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Abstract

With the continuous scaling of semiconductor technologies and the rapid growth of
system-on-chip (SoC) complexity, testing has become one of the most critical and
cost-dominant phases in the integrated circuit (IC) design lifecycle. Traditional
external testing approaches are increasingly challenged by limited observability,
controllability, high test data volume, and rising test costs. Design for Testability
(DFT) techniques and Built-In Self-Test (BIST) architectures have therefore
emerged as essential components of modern VLSI design flows. This paper presents
a comprehensive review of DFT and BIST enhancements, focusing on classical
methods such as scan design and boundary scan, as well as recent advancements
including test compression, low-power DFT, hierarchical test strategies, and
intelligent BIST schemes. Memory BIST (MBIST), logic BIST (LBIST), and
analog/mixed-signal BIST are discussed with emphasis on fault coverage, area
overhead, and test time reduction. The paper also highlights challenges associated
with nanoscale technologies, such as process variations and reliability concerns,
and reviews emerging solutions to address them. The discussion aims to provide a
balanced view of both academic research and industrial practices in DFT and
BIST.
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Introduction

The role of testing in integrated circuit manufacturing has grown significantly over the past few
decades. As transistor dimensions shrink and integration levels increase, modern SoCs may
contain billions of transistors, heterogeneous IP blocks, embedded memories, and complex
interconnects. Ensuring the correctness and reliability of such systems is a non-trivial task. Testing
costs today can account for a large portion of the total manufacturing cost, sometimes exceeding
the design cost itself.

Design for Testability refers to a set of design techniques that make it easier to test a circuit after
fabrication. Rather than treating testing as an afterthought, DFT integrates test considerations early
in the design phase. Built-In Self-Test, on the other hand, enables a circuit to test itself by
generating test patterns internally and analyzing responses without heavy reliance on external
automatic test equipment (ATE).

This paper reviews the evolution of DFT and BIST techniques, analyzes recent enhancements, and
discusses their relevance in advanced technology nodes. While the basic principles of DFT have
remained similar, the implementation strategies have evolved significantly to cope with power,

performance, and area (PPA) constraints.

Fundamentals of Design for Testability

Design for Testability forms the foundation of any practical testing strategy in modern VLSI
systems. It focuses on modifying or augmenting the original circuit design in such a way that post-
fabrication testing becomes efficient, reliable, and cost-effective. As circuit complexity grows,
DFT is no longer optional but an integral part of the design flow that directly influences yield,

product quality, and time-to-market.

Motivation for DFT
The primary motivation for adopting DFT techniques is to enhance test quality while
simultaneously reducing test cost and overall test complexity. In a conventional sequential circuit

without DFT, internal nodes are neither directly controllable nor observable from primary inputs
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and outputs. As a result, generating effective test patterns becomes extremely difficult, leading to

low fault coverage and long test times.

DFT techniques address this limitation by improving controllability, which is the ability to force
internal nodes of the circuit into desired logic states, and observability, which is the ability to
propagate the effect of internal faults to observable outputs. By enhancing these two properties,
DFT enables efficient fault detection using automated test pattern generation (ATPG) tools.

From an economic perspective, DFT significantly reduces dependency on expensive automatic
test equipment (ATE) by lowering test time and minimizing the number of required test vectors.
This reduction directly translates into lower manufacturing cost, especially for high-volume

products.

In deep submicron and nanometer technologies, the motivation for DFT becomes even stronger.
Effects such as increased interconnect delay, crosstalk, power supply noise, and process variations
introduce new failure mechanisms that are difficult to detect using traditional testing methods.
Additionally, higher defect densities and shrinking noise margins increase the probability of subtle
faults escaping detection. Structured DFT approaches provide systematic solutions to address these

challenges, enabling robust testing under realistic operating conditions.

Types of Fault Models

DFT methodologies rely heavily on fault models that abstract physical defects into logical
representations. These models guide the development of test strategies and ATPG algorithms.
While no fault model can perfectly represent all real defects, widely accepted models provide

reasonable trade-offs between accuracy and complexity.

Stuck-at faults are the most commonly used fault model in digital testing. In this model, a signal
line is assumed to be permanently stuck at logic ‘0’ or logic ‘1°. Despite their simplicity, stuck-at
faults remain popular because they are easy to model, require relatively simple ATPG, and offer

good correlation with many physical defects.
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Transition faults, also known as delay faults, model the inability of a signal to transition from 0-
to-1 or 1-to-0 within a specified time. These faults are critical in high-speed designs where timing
margins are tight. Testing for transition faults requires at-speed testing and is essential for detecting

performance-related failures.

Bridging faults occur when two or more signal lines are shorted together due to manufacturing
defects. These faults can cause logic corruption that may not be detected by stuck-at testing alone.
Advanced ATPG techniques and pattern sensitization are often required to detect such faults
effectively.

Path delay faults represent excessive delay along a specific combinational path, which can lead
to timing violations even if individual gates function correctly. Detecting path delay faults is
challenging due to the large number of possible paths in complex designs, but they are increasingly
important in modern high-frequency circuits.

Although stuck-at fault testing remains a baseline requirement, modern DFT flows increasingly
emphasize at-speed testing and timing-related fault models. This shift improves correlation
between simulated fault coverage and actual silicon behavior, leading to higher product reliability

and reduced field failures.

Scan-Based Design Techniques

Scan-based design techniques form the backbone of digital DFT methodologies and are widely
adopted in both academic research and industrial practice. The central idea behind scan design is
to provide direct access to the internal storage elements of a sequential circuit, thereby overcoming
the inherent limitations of controllability and observability. By converting sequential behavior into
a scan-accessible structure during test mode, scan-based techniques significantly simplify fault

detection and test pattern generation.

Full Scan Design
Full scan is the most commonly used and well-established DFT technique in digital integrated
circuits. In a full scan approach, all or nearly all flip-flops in the design are replaced with scan-
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enabled flip-flops or augmented with additional multiplexing logic. Each scan flip-flop can operate
in two distinct modes: normal functional mode and scan mode.

In functional mode, the flip-flops behave exactly like standard storage elements and participate in
normal circuit operation. In scan mode, however, the flip-flops are connected serially to form one
or more scan chains. Test patterns generated by ATPG tools are shifted into the scan chains through
a scan input pin, while the responses are shifted out through a scan output pin. A scan enable signal

controls the transition between functional and scan modes.

The primary advantage of full scan design is the dramatic simplification of test generation. During
scan mode, the sequential circuit can be treated as a purely combinational circuit, since the state
elements are fully controllable and observable. This transformation enables highly effective ATPG
with high fault coverage, often exceeding 99% for stuck-at faults and providing strong coverage
for transition faults as well.

From a practical standpoint, full scan also supports structured testing flows, compatibility with test
compression techniques, and easy integration with other DFT features such as boundary scan and
BIST. These advantages make full scan particularly attractive for large SoCs with complex control

logic.

Despite its benefits, full scan design introduces certain drawbacks. The inclusion of scan
multiplexers and additional routing leads to area overhead, typically ranging from 5% to 15%
depending on the design. Furthermore, scan chains can negatively impact circuit timing, especially
on critical paths, if scan logic is not carefully optimized. Designers often address these issues by
using scan-aware synthesis, reordering scan chains, and excluding timing-critical flip-flops from

scan insertion when necessary.

Partial Scan Design

Partial scan design is an alternative approach in which only a selected subset of flip-flops is
included in the scan chains. The primary objective of partial scan is to achieve an acceptable level
of fault coverage while reducing area overhead, performance degradation, and power consumption

associated with full scan designs.
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In a partial scan methodology, scan flip-flops are chosen based on their impact on testability.
Typically, flip-flops that lie on hard-to-test feedback loops or control-dominated regions of the
circuit are prioritized. Identifying the optimal set of flip-flops for partial scan is a complex
optimization problem and often relies on heuristics, graph-based analysis, or designer experience.
While partial scan can reduce hardware overhead, it complicates ATPG since the circuit retains
some sequential behavior during test mode. As a result, test pattern generation becomes more
computationally intensive and fault coverage may be lower compared to full scan designs.
Additionally, validation of partial scan architectures requires careful analysis to ensure that test

goals are met.

Due to the increasing availability of powerful ATPG tools, high-capacity ATEs, and effective test
compression techniques, partial scan is less commonly used in modern industrial designs.
However, it may still be attractive in specific scenarios such as low-power designs, legacy systems,

or applications with strict area and timing constraints.

Boundary Scan and IEEE Standards

Boundary scan is a specialized Design for Testability technique that focuses on improving test
access at the chip and board level. Unlike scan-based techniques that primarily target internal logic,
boundary scan provides a standardized mechanism to control and observe signals at the input and
output pins of an integrated circuit. This capability is particularly valuable in modern electronic
systems where physical access to pins is limited due to high pin counts, fine-pitch packaging, and
multi-layer printed circuit boards (PCBSs).

The boundary scan methodology is standardized under IEEE 1149.1, commonly referred to as
Joint Test Action Group (JTAG). The core concept involves inserting boundary scan cells between
the core logic and the 1/O pins of a chip. These cells form a boundary scan register that can capture

or force values on the 1/0O pins, independent of the internal functional logic.

IEEE 1149.1 (JTAG) Architecture
The IEEE 1149.1 standard defines a Test Access Port (TAP) consisting of a small set of dedicated
pins, typically including Test Clock (TCK), Test Mode Select (TMS), Test Data Input (TDI), Test
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Data Output (TDO), and an optional Test Reset (TRST). Through these pins, external test
equipment can control the internal test logic of the chip.

The TAP controller is implemented as a finite state machine that governs the operation of various
test modes. By shifting instructions and data through the TAP, different test registers such as the
boundary scan register, instruction register, and bypass register can be accessed. This structured
approach allows for flexible testing, device identification, and debugging using a common
interface.

One of the key advantages of IEEE 1149.1 is its non-intrusive nature. Boundary scan testing can
be performed without requiring the core logic to be operational, making it suitable for early

manufacturing tests as well as post-assembly board-level diagnostics.

Board-Level Interconnect Testing

Boundary scan is particularly effective for testing interconnections between multiple chips
mounted on a PCB. Traditional bed-of-nails testing methods are often impractical for modern
boards due to dense routing and limited physical access. Boundary scan overcomes these
limitations by enabling electrical testing of interconnects through digital control of I/O pins.
Using boundary scan, faults such as open circuits, shorts, and incorrect connections between
devices can be detected by driving test patterns from one device and observing responses on
another. This capability significantly improves fault isolation during board bring-up and reduces

debugging time during manufacturing.

Extensions of Boundary Scan Standards

To address limitations of the original standard and to support emerging technologies, several
extensions to IEEE 1149.1 have been developed. IEEE 1149.6 extends boundary scan to support
testing of AC-coupled and high-speed differential interconnects, which are common in modern
communication interfaces. This extension enables detection of opens and shorts in high-speed
signal paths that cannot be tested using simple DC patterns.

IEEE 1500 focuses on embedded core testing within system-on-chip designs. It defines a
standardized wrapper architecture around individual IP cores, allowing them to be accessed and
tested in isolation. This is especially important for complex SoCs that integrate third-party IP
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blocks with limited internal visibility. By combining IEEE 1500 with boundary scan and scan-
based DFT, designers can achieve hierarchical and reusable test strategies.

Overall, boundary scan and its associated IEEE standards play a critical role in enabling scalable,
standardized, and cost-effective testing at both the chip and system levels. Their continued
relevance is evident in applications ranging from consumer electronics to high-reliability industrial

and automotive systems.

Test Compression Techniques

Test compression techniques have become an essential component of modern DFT flows,
particularly for large-scale SoCs where traditional scan-based testing alone is no longer practical.
As the number of scan flip-flops and test patterns increases, the associated test data volume can
exceed the storage and bandwidth capabilities of automatic test equipment. Test compression
addresses these challenges by significantly reducing the amount of test data that must be delivered

to and captured from the device under test.

Need for Test Compression

The rapid growth in design size and complexity has led to an exponential increase in test data
volume. Each additional scan chain and test vector contributes to longer scan shift times, increased
tester memory usage, and higher overall test cost. In high-volume manufacturing, even small
increases in test time per device can translate into substantial cost penalties.

Without compression, modern designs may require millions of test bits, making test application
time unacceptably long. Furthermore, the limited vector memory available on ATESs constrains the
number of test patterns that can be applied, potentially forcing compromises in fault coverage. Test
compression techniques alleviate these issues by enabling the application of a large number of
effective test patterns using a relatively small amount of external test data.

Another important motivation for test compression is the growing adoption of multi-site testing,
where multiple chips are tested in parallel. Reduced test data volume and shorter test times directly
improve tester utilization and throughput, making compression economically attractive for

semiconductor manufacturers.
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On-Chip Compression Architectures

On-chip test compression architectures typically consist of two main components: a decompressor
on the input side and a compactor on the output side. The decompressor expands a small number
of externally supplied test bits into a larger set of internal scan patterns, while the compactor

reduces the volume of response data that must be observed by the tester.

Linear feedback shift registers (LFSRs) are commonly used as decompressors due to their
simplicity and ability to generate pseudo-random patterns. XOR-based networks are often
combined with LFSRs to distribute decompressed data across multiple scan chains. This approach
allows a small set of input bits to control a large number of scan elements, achieving high

compression efficiency.

On the output side, compactors collect responses from multiple scan chains and combine them into
a smaller number of output bits. Space compactors, typically implemented using XOR trees,
reduce the number of output pins required. Time compactors, on the other hand, accumulate
responses over multiple cycles into a signature. Care must be taken in compactor design to

minimize aliasing, where different fault responses produce identical signatures.

In practical industrial designs, compression ratios ranging from 10x to 100x are commonly
achieved without significant loss in fault coverage. However, the inclusion of compression logic
introduces additional design considerations, such as increased power consumption during test and
potential impacts on fault diagnosis resolution. These issues are often mitigated through careful

architecture selection and power-aware test planning.

Overall, test compression has become a standard feature in contemporary DFT methodologies,
enabling scalable testing of highly complex integrated circuits while maintaining acceptable cost

and quality levels.

66 Page 58-69 © MANTECH PUBLICATIONS 2016. All Rights Reserved



MANIECH

Publications

Journal of Research in VLSI Design Tools and Technology

Volume 1 Issue 2, May-August 2016

Table 1 illustrates a comparison of traditional scan testing and compressed scan testing.

Parameter Traditional Scan Compressed Scan
Test Data Volume Very High Reduced
Test Time Long Shorter
Area Overhead Low Moderate
Fault Coverage High High

Low-Power DFT Considerations

Test mode often consumes more power than normal operation due to high switching activity during
scan shifting. Excessive power can cause IR drop, overheating, and false test failures. Low-power
DFT techniques include scan clock gating, test vector reordering, and power-aware ATPG.
Reducing test power has become critical, particularly for advanced nodes where power margins

are tight. Designers often trade off test time with power to ensure safe operation during test.

Built-In Self-Test (BIST) Overview

BIST integrates test generation and response analysis within the chip itself. This reduces
dependence on external testers and enables at-speed testing. A typical BIST architecture consists
of a test pattern generator, the circuit under test, and an output response analyzer.

BIST is attractive for field testing and in-system diagnostics, especially in safety-critical

applications such as automotive and aerospace electronics.

Memory Built-In Self-Test (MBIST)

Embedded memories occupy a significant portion of modern SoCs and are prone to manufacturing
defects. MBIST is a specialized form of BIST tailored for testing memories. It uses predefined
algorithms such as March tests to detect faults like stuck-at, coupling, and address decoder faults.
MBIST controllers are usually reusable IP blocks and can be shared among multiple memory
instances. This makes MBIST highly scalable and cost-effective.
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Logic Built-In Self-Test (LBIST)

LBIST focuses on testing random logic using pseudo-random patterns generated by LFSRs. While
LBIST offers low test data storage requirements, achieving high fault coverage can be challenging.
Hybrid approaches combine pseudo-random patterns with deterministic top-up patterns to improve
coverage.

Recent enhancements in LBIST include weighted random pattern generation and on-chip fault

grading.

BIST for Analog and Mixed-Signal Circuits

Testing analog and mixed-signal (AMS) blocks is more complex due to continuous signal behavior
and limited fault models. AMS BIST techniques often rely on loopback testing, digitization of
analog signals, or signature analysis.

Although AMS BIST is still an active research area, practical solutions have been adopted in data

converters and phase-locked loops.

DFT and BIST in Advanced Technology Nodes

As technology scales to nanometer regimes, new challenges such as increased variability, aging
effects, and soft errors emerge. DFT and BIST must adapt to detect these issues. On-line BIST and
periodic self-test are gaining attention for reliability monitoring.

Machine learning techniques are also being explored to analyze test data and predict failures,

although their adoption in industry is still limited.

Challenges and Trade-Offs

While DFT and BIST provide significant benefits, they also introduce trade-offs. Area overhead,
performance impact, and design complexity are common concerns. Designers must carefully
balance test requirements with PPA constraints.

Integration of third-party IP further complicates DFT planning, requiring standardized interfaces

and test access mechanisms.
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Future Trends

Future DFT and BIST research is expected to focus on intelligent test strategies, adaptive test
flows, and tighter integration with design automation tools. As heterogeneous integration and
chiplet-based designs become common, system-level test strategies will play a more important

role.

Conclusion

Design for Testability and Built-In Self-Test have become indispensable in modern VVLSI design.
From basic scan techniques to advanced BIST architectures, these methods enable high-quality
testing while controlling cost and complexity. Enhancements in test compression, low-power DFT,
and specialized BIST schemes have significantly improved the practicality of testing large SoCs.
Although challenges remain, especially in advanced nodes and mixed-signal domains, continued
research and innovation in DFT and BIST will remain critical for reliable and cost-effective

semiconductor products.
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