n matrix 7' [109]. An element ¢;; of T' is
1 if there is a transition in scan cell j during clock cycle i; otherwise t;; = 0. 1" can
be used to calculate the total number of scan-cell transitions (a measure of the power
consumption during test) during every clock cycle. During any given clock cycle i,
the total number of transitions ¢r(i) can be calculated by summing the values of all
elements in row i of T'; this can be expressed using the equation ¢r(i) = Z?Zl tij.

For the example shown in Figure 5.1, the cycle-by-cycle number of scan-cell tran-
sitions is given by the set {4,4,4,4,5,4}. For the test response (111100), the number

of transitions that occur during the capture cycle for this example is 2. For multiple

scan chains, the above calculation can simply be carried out independently for each

115



Clock Cycle e A ALAGAGAGAL o
0 110110 —» 1] o] 1[1]1 ][0 >
1 11011 —» o] 1o 1[1]1 5>
2 1101 —> 1 [ o101 |1 5>
3 110 —» 1 ][ 1[0 1]0][1 5>
4 11 > o1 ]l1[ol1 [0 3>
5 1 > 1o 1] 1]0]1 s>
6 —» 1 [ 1[0l 1]1]0 5>

Figure 5.1: Example to illustrate scan shift operation.

scan chain.

5.2 Test-pattern ordering problem: Prpp

In this section we present the test pattern ordering problem Prpo. The goal is
to determine an optimal ordering of test patterns for scan-based testing, such that
the overall variation in power consumption during test is minimized. For simplicity
of discussion, we assume a single scan chain for test application and N patterns
T1,15,--- ,Ty. The extension of Prpo to a circuit with multiple scan chains is

trivial. The test application for the CUT is carried out as follows:

1. The scan flip-flops in the circuit are all assumed to be initialized to 0.

2. The test-application procedure is initiated by shifting in the first test pattern into

the circuit.

3. The scan-out of the first test response and the scan-in of the next pattern are then
carried out simultaneously. This process is repeated until all the test patterns are

applied to the CUT, and all test responses are shifted out of the circuit.
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4. The scan-out of the final test response terminates the test application process for

the CUT.

We next compute the cycle-by-cycle power when response R; is shifted out and test
pattern T is shifted in, for a scan chain of length n. Let TCy(R;,Tj), 1 < k <n, de-
note the power (number of transitions) for shift cycle k. The overall test power can be
represented by the following set TC(R;,T;) = {TCy(R;,T;), - ,TCy(R;, T;), TCrt1
(R;,T;)}. The parameter T'C,41(R;, T;) denotes the number of transitions during the
capture cycle. The average power consumption for TC(R;, T;), u(R;, T;), is given by:

n+1 ..
L TO BT o unbiased estimate of statistical variance in test power, o*(R;, T}),

n+1
is given by
1 n+1
o* (R, T;) = - Z(Tokz(RiaTj) — w(Ri, Ty))>.
k=1

For the example of Figure 5.1, the average power consumption and the statistical
variance in test power are 3.85 and 0.80, respectively. We use the following two

measures as metrics to analyze the variation in power consumption.

1. The first measure is the statistical variance in test power consumption. Let T}, be
the test time (in clock cycles) needed to apply all the test patterns for the CUT.
Let P,cqn be the mean value of power consumption per clock cycle during test.

The variance in test power consumption for the CUT is defined as Tt(i—l Zﬁc’f (P,—

Prcan)?. Low variance indicates low (aggregated) deviation in test power from the
mean value of power consumption during test. Successful WLTBI requires the

minimization of this metric.

2. The total cycle-to-cycle variation in test power consumption is an indicator of the

“flatness” of the power profile during test. Large cycle-to-cycle power variations
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are undesirable. We therefore quantify the “flatness” of the power profile using a

measure T}, obtained by counting the number of clock cycles ¢ for which %
exceeds a threshold . The parameter P;, denotes the power consumption during
the " clock cycle. A large value of T}, for a given value of 7 is undesirable for

WLTBI.

The optimization problem Prpo can now be formally stated as follows:
Prpo: Given a CUT with test set T = {71, T3, ..., Tn}, determine an optimal order-
ing of test patterns such that: 1) the overall variation in power consumption during
test is minimized, and 2) the constraint on peak power consumption P, during
test is satisfied. As a pre-processing step, the cycle-accurate power information for
all pairs of patterns and o?(R;, T}), Vi, j, need to be computed. For N scan chains,
each of length n, this step takes O(nN?) time.

A binary indicator variable x;;, S < ¢ < N, 1 < j < E, is used in the optimization
problem to ensure that each test pattern appears exactly once in the ordered sequence.
It is defined as follows:

- _ ) 1 it T immediately follows T;
Y571 0 otherwise

We use S to denote a (dummy) start pattern and z;5 = 0 Vi = 1 < i < N.

Likewise, £ denotes a (dummy) end pattern and zp; =0 Vi =1 <i < N.

The objective function for the optimization problem can be written as follows:

N
Minimize F = maxvl-{ Z z; - 0 (R, T])}

J=1
The above min-max objective function can be linearized as follows:

Minimize C, subject to
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N
C Z Zl‘zj '02(Ri,j}),1 S 1 S N
j=1
Next we formulate constraints to ensure that a test pattern is followed (and pre-
ceded) by exactly one pattern. This constraint can be represented by the following

two sets of equations.

N
d wy=1i=812.. N
j=1

N
d wy=1j=12.. FE
=1

We next formulate constraints imposed by the upper limit on peak power con-
sumption during any given clock cycle. Let us assume that the maximum constraint
on peak power consumption at any given clock cycle is P,,..; the constraint to ensure

that this limit on power consumption is never violated can be written as:
z;; = 0 if max{TC(R;,T})} > Praa

Thus far, the model does not consider the change in power consumption when
three test patterns T3, T}, T), are applied consecutively. It is important during WLTBI
to ensure that the power consumption between any two consecutive test patterns does
not change dramatically. We therefore need to maintain the change in test power
between two consecutive patterns within a reasonable threshold T'C};,. This value is
chosen starting with the lowest value of T'C};, necessary to formulate a valid ordering.
We model this constraint as follows:

I TC,(R;, Tj) — TCy(R;, Ty,)|

> TCth == T - Tjp = 0.
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Minimize C, subject to :
1 C> {Zle Tij 'UQ(Rz‘,Tj)} Vi
2) YN @y =1i=512,...,N
3 SN xy=1,7=1,2,...,E
4) x;5 =0,Yi
5) xg;=0,Vi
6) x;; =0 if max{TC(R;,T;)} > Pnax

|TCn(R;,T;)—TC1(R;,Ty)|
TCn(Ry,Ty)

7) > TCwy = uijr =0

8) Tij +xjr S uijr +1
9) zij + Tk > 2usjk

/* Constants : TCyn, Prmaz, N, 02(R;i, T;), max{T'C(R;, T;)} */
/* Variables : u;jx, xij, xjn */

Figure 5.2: Integer linear programming model for Prpo.

The x;; - xj, product term is nonlinear and it can be replaced with a new binary

variable u;j; and two additional constraints [85]:
Tij + Xk < Uijp + 1
Tij + Tk = 2wk

In the worst case, the number of variables in the above ILP model is O(N?) and
the number of constraints is also O(N?). The complete ILP model is shown as Figure

0.2

5.2.1 Computational complexity of Prpo

It can be easily shown that the pattern-ordering problem for WLTBI is NP-Complete.
The objective of Prpo is to determine an ordering of the N test patterns (Oy, Oa, - - -,
Op) that minimizes max{o?(Ro,,T0,),0%(Roy, Tos), -+ ,0*(Roy_,,Tox)}. Before
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we prove that the pattern-ordering problem for WLTBI is NP-Complete, we in-
troduce the bottleneck traveling salesman problem (BTSP) [119]. Consider a set
{C1,Cy,---,C,} of n cities. The problem of finding a tour that visits each city ex-
actly once and minimizes the total distance traveled is known as TSP. In BTSP, we
attempt to find a tour that minimizes the maximum distance traveled between any

two adjacent cities in the tour. It has been shown in [119] that BTSP is NP-Complete.

Claim: The pattern-ordering problem Prpo is NP-Complete.

Proof: We know that pattern-ordering problem is in NP because we can verify any
solution in polynomial time with a simple O(N?) examination of all possible pattern
combinations for ordering at each instant.

Let G = (V,E) be a complete graph, where V' = {Cy,---,C,} is the set of
vertices and £ = {(C;,C;) : C; # C;} is the set of edges. Every edge (C;,C;) has
an associated weight w(i, j). In the BTSP context, a vertex can be interpreted as a
city and the edge weight can be the distance between the cities or the time of travel
between the two cities. With these notations, the BTSP problem is to find a tour
that minimizes the maximum distance between any two cities in the tour.

The notations for the same graph G = (V, E) can be written in the context of
the pattern-ordering problem. In the context of the pattern-ordering problem, a
vertex can be interpreted as a test pattern and the edge weight w(i, j) can be used
to represent o?(R;, Tj), i.e., variation in test power when test response 7 is scanned
out while scanning in test pattern j.

An optimal ordering of test patterns is one that minimizes the maximum value of
0?(R;,T;). This is an exact instance of BTSP. An optimal ordering of test patterns
that minimizes the maximum value of variation in test power consumption can be
found in polynomial time if and only if a tour that minimizes the maximum distance

between all two cities in the tour is found in polynomial time. This proves that Prpo
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is NP-hard. Since Prpo is in NP, we conclude that it is NP-Complete. We next

present a heuristic technique to solve Prpo for large problem instances.

5.3 Heuristic methods for test-pattern ordering

The exact optimization procedure based on ILP is feasible only when the number of
patterns is less than an upper limit, which depends on the CPU and the amount of
available memory. To handle large problem instances, we present a heuristic approach
to determine an ordering of test patterns for WLTBI, given the upper limit P,
on peak power consumption. The heuristic method consists of a sequence of four
procedures. Its objective is similar to that of the ILP technique, i.e., to minimize
the overall variation in power consumption during test. We start by determining
cycle-accurate test power information for all pairs of test patterns in O(nN?) time.
We next determine the first pattern to be shifted-in, and then iteratively determine
the ordering of patterns such that the variation in test power is minimized. The
main steps used in the Pattern_Order heuristic, as shown in Figure 5.3, are outlined

below:

1. In procedure Power_Determine, the cycle-accurate information on test power

consumption T'C(R;, T;) is determined for all possible pairs (R;, Tj).

2. In procedure Initial_Assign, the first test pattern to be shifted-in to the circuit
is determined. The pattern T; that yields the lowest value in test power variance,
o(S,T;), is chosen as the first test pattern to be applied. We ensure that the
constraint on peak power consumption P, is not violated when 7T} is applied to
the CUT. The first pattern 7; that is added to the ordered list of test patterns is

referred to as Inity,.

3. In procedure Pat_Order, the subsequent ordering of patterns is iteratively de-
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termined. Once Init,, is determined, the subsequent ordering of patterns are
then iteratively determined by choosing the test pattern that results in the lowest

test-power variance o (Init,., 1;) without violating P4, .

4. In procedure Final_Assign, the lone unassigned test pattern is added last to the
test ordering. A final list of ordered patterns for WLTBI can now be constructed

using information from the I'nitial_Assign and the Pat_Order procedures.

A search operation is performed each time procedures I'nitial_Assign, and Pat_Order
are executed to determine the test pattern to be ordered. Hence the worst-case com-
putational complexity of the heuristic procedure, not including the O(nN?) initial-
ization step, is O(Nlog, V).

A second heuristic method based on the ILP model for Prpo can also be used
to determine an ordering of patterns for WLTBI. The computational complexity
associated with the ordering of a large number of test patterns limits the use of the
ILP model for large circuits. Using a divide-and-conquer approach, the ILP model
can recursively be applied to two or more subsets of test patterns for a circuit with
large N. The ordered subsets of patterns can then be combined, by placing subsets
that result in minimum cycle-to-cycle variation in power consumption adjacent to

each other.

5.4 Baseline approaches

In order to establish the effectiveness of the optimization framework for WLTBI,
we consider three baseline methods. The first baseline method finds an ordering
of test patterns that minimizes the average power consumption during test. The
second baseline method finds an ordering of test patterns to minimize the peak power

consumption during test. The third baseline randomly orders the test patterns.
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Algorithm 1 Pattern_Order: Test-pattern ordering for WLTBI

1: Let 0®(R;,T;) be the standard deviation in test power when

response I?; is scanned out and 7} is scanned in;

Let Prq. be the constraint on peak power consumption;

Let Npq: be the total number of test patterns to be applied;

/*Procedure Power_Determine®*/

for i = S to Npe: do

for j =1to F do

determine cycle-by-cycle power when test response RR; is
scanned-out, and test pattern 7; is scanned-in;

8: determine o2 (R;,T;);

9: determine Ppaz(R;,T5);

10:  end for

11: end for

12: /*Procedure Initial_Assign™*/

13: Length = Npat

14: ming,g, = o0;

15: for ¢« = 1 to Length do

16:  if (0%(S,Ti) < minggr) && (Max{T'C(S,T;)} < Puaz)

A A Rl

then
17: MiNyg,r = 02(5, T:);
18: Im'tpat = i;
19:  end if
20: end for

21: first pattern to be ordered = Initpat;
22: Length = Npatr — 1
23: /*Procedure Pat_Order*/

24: repeat

25:  for i =1 to Length do

26: if (0°(Initpat, Length(i)) < minyg,) &&
(max{T'C(Initpat, Length(i))} < Pmaqs) then

27: Mingg, = o2 (Initpqet, Length(i));

28: Initpa: = Unordered(i);

29: end if

30:  end for

31:  Length = Length — 1;

32:  Update list of unassigned patterns;

33: until Length = 0;

34: /*Procedure F'inal_Assign*/

35: Last reordered pattern = Unordered(i);

36: Construct final ordered list of patterns for WLTBI.

Figure 5.3: Pseudocode for the Pattern_Order heuristic.
5.4.1 Baseline method 1: Average power consumption

The first baseline method determines an ordering of test patterns to minimize the
average power consumption during test. The problem of reordering test sets to min-
imize average power has been addressed using the well-known TSP [67, 68]. Starting
with the initial state S, consecutive test patterns are selected at each instance to
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minimize the average power consumption.

The above problem can be easily shown to be NP-hard [112]. Efficient heuristics
are therefore necessary to determine an ordering of test patterns to minimize the
average power consumption in a reasonable amount of CPU time. We use a heuristic
technique based on the cross-entropy method [120]. The average power values are
collected in a matrix of size N x N. Each element in the matrix corresponds to
an average power value for an ordered pair of patterns; for example element (1,2)
in the matrix corresponds to the average power consumption when test pattern 2 is
shifted-in after test pattern 1. The heuristic technique takes the complete N x N

matrix as an input to determine an ordering of test patterns.

5.4.2 Baseline method 2: Peak power consumption

The second baseline approach determines an ordering of test patterns such that the
peak power consumption is minimized during test. The objective function for this

baseline method is as follows:

N
Minimize F = max\ﬁ{ inj . P(Ri,Tj)},
j=1
where P(R;, T;) denotes the peak power consumption when response R; is shifted
out while simultaneously shifting in 7;. This optimization problem can be easily
solved to obtain a test-pattern ordering that reduces the peak power consumption.
As in the case of Prpo, an ILP method can be used for this baseline for small problem
instances. For large problem sizes, procedures Initial_Assign and Pat_Order can
be modified to select a test-pattern ordering that results in the lowest peak power

consumption.
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5.5 Experimental results

In this section, we present experimental results for eight circuits from the ISCAS’89
test benchmarks, and five IWLS’05 circuits. Since the objective of the test pattern
ordering problem is to minimize the variation in test power consumption during

WLTBI, we present the following results:

e The percentage difference in variance between baseline method 1 and the Pattern

_Order heuristic. This difference is denoted by 6Vp;, and it is computed as

VBasezm‘e}B;ZI;:;zm—Ord” x 100%; Vpattern.order T€presents the variance in test power
consumption obtained using the Pattern_Order heuristic, and Vggserine1 represents

the variance in power consumption obtained using the second baseline method.

e The percentage difference in variance between baseline method 2 and the Pattern
_Order heuristic. This is calculated in a similar fashion as Vagseiine1, and is

denoted as 0Vps.

e The percentage difference in variance obtained using random ordering of test pat-
terns and the Pattern_Order heuristic. This is calculated in a similar fashion as

0VBaseline1, and is denoted as dVps.

e We highlight the difference in the total number of clock cycles i during which

“Di_])il‘ exceeds 7y for baseline method 1, and Pattern_Order. We characterize this

difference as 67}, ,, = TthB“"‘”’;;;aT:::::f”"-O’“de’“ x100%; Tinpyrines a0 Thpp o o0
are the measures (defined in Section IV) obtained using the first baseline method
and the Pattern_Order heuristic respectively. The value of «v is chosen to be 0.05
(i.e., 5%) to highlight the flatness in power profiles obtained using the different

techniques.

e The indicators 013,,, and 07}, are determined in a similar fashion as 07}, .
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Figure 5.4: Impact of T'Cy, on test power variation for s5378: (a) P,.. = 145 and
(b) Pras = 150 .
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e For three ISCAS’89 and one IWLS’05 benchmark circuits, the above results are

reported for both the ILP method and the Pattern_Order heuristic.

e For three benchmark circuits, the above results are reported for the ILP-based

heuristic technique.

e The reduction in the variance of test power are reported for three ISCAS’89 bench-

mark circuits with a single scan chain, using t-detect test sets.

We use a commercial ATPG tool to generate t-detect (t = 1,3,5) stuck-at pat-
terns (and responses) for the ISCAS’89 and IWLS’05 benchmarks. The experi-
mental results for three ISCAS’89 benchmark circuits obtained using ILP and the
Pattern_Order heuristic is shown in Table 5.1. Figure 5.4 illustrates the impact of
TCy, on the percentage savings in test power variation. It is observed that higher
(relaxed) values of T'Cy, result in reduced savings in test power variation for s5378;
similar results are observed for other circuits. The results for five larger ISCAS’89
benchmark circuits are listed in Table 5.2. The experimental results for the five
IWLS’05 benchmark circuits are listed in Table 5.3. The values of P,,,, (measured
in terms of the number of flip-flop transitions) for each circuit are chosen carefully
after analyzing the per-cycle test-power data. We also present experimental results
obtained using the ILP-based heuristic technique for three benchmark circuits in Ta-
ble 5.4. We use the smallest value of T'C};, necessary to construct a valid ordering
for the results in Table 5.4. Experimental results obtained using t-detect test sets for
three ISCAS’89 circuits are presented in Table 5.5.

The ordering of test patterns using the ILP based technique yields lower varia-
tion in test power compared to the heuristic method. The Pattern_Order heuristic
however, is an efficient method for circuits with a large number of test patterns. The

results show that a significant reduction in test power variation can be obtained us-
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ing the proposed ordering technique. The test-pattern-ordering technique also results
in low cycle-to-cycle variation in test power consumption. The ILP-based heuristic
technique can also be used as an effective technique to determine the ordering of
test patterns for WLTBI. This reduction in test power variation obtained using the

ILP-based heuristic technique is comparable to the Pattern_Order heuristic.

Even small reductions in the variations in test power can contribute significantly
towards reducing yield loss and test escape during WLTBI. We know from Equation
(1.1) that the junction temperature of the device varies directly with the power
consumption. This indicates that a 10% variation in device power consumption will
lead to a 10% variation in junction temperatures; this can potentially result in thermal
runaway (yield loss), or under burn-in (test escape) of the device. The importance
of controlling the junction temperature for the device to minimize post-burn-in yield
loss is highlighted in [40].

All experiments were performed on a 2.4 GHz AMD Opteron processor, with 4
GB of memory. The CPU times for optimal ordering of test patterns using ILP
ranges from 16 minutes for s1423 to 6 hours for s5378. The CPU times for ordering
test patterns using the Pattern_Order heuristic, when the cycle-accurate power in-
formation is given, is in the order of minutes (the maximum being 120 minutes for
s13207). The CPU time to construct the cycle-accurate power information is in the

order of hours for the benchmark circuits.

5.6 Summary

We have formulated a test-pattern-ordering problem to minimize power variations
during WLTBI. The pattern-ordering approach is based on cycle-accurate power in-
formation for the device under test. An exact solution technique has been developed

based on integer linear programming. Heuristic techniques have also been presented

130



12T 9.°C 80'T ev'1 QLT 02°C 012
LTS 89'¢ €0°¢ e 19 1z G669 8
zee 86°¢ ¥9°1 s 88°C 67°¢ 0zL
097 téald v0°€ €9°¢ 63°¢ 9y 012
TLg (AR 16°¢ ¥o'F 10°G £8°¢ g69 4
86°¢ 0Ly 61 ¥8°C 98°C Teg 02L
¥9°G 80'9 e 6177 eee 9L°G 012
VL 62°8 9z°¢ ¥6°G e1y i) g69 I gLel | 291 | wseges
90°0 0~ 82°0 60°0 19°0 ¥S0 [ 2
¥6'1 08'T €g'g 91°C ere 90°€ S0¥ 4
q1°0 80°0 070 ) 18°0 120 [ 2
6L°T L9°T 11e e 9g°¢ /'€ cov
8¢ 69°C 29°€ 62°¢ 629 80°F 06€ I v9. | 861 | Lrpses
007 v9°€ €00 ~ 8L cLe 0z
9z°g 88'F LTS (e €2°01 €29 o1y 8
€6°G 91°g 60°0 Y10 €16 v6'y 0z
20'L 1€°9 61°G 967 vEVL 2e8 o1y v
0£'8 1L 96°¢ €6°¢ 191 v 0z
LTTT o6 50'8 969 6161 | 6111 oT¥
VG LT 1271 | eeyr | sge0r | 126 | 99791 00¥% I 19. | ote | ogsgrs
11T 661 €T 92°0 29’1 18°1 08¥
I1e 66'T €1 92°0 29’1 18°1 0Ly 8
8¢ €a'e 19°0 0 €LT 61°C 08¥
18T €8°g 19°0 0 VLT 61°C 0Ly
20y €Lg ve's 8.0 v6'E 95°¢ 09% v
1E°€ ere 88'T 160 8g°¢ 68°C 08¥
LE°€ ere 88°1 L6°0 8g'¢ 06°C 0Ly
oLy 657 00°F [N IS er'y 09¥% I gzl | 1ie | Logers
e1y 99°¢ 20’1 0 18°9 67°¢ GLT
QLY eey A 16°0 69°6 €8°% o1
L1°8 06'L €6°C 09°C geel | 2601 g1 8
687 Z0Y 61°G e 768 RS GLT
VIL €9 TL'8 85" eI 11 99°2 o1
126 298 89'6 L60T | 6e¥L | 8691 gl 4
16°G Tr'g 1671 89'9 €8'81 796 QLT
2oet | erit | 1err | 9vor | Tror | 9TF1 co1
€761 1981 | €r¥r | 6ver | 1981 | 098I g1 I 06 | 182 |  ¥Ee6S
FHuipe | sdpa9 | Fuire | A | T¥Y¥ire | TdAQ | *PWg | sureyd | wu N | amoap
¢ auilpeseyg Z auljeseg 1 auilpeseyqg ueos
Jo "ON

ST S[Ie

WP (8, SVSI Pa3oafos 10§

OISLINDY LIPA() ULIIIDJ OY) SUIsn poure}qo uorpdwnsuod 1omod 1507 JO 9OURLIRA 97} Ul UOIIONPII 98RIUDIO g'C 9[qe],

131



9¢°L c9'L €96 167G 0c’L 87'L 0894
29°L €6°L 109 LC9 76°L ¢l's 0L9¢
€e'8 84¢'8 €99 1.9 L8’L 68 0994 1 G016 | 97¢ Jrod~sop
997 087 86°¢ v0'v vy €97 06ST
GLG 16°G 177 LET 80°G ¢l'a 0CST ! 91€¢ | €1¥ | Xewuoo qm
QG TT | ¥I'¢cl 188 1¢°6 €6°0T | 99°'TT | G201
60°CT gl 716 .86 SV'TT 8T'¢T | G901
V¢ cl €LCl 6701 19°01 8611 ¢e'cl | G901 ! ¢0¢¢ | 06T [1397L69®
1450% L8'Y ¥e'1 691 G6'¢ LTV 0901
96V G0'¢ 16°T €C'C v0'v cqv 0701
87 L 9L LL°S 16°G £8'9 V'L 0¢0T 1 8I6T | LEC | Punjpqgsn
19°L 61°L 06'T 2% 18°C €469 069
99°L 6¢L 84V 0LV 879 299 08¢
¢9'6 766 80°L 1€°L €6'S GG'6 0LS ! S00T | ¥6¢ | Soeowa)sAs
mm,{wrﬁ% €0 mmﬁwrﬁ,@ TdAQ Hm,{wrﬁ% g9 | TPU T | surey u N NI
¢ oulesey ¢ oul[eseyq T auIesey ueos

Jo "'ON

"SHTDID Il

WA GO,STMI Po1oofos 10§

DIISLINDY LAP.L() ULIIIDJ ) Suisn paureiqo uorpdwnsuod Iemod 3899 JO 90URLIRA JY} UI UOIONPAI 93RIUIIDJ €°C d[qe],

132



€99 8¢9 (4 167 v6°G 98°¢G 06¢

06'9 0L LTV (4% 129 €€'9 084

178 6€°8 78°¢ ¢6'¢ €7'L G8'L 04¢ ! 800T | 76 | soeoura)sss
€9°¢ e 68°0 080 €4°¢ Ve 08%

Vo'V oLe 60 ¥8°0 99°¢ 8I'¢ 0Ly

€8°¢ LT°€E ¢4'¢ 050 e€7'e 06°¢ 09% v

€0°¢ L6'C 941 60 ar'e €L°C 087

Go'e 86°C 941 €60 8l'¢ (24 0Ly

L6°¢ 9¢'¢ 8% Il 179 6€°¢G 09% ! €L | TI€ LOGETS
19°¢ 88 9¢T 60 1¢°L GLe GLT

90°¥ L9°¢ L0 €90 98'8 v 91

€6'8 '8 80°€ €y | 9T¥%L | ¥PIT | GST 8

86°C 19°€ vev 617 ve'8 €87 GLT

0’6 VL L 876 6’8 17el Gl'8 91

ar'8 V'L [qyV! 8C6 PI'el | €991 | GST 4

16°G g LG 899 €881 746 GLT

¢9°6 89°8 ve'6 ¢8'. 9971 | 6€°0T | 99T

GULT | T9°GT | 9L°T1 618 90FT | ¥6'€T | 9qT ! 06C | T€C V€268
FayiTo | edpQ | “HUire | CHAQ | "TUILQ | THAQ | TPW | suleyd ueds | U N NOIID
¢ ouleseyqg ¢ oul[esegq 1 auljeseq Jo ‘oN

"DIISLINSY paseq-J [ oY} suisn pourejqo uorydumsuoo romod

159 JO 9OURLIRA 9} UL UOIIONPOI 98RIUDI] F°G S[qel,

133



OT% | 8¢ | €C | 90C | 8¢€ | €9¢ | ST
889 | TL9 | PV | G€F | TT9 | 98¢ | SO
989 | €69 | TS | SIS | TL9 | 8€9 | 06€ S=17 |69
€9% | SFC | L0T | 6L0 | 95T | 10T | SIF
PLG | 186 | eee | gl'e | 67 | 8L | GO
€96 | gFe | 80F | 96%¢ | 68¢ | ¥I'S | 06€ €=1 |98V | ¥9L | LT¥8eS
96°9 | 69°¢ | 9&F | ¥LE | €0¢ | ITF | OL
186 | S1'6 | T&L | oF9 | €6L | 80L | 09T
96°LT | LT9T | L€TT | 8F°0T | TO'ST | I8€ET | 0ST =17 | 6gS
P8 | PIL | 96€ | 68°€ | €S | G6F | OLI
660T | €16 | 95L | ¢€% | FI'6 | OFL | 091
P6'ST | 68761 | F96 | €0L | 9F61 | GI'LT | 0SI €=1 | 6V€ | 06G | ¥£g68
TOL | €L | POV | BV | 6FL | 9TL | GGl
te8 | 0TS | €IS | 86F | G9L | 1€l | 0ST =17 | 98¢
cLL | el | oLe | €0F | FTL | ©69 | GST
S7'6 | 926 | 90¢ | 8% | €9L | 618 | 0ST €=7 | €9g | €I& | 8LESS
TIUILe | BAAQ | “TUiLe | TEAQ | "TALe | TAAQ | TPV | 19999P1 | N | U | YIDIID
¢ oulpeseyqg g ourlpeseg 1 auIjeseq
surejged 1897 10930p-7 SUISN SHNOID JIRWYDUS] 6], SV ST 9917) 10]
OISLINOY AP L) ULIIIDJ O} Sulsn pourejqo uorduwmsuod omod §s9) JO 9dURLIRA 9} UL UOIJONPAL 95RIUDID] G'G S[qe],

134



to solve the pattern-ordering problem. We have compared the proposed reordering
techniques to baseline methods that minimize peak power and average power, as well
as a random-ordering method. In addition to computing the statistical variance of
the test power, we have also quantified the flatness of the power profile during test
application. Experimental results for the ISCAS’89 and the IWLS’05 benchmark
circuits show that there is a moderate reduction in power variation if patterns are
carefully ordered using the proposed techniques. Since the junction temperatures in
the device under test are directly proportional to the power consumption, even small
reductions in the power variance offer significant benefits for WLTBI.

In Chapter 6, we present a unified test-pattern manipulation and pattern-ordering
framework for WLTBI. The presence of don’t care bits in test cubes is exploited in
the next chapter to reduce the variation in power consumption during scan shift and

capture.
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Chapter 6

Wafer-Level Test During Burn-In (Part

3): Power-Management Framework

In Chapter 5, a test-pattern ordering technique was proposed for WLTBI. It de-
termines an ordering of test patterns for WLTBI while minimizing the variation in
power consumption. It was however assumed that the test patterns do not contain

any don’t-care bits.

Dynamic burn-in using a full-scan circuit ATPG was proposed in [121] with the
objective of maximizing the number of transitions in the scan chains. We focus on a
WLTBI-specific X-fill framework that can control the variation in power consump-
tion during scan shift/capture. The test-pattern-ordering technique developed in
Chapter 5 is integrated into this framework to further reduce the variation in power

consumption during WLTBI.

We show how test-data manipulation and pattern ordering can be used to al-
leviate thermal problems during WLTBI. We present a unified framework for test-
pattern-manipulation and test-pattern-ordering for scan-based WLTBI. Our goal is
to minimize the variation in test power during test application. In order to fully
realize the benefits of WLTBI, it is necessary to address the challenges of test during
burn-in at the wafer level. We attempt to reduce the variation in power consumption
during test by manipulating test cubes. Improving power-management for WLTBI
can result in reduced yield loss at the wafer level [122].

The remainder of this chapter is organized as follows. Section 6.1 provides a de-
scription of the metrics used along with a description of the problem. Section 6.2

presents the “minimum variance” framework to control power variation for WLTBI.
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The baseline methods used to evaluate the proposed technique are presented in Sec-
tion 6.3. Section 6.4 presents simulation results for several ISCAS’89 and TWLS’05

benchmark circuits [113]. Finally, Section 6.5 summarizes the chapter.

6.1 Minimum-variation X-fill problem: Py p

In this section, we present an outline of a procedure that can be used to manage test
power efficiently for WLTBI. Test application for a DUT is carried out by simultane-
ous scan-out of the test response and scan-in of the next test pattern; this is repeated
until all the test patterns are applied to the DUT. Every time a shift operation is
performed there is significant switching activity in the scan chains. This leads to
constantly varying device power during test. It is therefore important to minimize
the cycle-by-cycle variation in the number of transitions during the course of pattern
application. In addition, it is also important to minimize the power variance for scan
capture. The capturing of output responses in the scan chains can result in excessive
flip-flop transitions, resulting in the violation of peak-power constraints [71]. In [63],
a metric known as the weighted transition count (WTC) was presented to calculate
the number of transitions in the scan chain during scan shifting. It was also shown
in [63] that the WTC has a strong correlation with the total device consumption.
The WTC metric can be easily extended to determine the cycle-by-cycle transition

counts during pattern application.

6.1.1 Metrics: Variation in power consumption during test

As in Chapter 5, we use the following two measures as metrics to analyze the variation

in power consumption.

1. The statistical variance in test power consumption.
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2. The total cycle-to-cycle variation in test power consumption used to assess the

“flatness” of the power profile during test.

Detailed descriptions of the above two metrics can be found in Chapter 5 (Section

5.1) of this thesis.

6.1.2 Outline of proposed method

The goal of problem Py is to first determine optimal X-fill values for the test
cubes using for scan-based testing, and then an ordering of fully specified test vectors
such that the overall variation in power consumption during test is minimized. For
simplicity of discussion, we assume a single scan chain for test application and N test
cubes T, T5,- -+ ,Ty. The extension of Py, r to a circuit with multiple scan chains
is trivial. The optimization problem P,y r can now be formally stated as follows:
Puvr: Given a CUT with a set T of N test cubes, ie., T = {T1,Ts,...,Tn},
determine appropriate X-fill values for the unspecified bits in the test cubes, and
subsequently determine an optimal ordering of the fully specified test patterns such
that: 1) the overall variation in power consumption during test is minimized, and 2)
the constraint on per-cycle peak-power consumption P,,,, during test is satisfied.
The steps involved in the proposed Min_V ar procedure to minimize power vari-
ation are as follows:
Step 1: The first step involves generation of test cubes for the DUT for any targeted
fault set. In our work we consider test patterns for stuck-at faults. An a priori ran-
dom ordering of test cubes for the DUT is first considered.
Step 2: The second step involves the elimination of power violations that occur
during scan shifting. The objective during this step is to fill the unspecified bits in
the test cube (X-fill) such that the cycle-by-cycle variation in power consumption is
minimized. There is significant variation in power consumption when a test response
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is shifted out and a test pattern is shifted in simultaneously. This procedure mini-
mizes the cycle-by-cycle variation in test power for the pattern ordering determined
in the first step.

Step 3: In this step, peak-power violations due to scan capture are eliminated. If
capture-power violations are observed after the X-fill procedure, the previously as-
signed values of X's are reassigned to new values to control the capture power during
test.

Step 4: The penultimate step in the power-management procedure for WLTBI in-
volves test-pattern ordering. After Steps 1, 2 and 3 are completed, the test-pattern
ordering approach from [123] is used to further reduce the variation in power con-
sumption during WLTBI.

Step 5: The final procedure checks for any power violations introduced by the test-
pattern ordering procedure. Power violations, if any, are resolved in a similar fashion

as done in Step 3.

6.2 Framework to control power variation for
WLTBI

In this section, we describe Min_Var, a procedural framework to control the power
variation during test for WLTBI. It consists of a sequence of four steps as described

in Section 6.1.

6.2.1 Minimum-variation X-filling

The switching activity in the scan flip-flops during shift in/out result in significant
power consumption during test. Let us consider a scan chain of length n that has
an initial value r = (ry ro9 --- ry,); the initial value corresponds to the test response

from previous pattern application. Let us consider a test pattern t = (t1 to -+ t,)
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that is shifted into the scan chain. Figure 6.1 represents the cycle-by-cycle change in
states of the scan cells when the test pattern ¢ is scanned in and the test response
r = (ry ro --- r,) is scanned out. The total number of transitions in the scan
chain, i.e., the transition count for the various clock cycles can be represented by the
equations described in Figure 6.2. The transition count during any clock cycle j is
represented as T'C'(j); e.g., TC(1) represents the total number of transitions in the

scan chain during the first clock cycle.

Clock

cycle | FFy | FFy, | FF3 | FF, | --- | FF,_1 | FF,
0 1 To T3 Ty || Th-l Tn
1 tn 1 T2 r3 |0 | Th—2 | Th-1
2 tno1 | tn 1 ro |0 | The3 | The2
3 tn—2 tn—l tn T1 e T'n—4a 'n—3

n—1 tQ t3 t4 t5 cee tn ™
n (3] to t3 t4 e tn—1 tn

Figure 6.1: State of the flip-flops during scan testing.

TC) =(r1 @ty) + (1 Dr2) +(ra®@r3) + -+ (rn_1 ©Tp_2)
+ (rn—1 @ m)

TC(Q) = (tn @tn_l) + (7“1 @tn) + (7‘2 EBT1) R (Tn—S @Tn_g)
+ ('rn—l @Tn—Z)

TC(n) = {tl ©ta) + (t3 Dto) + (ta Dtz) + -+ (tn Dtn1)
+ (rl @ tn)

Figure 6.2: Total number of transitions for different clock cycles.

The cycle-by-cycle change in transition counts can now be represented using the
equations shown in Figure 6.3. The objective during WLTBI is to minimize the
cycle-by-cycle change in power consumption during test. This can be accomplished
by minimizing the change in transition counts between any two consecutive clock
cycles. In other words, our goal is to minimize ATC(j) = TC(j) — TC(j — 1) for all
7, 2 <7 <n, by making it as close to 0 as possible.
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& ATCO) =TC()
£ : ATC(2) = |TC(2) - TC(1)|
= ‘(tn @tn—l) - (Tn—l @rn)’
£: ATC(3) = |TC(3) - TC2)|
= [(tn—1 ® tn—2) — (Fn—1 ® rn_2)|

En 1 ATC(n) = |(th @ ta) — (11 @ 1)

Figure 6.3: Equations describing the per-cycle change in transition counts.

We start by eliminating the equations where there are no unspecified bits. We
have a system of n equations and at most n unknowns (¢, ta, - - - , t,,) on the right-hand
side describing the change in transition count between clock cycles. If we consider
the set of equations {&;, &, -+ ,&,}, we are specifically interested in the equations
that have at least one unspecified bit. We begin the filling of unspecified bits by
first considering an equation with only one unknown variable. The following theorem

shows that such an equation always exists.

Theorem 1. Given the set of equations € = {&1,&,--- ,E,} from Figure 6.3, de-
noting the per-cycle change in transition counts, there exists at least one equation in

& that has only a single unknown variable.

Proof. We use the method of contradiction. Every equation in the set £ has at most
two variables on the right-hand side. Suppose none of these equations has exactly
one unknown variable. This implies that every equation has two unknowns, i.e., the
complete test pattern tq,ts,--- ,t, is unspecified. This is a contradiction since the

test pattern must have at least one specified bit. O

Once the equation &; with exactly one unknown is solved to minimize ATC(i+1),
it leads to at least another equation with exactly one unknown variable. This process
is continued until all the variables are assigned values to minimize each AT'C(j),

I<j<n
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Let us consider Equation (6.1) representing the change in transition count for

clock cycle j.

ATC(j) = tn—jr2 ® tu—jr1 — Tn—jr2 O Tnjia (6.1)

Without loss of generality, let us suppose that ¢,_;41 is a care bit and ¢,,_; 12 is an
unspecified bit. Since our objective is to minimize AT'C(j), we can determine ¢,,_; o
as follows:

tn—jre = (Tn—jr2 ® rn—ji1) O tujn (6.2)

Once t,_;4o is determined, we delete the equation for AT'C(j) from the set of
equations and proceed in a similar fashion until all the unspecified bits in the test
cubes are filled. As a final step, we solve for AT'C'(1). It is important to note here that
we cannot guarantee the least possible value for AT'C'(1). However, the above O(n)
algorithm is optimal for AT'C(2), ATC(3),- -, ATC(n) for minimizing variation in
power consumption during scan shift. The algorithm solves one equation at a time,
and there can be a maximum of n equations; the complexity of the algorithm is

therefore O(n).

Previous test ry|ro | r3 | ra | s | e | T7 | T8 | To | T10
response (r) o|j1j1(0f12fo0of1|1]|]0]1
Original test t1 to | 3 | t4 | 5 te tr | ts | tg | t1o
cube (¢) o(X|X|1|0|X|1]0|X]|1
Fully specified test vector

after Min_Var fill o|j12(0|1(0]0|2]|]0]|1]1
Fully specified test vector

after adjacent fill [19] ojofoj1/0}j0|1|0]O0 1

Figure 6.4: Example to illustrate minimum-variation X-fill.

We next present an example to illustrate the minimum variance X-fill method.
Figure 6.4 considers a test-response r that needs to be shifted out while test-pattern
t is shifted in. The test-pattern ¢ has unspecified bits that need to be appropriately
filled. The fully specified test pattern obtained using the proposed technique is shown
in Figure 6.4; the test vector derived from adjacent fill [64] for peak-power minimiza-
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tion is also shown in the figure. The minimum-variance X-fill method results in an
X-filling of the test cube that yields 22.47% less cycle-by-cycle variance in test power

when compared with the baseline adjacent-fill method.

6.2.2 Eliminating capture-power violations

Capture-power violations occur when an excessive number of flip-fops transition dur-
ing scan capture. The Hamming distance between the test pattern and the corre-
sponding response quantifies the capture power in terms of the number of transitions.
The capture power for a given set of test cubes can be controlled by reassigning 1/0
values to the unspecified bits in the test cubes. The don’t-cares in our framework
have thus far been mapped to 0Os and 1s based on the shift cycles, as described in

*

Section 6.2.1. Let the response captured be denoted by r* = (r7,73,---,r). The

r'n

following equation now denotes the number of transitions during the capture cycle.
ATC(n+1)=t1dri+to®rs+---+t, dr; (6.3)

A capture-power violation occurs when the value of ATC(n + 1) exceeds P4,
It is therefore necessary to undo the assignment of some of the don’t-cares in the
test pattern to obtain a permissible value of power during the capture cycle. If
t; # r! and if ¢; was originally a don’t-care, we can reverse the original mapping by
complementing its value. Fault-free simulation is then perform with the modified
input vector to analyze the impact on capture power, i.e., a check is performed
to observe if ATC(n+ 1) has decreased. If the bit-reversal results in a decrease
in ATC(n + 1), the change is kept. This procedure is repeated until the capture
power violation is resolved. We begin the procedure by assuming a value of power

consumption P . If P, denotes the value of power consumption that resolves all

max-*

power violations, the number of iterations in the procedure is %; AP is the
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increment step in maximum power consumption during each iteration. The value of
AP can be chosen based on the size of the benchmarks circuit and constraints on
CPU time.

If we assume that the maximum number of unspecified bits in a test cube is p, the
worst-case complexity of this procedure is O(Np). It is important to note here that
the above procedure does not explore the exponential number of input assignments
(2P assignments in the worst case) for each test cube. The procedure uses a greedy
algorithm to save CPU time. Once the capture power violation is resolved, fault-free
simulation is performed to verify if the bit-reversals have created new shift-power
violations. If power violations exist after the completion of the bit-reversal procedure,
the power constraint P,,,, is relaxed and the procedure is repeated; this process is

repeated until all power violations are eliminated.

6.2.3 Test-pattern ordering for WLTBI

In Chapter 5 a heuristic method (Pattern_Order) was presented to order test patterns
for WLTBI. We use the same test-pattern ordering method here to further reduce the
variation in power consumption during WLTBI. Section 5.5 describes the heuristic
method in detail. The heuristic approach determines an ordering of test patterns
for WLTBI, given an upper limit P,,,, on peak power consumption. It consists of a
sequence of four procedures. The main steps used in the Pattern_Order heuristic,

as described in Chapter 5, are outlined below for the sake of completeness:

1. In procedure Power_Determine, the cycle-accurate information on test power

consumption T'C'(R;, T;) is determined for all possible response/test-pattern pairs

(Ri7 TJ)

2. In procedure Initial_Assign, the first test pattern to be shifted-in to the circuit

is determined. The pattern T; that yields the lowest value in test power variance,
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0(S,T;), is chosen as the first test pattern to be applied; S is used to denote a
(dummy) start pattern. We ensure that the constraint on peak power consumption
P,..x 18 not violated when 7T; is applied to the CUT. The first pattern T; that is

added to the ordered list of test patterns is referred to as Inity,;.

3. In procedure Pat_Order, the subsequent ordering of patterns is iteratively de-
termined. Once Init,, is determined, the subsequent ordering of patterns are
then iteratively determined by choosing the test pattern that results in the lowest

test-power variance o(Init,., T;) without violating P4, .

4. In procedure Final_Assign, the lone unassigned test pattern is added last to the
test ordering. A final list of ordered patterns for WLTBI can now be constructed

using information from the I'nitial_Assign and the Pat_Order procedures.

6.2.4 Complete procedure

The complete framework for reducing the variation in power consumption during
WLTBI is described in Figure 6.5. The process begins by determining the test cubes
for the DUT. Starting with a randomly ordered test set, the procedures described
in Sections 6.2.1-3 are performed in the order described in Figure 6.5 to obtain an
ordered set of fully-specified test patterns. This pattern set is specifically determined
for WLTBI in order to keep the fluctuations in junction temperature under control
while applying test patterns during burn-in. The experimental results for our pro-
posed framework are described in Section 6.4, and are compared with appropriate
baseline scenarios.

We next present an example using the full-scan version of the s208 ISCAS’89
benchmark circuit to illustrate the complete procedure. This circuit has eight flip-
flops in the scan chain. We use a commercial ATPG tool to generate test cubes for
s208; we consider six of the test cubes for this example, as shown in Figure 6.6(a).
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( Begin ) Pre-determine
procedure test cubes for

the DUT

\ 4
Start with a random

ordering of test <
vectors

A 4

Minimum variation
X-fill for WLTBI

A

Test-pattern ordering
using the
Pattern_Order heuristic

Peapture >
P mﬂx?

A4
Construct final list of
ordered patterns for
WLTBI

“Reverse-
map”
omplete?

Update P, =
Prax + 4P

\ 4
Torminate “Reverse-map” don’t-
procedure cares to resolve power =

violations

Figure 6.5: Flowchart depicting the Min_Var framework for WLTBI.

The eight equations for the X-fill procedure for the first pattern are shown in Figure
6.6(b). We first target equation &;, which has one unknown variable ¢,. For the
first test cube, we set t to 0 to minimize AT'C(8). We next consider equation & to
minimize AT'C(7). This procedure is continued until all X’s are assigned values. The
same procedure is repeated for the remaining test cubes. The completely-specified
test patterns are now shown in Figure 6.6(c). The next step is to check for power
violations during capture. We arbitrarily set P,,, = 6 for this example. For the
current assignment of don’t-care values, a power violation occurs for the current
specification of test pattern 3. We use the procedure in Section 6.2.2 to reverse-
map don’t cares to resolve the power violation. Modifying the third test pattern

to t3 = 11101010 removes the power violation. The complete set of previous state
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test responses are shown in Figure 6.6(c). Finally, we use the procedure in Section
6.2.3 to determine an ordering of test patterns. The ordering of test patterns for this

example is {3,2,6,1,4,5}.

Pattern | ¢, to t3 ty | 15 tg tr | ts
1 1 | X | X|X|X |0 ]|X |1
2 X1 |1 | X | X | X|1]|X
3 X|X|1]0|X|X|X|O
4 O X|X|X|X|0|1|X
5 1| X|X|0|1]0|X]|O
6 X1 | X | X | X |X|0]|X
(a)
E: ATC(1)=TC(1)
& ATC2)=(Q1a@tr)—(000) Pattern | ¢1 | to | ts | €4 | t5 | t6 | t7 | ts
Ey: ATC(3) = (ty®0) - (0©0) 1 1/ojofolofof[1]1
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Figure 6.6: (a) Test cubes for s208 benchmark circuit; (b) Equations describing the
per-cycle change in transition counts (c) Test set after minimum-variation X-fill.

6.3 Baseline approaches

In order to establish the effectiveness of the proposed framework for WLTBI, we
consider four baseline methods. All four baseline methods determine the assignment

of the X'’s in the test cubes to minimize power consumption.

6.3.1 Baseline method 1: Adjacent fill

The first baseline method involves filling strings of X’s in the test cube with the same

value [124]; this minimizes the number of transitions during scan-in. For example,
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if we consider a test cube 0X1X X X10, an assignment of X’s that minimizes the
number of transitions results in a fully specified test vector 00111110. If a peak-power
violation is observed, a reverse bit-stripping process [124] is employed to introduce a
different assignment of values to the unspecified bits in the vector. This process is

repeated until all peak-power violations are eliminated.

6.3.2 Baseline method 2: 0-fill

The second baseline method employs an X-fill methodology that assigns logic value
0 to all unspecified bits in the test cube. This method was employed in [64] for power
minimization during scan testing. In [64], the authors do not consider a specific value
of peak power; the objective of the work in [64] is to simply minimize the power
consumption during test. For this baseline scenario, we check for power violations
during scan-in and capture. If power violations occur after filling the test cubes, we

perform reverse bit-stripping to eliminate all peak power violations.

6.3.3 Baseline method 3: 1-fill

The third baseline method is similar to baseline method 2. In this baseline method
we assign a logic value 1 to all unspecified bits in the test cube. Power violations are
checked and reverse bit-stripping as in Baseline Method 2.

Such a fill technique can still result in a peak-power violation during scan-in and
capture. Once X-fill is complete, it is necessary to check if the peak power P, is

violated.

6.3.4 Baseline method 4: ATPG-compacted test sets

The final baseline method considers an ATPG-compacted test set, i.e., fully specified

test vectors are used. The pattern counts for these test sets are significantly less
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than for the case where test cubes are used. While the proposed method uses more
patterns, it is not a serious concern because burn-in times are relatively high in

practice.

e The percentage difference in variance between baseline method 1 and the Min_Var

procedure. This difference is denoted by 6V, and it is computed as VBm“gel’lVMf"-V“’“ X
aseline

100%; Virinvar Tepresents the variance in test power consumption obtained using

the Min_Var procedure, and Vpgseiine1 represents the variance in power consump-

tion obtained using the first baseline method.

e The percentage difference in variance between baseline method 2 and the Min_Var
procedure. This is calculated in a similar fashion as 6Vggseine1, and is denoted as

0Vpa.

e The percentage difference in variance obtained using 1-fill of test cubes and the
Min_Var procedure. This is calculated in a similar fashion as dVzgseiiner, and is

denoted as 0Vg3.

e The percentage difference in variance obtained using a fully compacted test set
and the Min_Var procedure. This is calculated in a similar fashion as dVguserinet

and is denoted as dVpy.

e We highlight the difference in the total number of clock cycles ¢ during which

“Difpi” exceeds v for baseline method 1, and Min_Var. We characterize this

difference as 0T, = —esinel—asinvar % 100%; Tip,,,.,,,,0, a0 Ty, are the
measures obtained using the first baseline method and the Min_Var procedure
respectively. The value of 7 is chosen to be 0.05 (i.e., 5%) to highlight the flatness

in power profiles obtained using the different techniques.
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e The indicators 01y,,, 0Tihg, 01in,, and are determined in a similar fashion as

0T, -

e The contribution of the pattern-ordering procedure (Section 6.2.3) towards reduc-

ing the variance in power consumption. This additional contribution is denoted as

. Vs _yX—fill X fill . .
d Pattern Order is computed as —==gze—atmtar; 0, FiIl - Jenotes the variance in
VMinVar Min_Var

test power consumption obtained using the minimum-variation X-fill procedure

described in Section 6.2.1-2.

e The contribution of pattern-ordering in reducing the number of clock cycles ¢

during which M exceeds 7, denoted as 6 POr,, .

P,

6.4 Experimental results

In this section, we present experimental results (Tables 6.1-6.5) for circuits from the
ISCAS’89 benchmarks and the IWLS’05 benchmarks. Since the objective of the test
pattern ordering problem is to minimize the variation in test power consumption
during WLTBI, we present the following results:

A commercial tool was used to perform scan insertion for the IWLS benchmark
circuits, which are available in Verilog format. We used a commercial ATPG tool to
generate stuck-at patterns (and responses) for the full-scan ISCAS’89 and TWLS’05
benchmarks. The results for the five large ISCAS’89 benchmark circuits are listed in
Table 6.1. The values of P,,,, (measured in terms of the number of flip-flop transitions
per cycle) for each circuit are chosen carefully after analyzing the per-cycle test-power
data. We also present experimental results for the IWLS’05 benchmark circuits in
Table 6.2. A description of the IWLS’05 benchmarks in terms of the number of
scan flip-flops and total number of cells is shown in Table 6.2. Tables 6.3 and 6.4

describe the percentage reduction in the variance of test power consumption using
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Table 6.3: Percentage reduction in the variance of test power consumption using
the Min_Var procedure over Baseline 4 for the ISCAS’89 benchmark circuits.

No. of No. of
compacted scan Baseline 4
Circuit | test patterns | chains | Pmaxz | VB4 | 0Tin g,
59234 349 1 150 17.46 18.21

160 15.48 17.65
170 14.74 15.83
4 150 16.95 16.37
160 14.72 15.97
170 12.35 12.12

8 150 10.47 11.15

160 10.08 9.95

170 5.63 7.18

515850 210 1 310 19.46 20.03
320 18.15 18.63

4 310 15.48 19.67

320 14.10 18.71

8 310 13.64 16.76

320 11.48 12.59

$35392 20146 1 895 13.32 12.53

910 12.07 11.23
930 11.70 10.81
4 895 12.38 11.92
910 10.51 11.69
930 10.35 11.38

8 895 10.03 10.39

910 8.31 9.96

930 6.13 7.42

s38417 436 1 770 9.18 8.87
780 6.53 5.21

790 5.70 5.38

4 770 5.18 6.32

780 3.49 3.67

790 3.14 3.29

8 770 4.43 4.86

780 3.39 4.12

790 3.24 3.90

s38584 313 1 735 12.01 10.24

745 11.30 9.93
755 10.79 9.45

4 735 11.54 10.82
745 8.50 8.83
755 7.51 8.07
8 735 7.38 8.93
745 6.70 6.43
755 3.31 4.39

the Min_Var over Baseline 4 for the ISCAS’89 and the IWLS’05 benchmark circuits
respectively. Table 6.5 describes the individual contribution of X-fill and pattern-
ordering procedures in reducing the variation in power consumption during test for

five benchmarks.

The Min_Var procedure is an efficient method for circuits with a large number
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Table 6.4: Percentage reduction in the variance of test power consumption using
the Min_Var procedure over Baseline 4 for the IWLS’05 benchmark circuits.

No. of No. of
compacted scan Baseline 4
Circuit test patterns | chains | Pmnax | 0VBa | 0Ting,
systemcaes 294 1 530 23.24 25.19

540 21.57 24.43
550 19.66 21.94
4 530 17.88 21.34
540 15.88 20.36
550 12.09 15.61
8 530 9.35 14.98
540 8.82 13.87
550 8.14 12.46
usb_funct 237 1 960 16.87 15.43
970 15.79 14.02
980 14.13 10.64

4 960 12.62 8.72

970 10.99 6.61

980 9.07 5.04

8 960 6.10 4.33

970 3.95 2.58

980 0.99 0.68

ac97_ctrl 230 1 1025 18.68 19.13

1040 18.45 18.17
1050 17.66 17.66
4 1025 17.34 17.38
1040 16.79 15.98
1050 15.80 15.85
8 1025 15.30 15.63
1040 14.33 14.68
1050 13.25 13.38

wb_conmax 413 1 1460 21.34 19.87
1500 20.21 19.05

4 1460 19.70 18.34

1500 18.88 17.37

8 1460 18.51 16.59

1500 16.09 13.24

des_perf 346 1 5600 12.14 14.86
5650 11.73 13.93

4 5600 11.06 13.51

5650 9.79 13.10

8 5600 8.89 12.65

5650 7.70 12.50

ethernet 2110 1 6380 14.96 14.28
6400 14.24 13.80

4 6380 13.07 13.24

6400 12.49 12.76

8 6380 10.91 11.35

6400 10.58 10.80

of test patterns. The results show that a significant reduction in test power variation
can be obtained using the proposed framework for test data manipulation and test-
pattern-ordering. The technique also results in low cycle-to-cycle variation in test

power consumption. The “negative” reduction in Table 6.1 in a few cases can be
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attributed to the heuristic nature of the pattern-ordering procedure. The negative
entries in Table 6.5, which implies that pattern reordering is counter-productive can
be explained as follows. The test pattern set is split into multiple sets to reorder
patterns for large benchmark circuits. This is done to save CPU time for reordering.
The Pattern_Order heuristic appears to be ineffective for these instances. However,

X-fill alone results in significant variance reduction in each case.

Even small reductions in the variations in test power can contribute significantly
towards reducing yield loss and test escape during WLTBI. We know from Equation
(1.1) that the junction temperature of the device varies directly with the power
consumption. This indicates that a 10% variation in device power consumption will
lead to a 10% variation in junction temperatures; this can potentially result in thermal
runaway (yield loss), or under burn-in (test escape) of the device. The importance
of controlling the junction temperature for the device to minimize post-burn-in yield
loss is highlighted in [40].

All experiments were performed on a 2.4 GHz AMD Opteron processor, with 4
GB of memory. The CPU times for the Min_Var procedure (including X-fill and
pattern reordering) is in the order of hours for large benchmark circuits. The CPU

time for X-fill alone is in the order of minutes.

6.5 Summary

We have developed a new X-fill method to minimize power variation during WLTBI.
This approach is based on cycle-accurate power information for the device under
test. For N test patterns, an O(N) procedure has been presented to solve the X-fill
problem for scan-shift and capture. We have further reduced the variation in power
consumption by reordering the test-pattern set after minimum-variation X-fill. We

have compared the proposed reordering techniques to baseline methods that fill un-
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specified bits in a test cube with the objective of reducing power consumption during
scan testing. In addition to computing the statistical variance of the test power, we
have also quantified the flatness of the power profile during test application. Ex-
perimental results for the ISCAS’89 and the IWLS’05 benchmark circuits show that
there is a moderate to significant reduction in power variation if patterns are carefully
manipulated and ordered using the proposed framework. Since the junction temper-
atures in the device under test are directly proportional to the power consumption,

even small reductions in the power variance offer significant benefits for WLTBI.
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Chapter 7

Conclusions and Future Work

A prerequisite to assembling 3-D ICs and SiP devices, is the ability to manufacture
and test KGD solutions in a cost-effective manner. The research reported in this
dissertation explores multiple solutions for wafer-level manufacturing test of SoCs
and KGDs. The goal of this research is to provide robust and scalable engineering
solutions for wafer-level test and optimization techniques for test planning. According
to the ITRS [1], each device in the future can be considered to be a SoC or a 3-D IC
(or SiP). The need for flexible test solutions to accommodate increasing integration
trends has also been emphasized [1]. The high test cost associated with the testing of
these devices motivates the need for effective test techniques and test planning at the
wafer level. Significant yield improvements early in the product/process development
cycle can be achieved by efficient wafer-level test techniques [125].

In this thesis, we have addressed the design of a test infrastructure at the wafer
level. Efficient test techniques at wafer level under resource constraints have also
been developed. We have developed test-planning approaches for wafer-level test
that address test-resource optimization, defect screening, test scheduling, and test-
data manipulation for digital and mixed-signal SoCs, as well as for KGDs. This thesis
research also focuses on reducing the capital expenditure on ATE at the wafer level

by combining the burn-in and test processes.

7.1 Thesis Contributions

Chapter 2 presented a test-length selection problem for wafer-level testing of core-

based SoCs. Theoretical foundations and a statistical model were developed, and
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techniques were presented to determine defect probabilities for the individual cores
in an SoC. An ILP model that incorporates defect probabilities to determine the test-
lengths for each core in the SoC was also developed with the objective of maximizing
defect screening at wafer sort. The ILP approach presented is computationally effi-
cient and takes only a fraction of a second even for the largest SoC test benchmarks
from Philips. Experimental results for the ITC’02 SoC test benchmarks have shown
that the test-length selection procedure can lead to significant defect-screening at
wafer sort. An efficient heuristic method that scales well for larger SoCs was also
presented. A test-length selection problem for RPCT of core-based SoCs was also
formulated and solved using ILP and heuristic-based techniques.

Chapter 3 presented a wafer-level defect screening technique for core-based mixed-
signal SoCs. Correlation-based signature analysis methods were used for defect
screening at the wafer-level for analog cores. A cost model was presented to quantify
the savings that result from wafer-level testing. An industrial mixed-signal SoC was
used to evaluate the proposed wafer-level test method. The proposed method elimi-
nated the need for expensive mixed-signal ATE at wafer sort, reducing test cost and
improving tester efficiency.

Chapter 4 presented a test-scheduling problem for WLTBI of core-based SoCs,
that minimizes the variation in test power during test application. The test-scheduling
method used cycle-accurate test-power data for the cores. A heuristic technique was
used to solve the test scheduling problem. Results for the ITC’02 SoC test bench-
marks were presented to illustrate the reduction in power variation obtained using
the proposed method.

Chapter 5 presented a test-pattern-ordering problem for WLTBI. An efficient
heuristic technique was presented to solve the pattern-ordering problem in addition

to an ILP based technique. The proposed reordering techniques were compared
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with appropriate baseline methods. The relevance of the pattern-ordering problem
in the context of WLTBI was further emphasized by quantifying the “flatness” in
power profile during test application. Experimental results were presented for several
ISCAS’89 and IWLS’05 benchmark circuits to show the reduction in power variation
obtained using the proposed pattern-ordering techniques.

Chapter 6 presented a new X-fill method to minimize power variation during
WLTBI. An efficient O(N) procedure for N test patterns was presented to solve the
X-fill problem for scan-shift and capture. The baseline methods considered filled
unspecified bits in a test cube with the objective of reducing power consumption
during scan testing. The statistical variance of the test power and the flatness of
the power profile during test application were quantified for the proposed methods.
Experimental results were presented for the ISCAS’89 and the IWLS’05 benchmark
circuits. Reduction in power variations obtained by carefully manipulating and or-

dering test patterns were presented for several benchmark circuits.

7.2 Future work

This thesis has explored a number of wafer-level test solutions that reduce product
cost. The focus has been on new test planning methods for digital SoCs, as well as
for mixed-signal SoCs and KGDs. As next-generation semiconductor devices become
more integrated with multiple functionalities, a number of new test challenges will
continue to emerge. We next summarize future research directions. The topics dis-
cussed below are aligned with the theme of intelligently performing test at the wafer

level to achieve maximum cost benefits.
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7.2.1 Integrated test-length and test-pattern selection for

core-based SoCs

In this thesis, we have limited ourselves to test-length selection for core-based SoCs
under resource constraints of test time and TAM width. The ultimate objective of
wafer sort testing is to maximize the detection of faulty die; this maximizes profit
margins by lowering packaging costs. The test-length selection framework proposed
in this thesis does not address the issue of pattern grading to choose the reduced test
pattern set. In [126], “output deviation” was proposed as a coverage-metric and a
test-pattern grading method for pattern-reordering. It was also shown in [126] that
test sets that are carefully reordered using such a metric as basis can potentially yield

“steep” fault coverage curves.

In practice, random ordering of test patterns generated by commercial ATPG
tools can be integrated into the framework proposed in this thesis. This can be used
to select test-lengths that yield maximum defect screening probability at wafer sort.
However, if the same test pattern set generated by commercial ATPG tools are graded
and reordered using techniques similar to the ones proposed in [126], defect screening
at wafer sort can significantly be enhanced under resource constraints. The pattern
reordering step can be used as a pre- or post-processing procedure to the framework
proposed in this thesis.

This research direction will provide an intelligent framework for test-pattern se-
lection. The number of test patterns for wafer sort under resource constraints can be
determined using the framework presented in Chapter 2; the choice of test patterns
however, can be determined using output deviations. This process of test-pattern
selection can potentially lead to improved defect screening at the wafer level under

resource constraints.
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7.2.2 Multiple scan-chain design for WLTBI

Multiple scan chains have been primarily used in DfT architectures to lower test
application times. With increasing emphasis on power consumption, several design
techniques for multiple scan designs have been developed [127, 128]. In [127] a single
scan chain is partitioned into multiple smaller scan chains to minimize the number
of transitions in the scan chains. Thus far, the layout information, information on
clock domains, and other geometric constraints have not been incorporated in such
design techniques.

WLTBI is an enabling technology for cost-efficient manufacture of next generation
KGDs. It is important that the on-die variation in junction temperature is kept to a
minimum during WLTBI. Efficient DfT architectures that incorporate multiple scan
designs while considering the layout of the scan chains need to be developed for future
IC designs. Such architectures will minimize the variation in junction temperature
during test application. There are several challenges associated with the development

of such techniques:

e Full-chip thermal modeling: Complete thermal modeling is necessary to determine
the impact of scan-chain placement on overall device temperature. Commercial
finite-element analysis tools such as Flotherm [129] can be used to model the
impact of scan chain placement. Circuit simulation, in addition to thermal anal-
ysis using commercial tools, is essential to optimally determine the best scan-cell

placement for optimal thermal performance during WLTBI.

e Impact of routing: It is also important to consider routing constraints during the
design of multiple scan chains [130]. The best scan design for thermal performance
during WLTBI will not be the best design in terms of scan-chain routing. It is

therefore important to incorporate routing constraints for scan design in the overall
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framework.

7.2.3 Layout-aware SoC test scheduling for WLTBI

One of the primary benefits of a test scheduling method, specifically suited for
WLTBI, is the reduction in power variation during test application. In this thesis,
we presented an efficient test scheduling approach to minimize the power variation
during test. However, the proposed test scheduling method does not consider the
placement of the cores in SoC while formulating the test schedule. The simultaneous
testing of cores that are placed close to one another can lead to hot-spots during test
application. It is also beneficial to stress the DUT uniformly during WLTBI.

It is therefore important to study the activity patterns of the cores during WLTBI,
and construct test schedules accordingly, to flatten the temperature profile of the SoC.
Modifying existing academic tools such as HOTSPOT [131], or using commercial
tools such as FLOTHERM [129] to incorporate die cooling capabilities under burn-in
conditions, and constantly varying device power, will lead to more accurate thermal
predictions for WLTBI. This can potentially lead to the minimization of yield loss

and test escapes during WLTBI.
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