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Relevance of the topic. Increasing of the manufacturing yield continues to be one
of the most important problems in semiconductor production. Due to possible power,
voltage and temperature (PVT) deviations during production, a considerable part of
integrated circuits (ICs) located on a semiconductor wafer may have defects®, which disrupt
the performance of these ICs. Most of these defects in wafers are usually relating to
memory devices, which are typically occupying over 70%? of the design and are most prone
to defects causing failures. Among those defects there are many specific defects which can
be sensitized and, thus, can be detected, then localized and finally repaired. This is the
reason why embedded built-in test and repair (BIST) solutions for memories (MBIST)
which usually occupy a negligible area are inserted in a given design to provide high test
coverage and to increase the overall yield®.

There are various MBIST solutions which have different architectures and features
when seeking aBIST solution for agiven system on a chip (S0C)*. To make these solutions
reusable, MBIST vendors have defined some description standards and have provided
automated flows which generate SoC specific register transfer level (RTL)
representation/instance of the given MBIST through RTL compilers and then insert it into
the SoC basing on the mentioned standards.

On the other hand, this automation of the MBIST development might bring
sometimes to drawbacks leading to a non-working RTL instance in the given SoC
environment. These drawbacks, particularly, include the case when the SoC design is not
synchronized with the mentioned standards and limitations for MBIST functionality. Due
to that some SoC vendors consider undesirable inner modifications of their design for
MBIST implementation and insertion. Instead, they suggest using of a shared interface®
within the chip, which is intended to provide an access to the memories in the functional
mode and is called a multi-memory bus (MMB). In other words, they suggest using of the
MMB for the test mode too.

To separate consideration ofthe memory BIST for the mentioned case the following
abbreviation will be used further: MMB-BIST. For MMB-BIST a description of the
interface as well as descriptions of memories connected to the interface should be provided.
Meantime, any validation of a generated MMB-BIST RTL instance including its
functionality validation, requires generation of multiple instances from mentioned
descriptions of the shared interface and connected to the interface memories and their
further execution with the considered MMB-BIST instance. The number of possible
combinations for mentioned generated instances is much bigger than the number of
generated instances for a given memory, and, correspondingly, their exhaustive runs take
unacceptable time. This brings to a necessity of an in-depth analysis followed by some

1G. Harutyunyan, S. Shoukourian, Y. Zorian, “Fault Awareness for Memory BIST Architecture
Shaped by Multidimensional Prediction Mechanism”, |[EEE Trans. Comput. Aided Des. Integr.
Circuits Syst. 38(3): 562-575 (2019).
22015 International Technology Roadmap for Semiconductors (ITRS).
%Y. Zorian, S. Shoukourian, "Embedded-memory testand repair: infrastructure IP for SoC yield",
IEEE Design & Test of Computers, 2003, vol. 20, no. 3, pp. 58-66.
4G. Harutyunyan, S. Martirosyan, S. Shoukourian, Y. Zorian, “Memory Physical Aware Multi-Level
Fault Diagnosis Flow”, IEEE Trans. Emerg. Top. Comput. 8(3): 700-711 (2020)
® T. McLaurin, R. Knoth, "The Challenges of Implementing an MBIST Interface: A Practical
Application”, IEEE International Test Conference (ITC), 2019, pp. 1-6.
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actions directed to an essential increase of the MMB-BIST validation efficiency.

The thesis is dedicated to the development and implementation of an approach and
methods which increase MMB-BIST validation efficiency.

Subject of study. Drawbacks for MMB-BIST compiler validation caused by
exhaustive runs during the validation.

The aim of the thesis. Development of efficient and justified validation methods for
MMB-BIST Engines and their implementation in a tool to be used in testing and quality
assurance (QA) of MMB-BIST.

Methods of study. Methods for MBIST test and validation flow including modeling
and automated validation approaches, decision-making solutions as well as principles of
learning methodologies applied to validation flows.

Scientific novelty.

e A validation model for MMB-BIST is suggested which describes the main
features of a SoCs which have memories accessible and testable through shared
interfaces. The model can be the basis fora MMB-BIST validation environment
implementation.

e A learning based efficient validation methodology for MMB-BIST
configurations is built, justified, and implemented. The corresponding signed
certificate of implementation at “Synopsys-Armenia” CJSC is adduced in the
Appendix 1. Particularly:

o the methodology is flexible and extensible due to parametrization and
tuning to given requirements for validation flow which leads to user-
friendly generation of a specific validation method according to
specific requirements for generation reflected in parameter values;

o adynamically built hierarchy of MMB-BIST parameter priorities is
used for the validated/tested features based on the knowledge of
MMB-BIST internal structure;

o an efficient exhaustion method is used to validate MBIST functioning
within a fixed time slot basing on the built hierarchy.

o experiments on application of the developed methodology have
shown that the number test-cases in average is reduced by 30% in
comparison with completely random validation flow.

e A special justified hardware support within the MMB-BIST for the developed
validation methodology. Its presence allows to increase the performance of the
validation on 37.72%.

Practical significance and implementation of results. The obtained results have
served as a basis for a mature multilevel/hierarchical solution for MMB-BIST validation
flow and test which increases the efficiency, reduces the test and validation time and
improves their quality. The done work is not just a basis for further research in this area,
but it also induces a direct application of the results to MMB-BIST test.

The obtained results are implemented at “Synopsys Armenia” CJSC and used in
validation and QA flow for Synopsys MMB Compiler which is a component of
DesignWare STAR Memory System (SMS) product. SMS is widely used by hundreds of
customers. Particularly, more than half of top 25 companies in the world using
semiconductors are considering SMS as their built-in memory test solution.

The implementation is done in a form of a special tool for automation of validation
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and test, named “MMB Validator”. The data on the efficiency of the tool are adduced in
the thesis.

The certificate of the implementation at “Synopsys Armenia” CJSC is adduced in
the Appendix 1.

The following scientific theses are presented for the defense:

e Learning based methodology which generates an efficient validation method for
a given MMB-BIST configuration from the methodology template via specific
values of parameters and requirements.

e A dynamically built hierarchy for the validation and test of MMB-BIST features
which leads to reduction of exhaustion when validating MBIST functionality and
which allows to perform considerations for each iteration of the validation within
a fixed time slot.

e A special hardware support within the MMB-BIST for the developed validation
methodology to increasing the performance of the validation.

Justification of results. Justification is done using modeling and statistical methods

for processing of experimental results.

Presentation of the thesis. The main scientific and practical results of the
dissertation were presented at:

* 19th International Conference "East-West Design & Test Symposium (EWDTS)"

(Batumi, Georgia, 2023);

« scientific seminars of the Department of Microelectronic Circuits and Systems of

NPUA (Yerevan, Armenia, 2021 - 2024);

« research seminars of the Embedded Test and Repair Program at Synopsys Armenia

CJSC (Yerevan, Armenia, 2021 - 2024).

Publications. The main results are published in 5 papers. These papers are included
in the list of used literature of the thesis.

Structure and the size of the thesis. The thesis consists of an introduction, 4
sections, conclusions, a list of the used literature and 4 appendices. The list of literature
includes 132 papers. The main volume of the dissertation is 104 pages, and together with
appendices - 144 pages, including 61 figures and 5 tables.

MAIN CONTENT OF THE WORK

The introduction substantiates the relevance of the dissertation topic, formulates the
purpose and main objectives of the research, presents the developed methods, scientific
novelty, practical significance, and the main scientific positions submitted for defense.

The first chapter shows that built-in self-test (BIST) has found wide application in
integrated circuit (IC) industry.

The section 1.1 describes that no IC can be guaranteed to be fault-free especially those
with memory devices which occupy up to 70% of an IC2. Memory BIST (MBIST) is an
efficient solution to test and repair these memories which can significantly increase I1C
manufacturing yield®. As the studies show?, each new node brings new defect types which
were not relevant for previous technologies. To handle this, MBIST solutions are
continuously updated which cover the faults modeled on these defects using test
algorithms. Besides the algorithm creation, the solution is adapted to the given system on
a chip (SoC). Meantime, the test solution should not significantly affect to the SoC
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performance.

The section 1.2 introduces existing MBIST solutions®. As an intellectual property (IP)
block, MBIST solution should be flexible and usable for different SoCs. For that reason
special software-based tools/compilers are created which have a generic solution as a
template and generate a proper MBIST register transfer level (RTL) behavioral
description/instance using provided input parameters’ values which determine a
configuration of the instance. That configuration contains information about memory
features like its port sizes, usage, structure, MBIST features such as algorithms, modes,
custom registers’ sizes, and their usage, test options, etc. The more detailed are the
configuration parameter values described, the more accurate the MBIST engine is created
and, correspondingly, the test process of a given SoC is managed. Meantime, the validation
of detailed configurations takes much more resources due to the number of validation
scenarios which are formed by these configuration parameters. It is important to validate
the generated MBIST instance with the given configuration. Some failures which may
occur during MBIST generation, can disrupt its functioning and the SoC test will not be
complete. A famous MBIST solution which supports detailed descriptions of the memory
devices and more is SMS.

SMS is known for more than two decades as comprehensive test solution for SoC
memories. It supports different testing and diagnostic capabilities as

«  Advanced memory test and repair algorithms that efficiently address new memory

defects for the most recent technological nodes,

* A mechanism for new faults prediction in memories for upcoming technologies

and its reflection in the architecture of a MBIST engine,

*  Aunified MBIST interface with memory instances,

* A language for description of memory structural models and methods for its

efficient use,

* A hierarchical architecture for test of memory instances in SoC that delivers

essential increase of test efficiency,

»  Flexibility to schedule individual memory instance for parallel or serial testing to

optimize time and power consumption during test,

»  New methods and standards of data porting between different levels of the test

hierarchy,

»  Protection against soft errors with multi-bit upset error correcting codes (ECC),

»  Advanced failure diagnosis with physical failed bitmaps and XY coordinates of

failing memory bit cells.

Originally, SMS uses memory test interface to apply its operations. A test interface
allows to switch a memory from functional to test mode and be tested through test
infrastructure. Once there are different memory structures in a SoC, SMS wraps these
memories with a wrapper circuit which allows SMS processor to have similar access to
those memories (Fig. 1).

One of the validation approaches for SMS MBIST is black-box testing. Regardless the
internal implementation of MBIST generator, configurations are created and given to
validate the generation of MBIST RTL description. The generation of configurations
usually is randomized. This approach is efficient for creating big volume testcases which
are hard to do manually.

Because the validation of a MBIST IP is usually done by its vendors which have
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implementation details, the white-box testing can be applied. Using this approach, the
scope of configurations can be outlined more efficiently and with time saving.

All validation approaches are combined with the regression. To ensure that the current
version of MBIST generation tool is compatible with previously used scenarios, regression
suit is continuously updated, and corresponding test is applied.

STAR memory system

(—
—

Wrapper

Memory IP

I

Werapper controller

STAR
processor

Fig. 1. SMS solution for single memory instance

The section 1.3 introduces another method of testing memories which uses functional
paths existing in a SoC®. The test interface insertion is not acceptable for these SoCs, and
the only approach is to use already inserted paths (Fig. 2). To make these paths usable by
the test engine, they are grouped together to form a multi-memory bus (MMB) to which
the MBIST engine is connected. This approach saves area compared to the conventional
SMS solution, where additional routing is done for inserted test interface.

The section 1.4 explains that the validation and test methods which were applicable for
SMS solution, rise problems for MBIST engines which use MMB. In particular:

» the exhaustion over possible scenarios is inadmissible time consuming. The
number of dynamically grown parameters are more than those for conventional
MBIST,

»  testing through shared interface consumes more test time, than testing through
wrappers as in the case of SMS. All memory instances are driven by the same
interface and parallel testing of all these instances is not appropriate.
Correspondingly, the validation process will last longer,

» the configuration of MMB-BIST is more complicated in comparison with the
conventional MBIST which uses test interface. It contains information about
MMB interface and its connections to memories, which are not relevant for other
type of MBIST. The description of this information may have some mismatches
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that affect the MBIST integration.
Considering pointed challenges, a detailed analysis needs to be performed to
effectively validate MMB-BIST generation and functioning.
The second chapter presents the developed methods and provides solutions to the
problems described in the section 1.4.

Mem Mem
Shared P2 P2
Mem
Interface Memory 1P5
|P 1 Mem Mem
P2 P2

Mem Mem Mem Mem Mem Mem
P2 P2 1P3 IP3 IP3 IP3
Mem Mem

P2 P2 Memory IP 4

System on Chip

Fig. 2. MBIST application through shared interface

The section 2.1 introduces the necessary definitions and modeling of MMB-BIST
features to be validated.

In general, to validate the functionality of an MMB-BIST engine, the scope of testing
features should be defined. The validation of systems which are described with parameters,
can be automated implementing an environment specific to validation subject. The
preferable approach for such systems is the randomized test which can provide both a big
number of possible appropriate combinations and supports reasonable coverage as well. In
fact, MMB-BIST configuration generation is much more complex compared to
conventional MBIST engines. There are parameters which scopes are dynamically changed
considering other parameter values, though there are independent parameters with numeric
or string types.

The general structure of MMB configuration is illustrated in Fig. 2. It consists of
different number of memory groups which are connected to the shared bus. Each memory
group is described by the number of parallel and serially accessible memories, and its
structural parameters such as number of words, ability to be repaired, etc. Sufficient
grouping of these parameters will increase validation efficiency. Studying the specification
of MMB-BIST structure, a hybrid validation approach is suggested which uses these
groupings of parameters applying determined and randomized test. The following
features/parameters which will further call as primary parameters were defined for
determined test;

e Number of test buses — the MMB-BIST solution should handle with multiple
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buses existing in the SoC. Considering the number of memory groups, the order
of testing and other factors, some SoCs have multiple buses for better test
performance.

e Number of memory groups — the main purpose of testing through shared bus is
to work with multiple memory instances which number may vary depending on
a SoC.

e Repair capabilites — a memory can have different structure of redundant
elements which are used for its repair. Correspondingly, MBIST solutions should
handle with various redundancy configurations.

e Number of operation cycles — some memory instances can have latencies which
should be considered by MMB-BIST engine.

e Masking of memories — memories frequently have masking ports which are used
for different purposes. In some SoCs, memory access is modified using this
feature.

e  Partially connections — MMB-BIST solution should handle the scenarios where
there are memories which connections are not fully accessible such as partially
data port connections.

e Number of memory ports — memories with multiple ports are driven by separate
drivers existing in the bus. Algorithms which are applied to multi-port memories,
should be executed in the same way independently of their interaction interface
(via a shared or a dedicated test interfaces).

e Number of memory banks — memories which have multi-bank structure, have
some specification which should be taken care by MMB-BIST. The functioning
for most of the features are changed if amemory has multiple banks.

In the section 2.2 a way of organizing an efficient exhaustion of parameters values
for validation is presented. To effectively use values of the described primary parameters,
special binary forms of representation are used. The latter determine the presence or
absence of corresponding features. For example, the binary representation of the first
parameter means that a value of zero corresponds to an SoC with single test bus and one
for several. The rest of the parameters which describe MMB configuration, are considered
by using random values. These are the parameters which have some dependencies on above
pointed ones and assessed as non-primary. Considering all these descriptions, the tree of
parameters is formed and shown in Fig. 3.

After tree of parameters is formed, it is necessary to understand which parameters
have initially high priorities. For example, it is not sufficient to run redundancy allocation
simulations if an MMB-BIST has generation issue on an operation application. Though the
redundancy allocation circuit is separate component in an MMB-BIST, it interacts with
other components especially with BIST controller. Another important criterion is how easy
the issue is to fix. The faster the current issues are resolved, the more efficient the validation
process will be.

Considering described criteria primary parameter weights are defined using analytic
hierarchy process (AHP)®. The calculations performed show that the pre-selected weights

6 T.L. Saaty, Decision Making with the Analytic Hierarchy Process, International Journal of
Services Sciences, 2008, 1, 83.
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correspond to each other, from which the primary parameters can be arranged in
accordance with the selected priority. The AHP application is useful especially when the
number of overall testcases is huge and can be executed in multiple iterations.

In the section 2.3 a learning-based methodology for MMB-BIST validation is
described.
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Fig.3. Tree of the MMB configuration parameters

Validation of an automated system is considered as exhaustive execution of scenarios
composed with parameters which describe that system. These parameters have different
types and ranges of values which are defined and documented.

To generate a testcase, a configuration is formed which contains some values of these
parameters. Here, some challenges appear if there are non-permitted combinations of these
parameters. The automation of configuration generation using such parameter sets is hard
to implement. On the other hand, classification and analyzing problems appeared when
generating configurations regardless of whether the parameters are valid or not.

Mentioned challenges are overcome by implementing random testing environment
which generates random configurations within a given scope of parameter values.
Naturally, this approach cannot cover all possible scenarios, and some important scenarios
are executed after multiple iterations of testing environment usage. Here, parameter
classification will simplify configuration generation process. This classification should be
done considering the structure of the subject under validation.

The configuration parameters which describe MMB-BIST generally describe existence
or absence of certain feature, i.e., these are binary parameters. Having the set of these
binary parameters, exhaustive search can be applied. But, as mentioned before, the full
exhaustion of these parameters takes unacceptable time, and randomization of
configurations is preferred. Experiments show that combining randomization with some
exhaustion yields better results.

The Fig. 4 represents an approach which allows to localize failures and reduce number
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of testcase executions during validation. The localization is done by classifying binary
parameters’ occurrences in failing testcases. For the current iteration of generation the
failure percentage is calculated, and binary parameters are sorted by their relevance. The
parameters which occur often in the failed cases, are firstly fixed the value which sensitize
failures and then inverted for analysis the rest of parameters.

Initialization of parameters Calculate fail percentage

— !

Multiplication factor
definition

| |

Generation of testcases Iterator increment

| !

Learning based
parameter fixing

Parameter sorting

Analyzing statistics of fails

|

Fig. 4. Learning based validation block-diagram

Infact, the suggested approach emits a setof formulas for MMB-BIST solutions. Each
of these formulas differs by coefficients that are unique to a given solution. These
coefficients describe comparison threshold values and can be determined in two ways. One
of the methods is to collect statistics by continuous execution of QA environment with this
approach giving random values to the coefficients. The collected statistics can be a dataset
for a machine learning environment which will be trained and predict how to adjust these
coefficients. Another way is to classify MMB-BIST configuration parameters considering
structural specifications. There are some features that need to be validated first to accelerate
increasing of validation coverage.

Due to the described approach the hierarchy of considered parameters becomes
dynamically built basing on results of each iteration step. Inits turn it brings to an essential
increase for the efficiency for test case generation in comparison with using a direct
exhaustion for generation.

The third chapter introduces extension and optimization approaches of MMB-BIST
validation environments (VE).

The section 3.1 describes the differences in test solutions by memory device types. It
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is shown that the classification and prioritization of features can be applied not only to
MMB-BIST but also to other test solutions. One of these solutions is testing magnetic
RAMs (MRAM).

Due to its characteristics MRAM has a potential to become universal memory
device’. Meantime, the challenges related to its operating margin are still relevant. To
overcome these challenges dedicated calibration mechanisms are suggested and
implemented?®.

In respect that MRAM has its own peculiarities, the validation model of MRAM test
solution slightly differs compared to MMB. These models are represented in Fig. 5.

MMB-MBIST configuration MRAM BIST configuration
MMB interface
configuration BIST processor
BIST Brocesso configuration
configuration
Memory group MRAM wrapper
configuration configuration
. SsRAM | [ MRaM |
__ configuration

Fig. 5. MMB-BIST and MRAM BIST validation models

The section 3.2 discusses validation reduction method by MMB-BIST structure
modification.

During the application of the VE it was found that the validation improvements can
be achieved by the improvements of characteristics MMB-BIST. Due to specific structure
of MMB-BIST there can be large configurations and corresponding simulations of
generated RTL descriptions will take long time. In general, execution time of an algorithm
takes most of the simulation time. Therefore, reducing testing time will directly reduce
validation time.

MMB-BIST test time can be reduced considering its architectural specification. For
each memory port corresponding driver exists on the shared bus (Fig. 6). The operations

"Y.-D. Chihetal.,"13.3A 22nm 32Mb Embedded STT-MRAM with 10ns Read Speed, 1M Cycle
Write Endurance, 10 Years Retention at 150°C and High Immunity to Magnetic Field Interference",
IEEE International Solid-State Circuits Conference - (ISSCC), San Francisco, CA, USA, 2020, pp.
222-224.

8 X. Liu, C. Xu, P. Yu, Y. Jiang, "Calibration and Parameter Extraction of STT-MTJ Device at High
Frequency by Using De-Embedding Approach Based on TRL Calibration", IEEE Transactions on
Electron Devices, 2021, vol. 68, no. 1, pp. 271-278,
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described in test algorithm can be applied using one or more group of drivers. A simple
group of drivers consists of memory read/write enable, clock, data, and address ports. Test
time of an algorithm can be reduced if its operations use only one port group.

Pipes and combo logic
Address_1 4
— Internal
MBIST Address_2 | Connections |WE_1
Memory
Control 1
Signals Write_en_1 D = P
Shared |——ms
I: Interface | Write_en_2
o | wea]wes]
Read_en_1

Fig. 6. Shared interface to memory connection

The main idea of test time reduction is to apply operations for all ports a memory has.
That is, if a memory has two read-write ports, the operations can be shared between these
two (Fig. 7). This approach shows it advantage when there are multiple memory instances

with multiple groups of ports.

ADDR_A[5]
] A
ADDR_A[5:0] ADDR_A[5:0] ADDR_A[6:0]
] 1 DATA_A[63:0]
| [ o8 AoDRA  csA CSA  ADDRA DA
—s| WEA WEA WEA
Mem 64x64 Mem 64x64 WE B MBIST
—| wee WEB = Controller
—> CSB ADDRB DB
DA ADDRE __ CsB PN
ADDR_B[5:0] ADDR_B(5:0]
ADDR_B[6:0]
] B
ADDR_B(6]

Fig. 7. Connection of two dual-port memory instances

In Fig. 7, the connection of two dual-port memory instances is represented. Suppose
that these memories cannot be tested in parallel because the bus data size is enough for
only one instance. It is possible to access each memory with one of the port groups
modifying the structure of MBIST address counter structure. For the example shown in the

13



figure, when read operation applied on the left instance by A port, the right one can be with
B port. The address bit, which is responsible for memory access, should be different for
each group, i.e., ADDR_A[6]=1, ADDR_B[6] = 0. With this approach, the execution of
the algorithm will be halved.

This approach can be applied for more port groups. If there are three memories with
three read-write ports (Fig. 8), the application of the suggested approach should be
performed with the sequence described in Table 2.

ADDR_C
ADDR_B
ADDR_A ) )
L B L B L B
A C A C A C
Memory 1  — Memory 2 fo— Memory 3
Fig. 8. Connection of tree tree-port memory instances
Table 2
Algorithm execution for three-port memories
STEP Chip Select Memory 1 Memory 2 Memory 3
CSA Active Inactive Inactive
1 CsSB Inactive Active Inactive
CsC Inactive Inactive Active
CSA Inactive Active Inactive
2 CSB Inactive Inactive Active
CsC Active Inactive Inactive
CSA Inactive Inactive Active
3 CSB Active Inactive Inactive
CsC Inactive Active Inactive

The section 3.3 discusses validation challenges of programmable features of the
MMB-BIST.

It is shownin the previous subchapter that some structural imporvements can reduce
MMB-BIST validation time. Actually, not all structural imporvements are helpful for the
validation. The addition of programmable features is one of these which increases
exhaustion by its variety of states. Though the progammability of a feature may increase
test coverage after production, it should be properly validated in the scope of its usage. The
need for a programmable feature increases when there are limitations such as MMB-BIST
has.

A feature which may increase test coverage is in field operation programmability. The
main idea is to program bus to memory port connections through specific operation box
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which contains information about operation application (Fig. 9). Each row of the operation
box has a specific and carries information for one operation. It is crucial to distinct

validation scenarios which have high priority.
Address 1 Operation 1
Programming/ Address 2 Operation 2
Selecting Address 3 Operation 3
—
‘ Address N Operation N |
b b
Current
. . ‘ Address i Operation i |
Operation (i) L ‘
Decoder
Memory

Fig. 9. Programmable operation box

The fourth chapter presents methodology implementation details and corresponding
experimental results.

The section 4.1 introduces a software tool “MMB Validator” implemented for the
testcase generation of MMB-BIST engine using Python programming language and its
PyQt5 library. The tool’s main window is shown in Fig. 10. The tool enables the following
features;

e  Generation of MMB configurations based on described parameters.

e  Configuration based design generation in Verilog HDL

e  Ability to define maximum values for design parameters

e  Visualization of configurations

The MMB configuration is described on JSON format, which is widely used in
different areas and supported by various programming languages. The description contains
information about shared buses, memory groups and some test specific options. Each bus
consists of signals and for each signal number of properties are defined. The description a
memory group contains the description of its ports, redundancy structure, address
scrambling and how they are connected to a bus. The generalized structure of a
configuration is represented in Fig. 11.

MMB Validator enables definition of the randomization scopes for bus
configurations. The maximum values of these parameters are given through MMB
Generator configuration file
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Number of buses (interfaces)
Number of memory groups
Number of parallel working memories in a group
Number of serially working memories in a group
Read/Write latencies

e Number of pipelines
Some string parameters such as bus signal names are parameterized. Memories are chosen
depending on the specified testcase scenario. In case of absence corresponding memory, a
warning message is printed. Each testcase schematic diagram can be opened after
generation (Fig. 12).

my

@B 0 &

Randomization  Contents
Randomization options

multi-interface design Toggle
multi-memory design | Toggle
include redundancy  Toggle
indude a latency ~ Toggle
include masks Toggle
include tieoffs Toggle

multi-port design ~ Toggle

< fle] e el ]l fl<]]e

multi-bank design  Toggle

Generate

Fig. 10. MMB Generator GUI

Testcase for MMBBE

Nwe Memory groups N
/ /r:

o0 ] 1 MMBBE

MBIST
Interfaces

N Ho

Memory instance

Fig. 11. MMB configuration general model
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In the section 4.2 it is shown how the MMB-BIST engine configuration dataset is
formed. It is known that the efficiency of predictions depends on how effectively the dataset
is formed. It is shown in the thesis that generic artificial intelligence (Al) tools can be used
for that purpose and the domestic Al tool developed for SMS product test and QA is chosen.
Mostly these tools accept fixed number of columns which correspond to input parameters.
As MMB-BIST engine has a hierarchical structure which is dynamically grown, some
acceptable ranges for MMB configuration parameters should be determined. Some
parameters such as bus names are dropped because their numeric parameters are provided
as well. On the other hand, the number of certain buses such as address or data cannot be
endlessly increased.

D@2

Randomization ~ Contents Fa

Projects MB_GEN\lib_April_21_2 Open

Name SP_RAM_512X16_ASAP SP_RAM_512X8_ASAP
proj 216
proj 217
proj 218
proj 219
proj_220 2 2
proj 221
proj 222
proj 223
proj 224
proj_225 F2
proj 226
proj 227
proj 228
proj 220
proj_230
proj 231
proj 232
proj 233 o

SP_RAM_512X16_ASAP

proj 234
proj 235
proj 236
proj 237
proj 238 F3
proj 239
proj 240
proj 241
proj 242 MP_RAM_2W_1R_384X128_
proj 243
proj 244
proj 245
proj 246
proj 247 x1
proj 248
proj 249
proj_250

Fig. 12. MMB configuration visualization

Use of the mentioned Al tool leads to acceleration ofthe MMB-BIST validation time.
As it is shown in the Fig. 13, the most of time is taken by MMB-BIST engine generation
and simulation. The generic Altool can be used to predict the MMB configurations which
are most likely to have issues. The experiments show that the number of failing cases does
not exceed 30% of all generated cases. Due to that the prediction efficiency for MMB
configurations will directly affect validation time.

The section 4.3 summarizes MMB-BIST validation methodology application results.
The described classification and prioritization were basis for development of aMMB-BIST
validation environment (VE) which allows to generate different MMB configurations. All
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methods proposed in the thesis have been applied using this VE which is continuously
improved. Particularly

VE effectively finds MMB-BIST errors which were not detected before.
Meantime, it concentrates on the defined primary parameters keeping validation
time relatively fixed. The statistics of the bugs found in a year is represented in
Fig. 14.

Each validation example which is parameterized Verilog description, allows to
get another scenario making minor changes. Parameterized description is useful
especially for the MMB-BIST development process because it helps to consider
near scenarios without creating separate testcases for each.

validation time was reduced by an average of 30% by applying the learning-
based methodology. Before, all iterations of VE executions have considered all
combinations of primary parameter values.

The application of the approach suggested in 3.2 reduces overall MMB-BIST test
time by 37.72%. The comparison of some algorithms is represented in Fig. 15.

Fig. 13. MMB-BIST validation steps

The number of issues found in a year

0
02/19/22 03/19/22 04/19/22 05/19/22 06/19/22 07/19/22 08/19/22 09/19/22

Fig. 14. Failure statistics using hybrid validation
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Fig. 15. Test time reduction approach comparison

MAIN CONCLUSIONS OF THE THESIS

A solution for validation is suggested for MMB-BIST engines validation
basing on analysis of validation problems for multi-memory bus MBIST
(MMB-BIST) engines which are not overcome via existing approaches. The
efficiency of the approach is proved experimentally.

A validation model is introduced which describes the main features of a SoCs
which have memories accessible and testable through shared interfaces. Using
this model, a validation environment is implemented.

A learning-based validation methodology is suggested and justified comprised
of the following steps:

O

outlining of primary validation parameters for an iterative exhaustion of
their values;

random selection of values for the rest of parameters;

reduction of the number of iterations via finding dependencies between
primary parameters and

reduction of the randomly selected values for the rest of parameters via
preserving the number of test cases considered for each step of the iteration
invariant;

at the end of an iteration step a comparison of detected bugs with the
initially defined threshold value is performed. If the number is over the
mentioned threshold, then the next step of the iteration is started, otherwise
inverting of values engaged in the considered parameter dependencies is
performed and a process of finding new dependencies of parameters starts.

A validation environment is built which combines full and randomized
exhaustion according to the suggested methodology and built hierarchy. An
estimation of the efficiency for the implemented environment is obtained
experimentally. Due to its application:
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o the total number of considered random test-cases was reduced in average by
30% preserving the list of bugs obtained during a purely random generation
of test-cases;

o the generation of testcases was accelerated more than 10 times;

o the number of bugs detected by customers within a fixed time interval was
reduced in average by 3 times.

Special extensions of the methodology are considered for other types of

memory devices and additional accelerating of the validation process as well as

slowdown factors.

A suggestion on further investigations which extends more the approach

considered in the thesis.

The main results of the thesis are published in the following papers:
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APMEH BPEXXEBUY BABASIH

PA3PABOTKA CPEJCTB IIOBBILIEHUS 2 ®EKTUBHOCTHU
OBECHEYEHUA KAYECTBA PEIIEHAA CUCTEM TECTAPOBAHUSI,
BCTPOEHHBIX B HAHOPASMEPHOM KPUCTAJIJIE

3AKJ/IIOYEHHUE

C TedeHmeM BpeMeHH pa3paborumku wHTerpanbHbIX cxeM (MC) crankxuBarorcs c
HOBBIMH TIpOOJEeMaMy, M ISl MX TPEOJONEHHs pa3palbaTbIBalOTCS HOBBIE IOAXOMIBIL.
Hapsimy ¢ yMeHbIIeHMEM pa3MepOB TpPAH3HCTOPa, H3MEHEHHEM TEXHOJIOIMYECKOTro
npolecca, HaNpsDKEHUs W TeMIIepaTypbl MEHSIOTCS MOAXOIbl K CYILECTBYIOIIUM
pewenusiM B MC, B uacTHOCTH, MX apXurekTypa. [Ipu peanusamuy 5THX pelleHU BaXxHOE
3Ha4YEeHHE MMeeT Y4€T MX HaAeKHOCTH, KOTOpas 3aBHUCHT OT MPOLEHTa T'OJHOTO BBIMyCKa
HPOTYKIHH.

Bonbumucreo VC siBisiroTes 3anomMuHatoiue ycrpoiicrsa (3Y), u, HaIGKHOCTh 3THX
CXeM, TJIaBHBIM 00pa3oM 3aBucHT OT HajexHoctH 3Y. C npyroit croponer, 3Y
MIPOEKTUPYIOTCS W MPOM3BOMSATCS C MUHMMAJIbHBIMH 3aTpaTaMy, dYTO JelaeT ux Ooiee
CKJIOHHBIMHM K HEHCTIPABHOCTSIM. J{JIsl pemIeHust 3THX MpoOJIeM HCTIONb3YIOTCSI BCTPOCHHBIE
cucrembl TectipoBanust u pemonta (BCTP) mis 3Y, KOTOpBIC HAXOAAT W YCTPAHSIOT
BO3HMKAIOIUE HEUCIIPABHOCTU. Pa3BUTHE TEXHOJIOIMU NPOU3BOJCTBA MOKa3alo, 4To B 3V,
H3TOTOBJICHHBIX II0 HOBOW TEXHOJOTHH, BCTPEYalOTCs Ne(eKTH, He CYIIECTBOBABIINE
paHee, W UMEIONMECS pEIICHWS IO KOHTPONIO HEJOCTATOYHBI [UISl BBISIBIICHUS
HEWCTIPAaBHOCTEH, BBI3BAHHBIX THUMU JedexTamMu. [1o3TOMy pemrenHus, MCIOIb3yeMbIe B
BCTP, NMOCTOSIHHO COBEpPIICHCTBYIOTCS, YTO JIEIaeT STH CUCTEeMBI Ooyiee THOKUMHU H
3¢ () eKTHBHBIMU.

Jnst mcronb3oBanmst 3akazuukoM BCTP mpuMenmrensHo k pazmmuneiM VMC mx
pean3yioT MOCPEACTBOM aBTOMATH3UPOBAHHBIX PAbOUMX MPOLECCOB, (POPMHUPYIOMINX HA
ocHoBe ommcaHus JAaHHbIX M C, cooTBercTByMOIIyl0 3amaHHOMY sapy. Kiaccudeckuit
noaxon k unrerpaimu BCTP B siapo 3akimovaetcss BO BHEAPECHUM TECTOBOTO MHTEpdeiica,
obecrieunBaronIero MojHel noctynm K 3Y. JIIs HEKOTOPBIX 3aKa34YMKOB BHEAPCHHE
TECTOBOTO MHTep(elica HepHeMIIeMO, TOCKOIbKY BHEPEHHBIC MHTEPQEHCH U CBSI3aHHAsS
C HUMH JIOTHKA MOTYT MOBJIUATH HA OCHOBHBIE MapaMeTpsl siapa. Oqrako 3Y B ITHX sApax
COCIIMHEHBI APYT C JPYrOM OIpe/leNIeHHbIMU KaHaJlaMM, KOTOPBIE UCIIONIb3YIOTCA JPYTUMHU
y3namu siapa. Kak npasuino, k otum kananam noxaxmouaercs 1 BCTP, u tectupoBanue
TIPOBOJUTCSL B COOTBETCTBYIOIIEM pPEXHME, BO BpeMsl KOTOPOro paboTa APYTHX Y3JI0B
npekpamaercs. Cucrembl TecTupoBanusi ¢ paszensembiM untepdeiicom (CTPU) taxike
TEHEPUPYIOTCS COOTBETCTBYIOIIMM MOTOKOM, /I ONMCAHHUS KOTOPOrO HEOOXOIMMBI HE
tonbko ¢yskimu 3Y u ux CTPU, Ho n Habop mapameTpoB, OMKCHIBAIOIIMX CBSI3H 9THX
IByX rpymr B suape. Hemomnoe omicanme wHTepgeilicoB u 3Y, BO3MOXHEIE OMIMOKH,
BBI3BAHHBIC YeNloBedecknM (akTopom u npyrumu (aktopamu B rereparope CTPU, moryt
BBI3BATh NMOTPEITHOCTH B OTACIABHBIX (PYHKIMSX T€HEPUPYEMOH CXEMBI, UTO MPHBEIAET K
cboro TectupoBaHus siapa. C Apyroit CTOPOHBI, KOJIHYECTBO TMApaMETPOB, OIMKCHIBAIOIIX
CTPU, u uX BO3MOXHBIX 3HAUEHHMIl JIOCTaTOYHO BEIUKO, a BPEMsl HUX IEPECCUCHUs
HenpremieMo. J{Jis pelreHnst yIoMSsHYTBIX IPoOJIeM HCHONIB3YIOTCS CpPeIbl BaIHIAIH,
XapaKTepHbIE JUIS ATHX TUIIOB CHCTEM.
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Jucceprammst  mocBsieHa uccnenoBaHuro  cpensl  Bamupmamm  CTPU w mx
TCHEPUPYIOIIMX ~ aBTOMATH3MPOBAHHBIX IOTOKOB, a TaKkXke pa3paboTKe CpPEeICTB
HOBBIIECHUS P PEKTUBHOCTH BaIHIALHHL

IIpennoxkensl moaxonst k Bamupgamuu CTPU, xoTopble ¢ y4eToM CTPYKTYPHBIX
ocoOeHHOCTeH TocneqHell O0eCHeunBaOT YBEIWUCHHWE TOKPHITHE U COKpAIICHHE
BPEMEHH.

[IpenanoxeHn moaxon K BalWAAMM Ha OCHOBE OOYUYCHMS, KOTOPBIH JIOKAIM3yeT
ommOKY, BO3HMKaoImme B cpene, renepupytomed CTPU. C  wucnons3oBanueM
TpezIaraeMold MEeTOAMKH pa3paboraHa mozens Banumamiy CTPU, ¢ moMomnibio KOTopoi
OTIpEIICNICHBl OCHOBHBIE CBOMCTBA MOCHEAHEH M KJIACCU()UIMPOBAHBI OIICHIBAIOIINE HX
HapamMeTpbl. DTH CBOMCTBAa OTOOPAXKAIOT KOJIMYECTBEHHBIC M KAYECTBEHHbIC MOKa3aTeln
3V ¥ NOAKJIIOYECHHBIX K HUM HMHTEp(EHCOB B siApe, B YAaCTHOCTH, MOPSIOK MoptoB 3Y u
HHTEpQEicoB, MapauIeIbHBIC WIN TOC/IeJoOBaTeNbHbIE COeUHeHIsT 3Y , MOAKIIOYEHHBIX K
uHTEpdeiicaM, M HMX KOJIHMYECTBO, KOMOWHAIMOHHAs ¥ TOCIeNOBaTelbHas JIOTHKA,
NOIK/IIOYeHHass K uHTepdeiicaM u T.1. YuwuteiBas mapamerpsl CTPU u e€ remeparopa,
HoJTyyaeTcsi METOJ BaIMAALMM Al KOHKPETHOTO T'eHepaTopa, KOTOPBIA ompenesnser
npuoputrersl Bamunamuu cBoiicts CTPU, renepupyeMmbIX 3TUM TIe€HEpaTopoM. OTH
TIPHOPHUTETHl  KOPPEKTHPYIOTCS. B OOpaTHOM CBSI3M IyTE€M aHAIN3a CTaTHCTHKU OLIMOOK,
OOHapy>KEHHBIX B XOJE MPOIIEIYPHL.

Ha ocHoBe mpemnoxeHHOW Mojenu ObUla CIPOEKTHPOBAHA Cpefa BalUIaluy,
CO3/aromiasi BUPTyalbHBIE s1/IpaC BO3MOXHOCTBIO TECTUPOBAHUS Pa3n4HbIX 3Y ¢ 00mmM
nHTepdeticom. Cpea BHIIOIHACT MONHEBIA Mepebop o 3aJaHHBIM OCHOBHBIM ITapaMeTpam
W CIydalHBIH TIepebop IO HEOCHOBHBIM mapamerpam. Cpema Baaupamuy MO3BOJSET
TI0JTF30BATENTIO ONPEASIHUTh AUAa30H 3HAYeHMH HEOCHOBHBIX MApPaMETPOB, U3 KOTOPOTO
3HAYEHUs JTHX MAapaMeTpPOB BHIOMpArOTCs CiTy4yaiHBIM oOpazoM. Mcronmb3oBaHue cperb
yCcKOpmIlo mporecc co3nanus mnpuMmepoB mnpoBepkun CTPU Gomee uwem B 10 pa3 mo
CPaBHEHMIO C CYyIIECTBYIOIINMH MeTogamMH Bamupaimd. KommdectBo — ommoOok,
OOHapy>KEHHBIX 3aKa3UMKaM¥, COKPAaTHIOCH B cpeaHeM B Tpu pasa. OOydaemas
METOJIOJIOTHsI, PeaIn30BaHHast B CpeJle, COKpalaeT BpeMs Baiunanuu B cpenHem Ha 30%
TI0 CPAaBHEHHUIO C IOJHBIM CIIyYaiHBIM 1epebopoM.

M3yyeHa BO3MOXKHOCTb PACIPOCTPAHEHUS IIPEUIOKEHHBIX METOJIOB Ha JIPyTUe THIIbI
3V ¥ cucTeMBbl X TECTUPOBAHUA.

IIpemmoxken moaxon k aapecammu CTPU, mo3Bonsromuii 3a cyeT HEOOIBIIOTO
W3MCHEHUS CXEMBI paclapajuleNiMBaTh TECTHpOBaHME 3Y C HECKOIbKHMHU IOPTAMH,
COKpamias BpeMs TEeCTHPOBaHUs CHUCTeMBL. B pesynprare Bpems Bamumammm CTPU
cokpamiaercsi B cpenHeM Ha 37,72%. Takxke pacCMOTpPEHBI CXEMaTHUECKHE HW3MEHEHWs,
yenoxasitonpe npouece patuduxaipu CTPU.

Pa3pabGoTaH mporpaMMHbBIA HHCTPYMEHT, KOTOPBI BKJIIOYaeT B ce0s cpemy
BAIUJALMU M TIO3BOJSIET IMOJB30BATENI0 I'€HEpPUPOBAThH JH000€ KOJIMYECTBO IMPHUMEPOB
BaIUALMU U UccaenoBars oumbku. I[IporpamMHoe oOecrieueHre MOKET HUCHOJIb30BAThCA
KaK MIKEHepaMH 10 BAIMIALMK, TaK U MHKEHepaMH-pa3paboTUNKaMu.
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