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Abstract: - The use of 3-dimensional (3D) and network-on-chip (NOC) integrated circuits enables more functionality on chip, but they
pose challenges for testing for manufacturing defects. Machine learning applications for artificial intelligence need to be highly reliable
and so mandate in-system testing. All of these modern system-on-chip (SOC) devices manufactured using advanced process nodes
integrate numerous heterogeneous embedded intellectual property (IP) cores, which require post-fabrication verification. To maintain
practical testing procedures, a modular strategy is employed that enables each core to be exercised without revealing its internal
structure, thereby facilitating straightforward test-pattern reuse. The primary challenge is the limited scan-in and scan-out bandwidth
at the chip boundary, which is significantly lower than the aggregate channel demand of all cores. Further, enabling in-system and
system-level tests, the use of functional pins instead of traditional test-only pins is required. Scan-compression techniques, such as
Embedded Deterministic Test (EDT), reduce pattern volume but introduce additional complexity in bandwidth allocation.
Consequently, an effective Test Access Mechanism (TAM) must address this disparity. Researchers have introduced various TAM
architectures that balance wiring overhead, concurrency, compression efficiency, and scheduling complexity. This paper presents a
survey of these TAMs, spanning the years and including recent ones. The goal of the paper is to compare several prominent approaches,
examining strategies for dividing available TAM width, mapping cores to these divisions, jointly optimizing EDT parameters, and
ultimately minimizing total test time while maintaining high fault coverage under realistic bandwidth constraints. It highlights
challenges in their implementation and provides direction for further research on TAMs.
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L INTRODUCTION

The electronics industry’s rapid reduction of chip feature sizes below 10 nm, combined with the transition to
three-dimensional integrated circuits, has significantly influenced chip design and testing. Modern system-on-chip
(SOC) designs incorporate more than one billion transistors operating at gigahertz frequencies. As integrated
circuits (ICs) expand to billions of transistors, designing, implementing, and testing them as monolithic entities has
become impractical. A system-on-chip (SOC) is an IC composed of multiple components, known as cores. Each
core is generally designed, implemented, and validated independently prior to integration. These designs
encompass a range of digital, analog, mixed-signal, memory, optical, microelectromechanical, and radio-frequency
cores or modules. Core-based SOC designs are prevalent in industry, with many contemporary SOCs containing
hundreds of physical cores, also referred to as IPs, modules, blocks, or tiles. Within these, several classes of
identical cores may exist, each comprising dozens of replicated cores. The increasing popularity of SOC designs is
largely attributed to the ability to reuse independently designed and verified cores. However, to reuse core-level
patterns and facilitate their access, test wrappers need to be developed [1].

The complexity of semiconductor designs has increased rapidly, and these components play a critical role in
safety-related applications. There is a growing demand to collect comprehensive structural data from silicon
throughout its lifecycle [2]. As process nodes advance, more sophisticated fault models and testing under varying
voltage and temperature conditions are required [3][4]. Silicon Lifecycle Management (SLM) involves
implementing structures during the design phase to monitor and analyze silicon data. This data can be leveraged to
enhance performance and identify structural issues resulting from degradation or defects caused by functional
workloads. Collecting such data on application platforms using scan-based infrastructure necessitates the use of
active functional interfaces, such as PCle, and researchers have proposed methods to address this need.
Traditionally, SCAN and Built-In Self-Test (BIST) have utilized GPIO pins as the access mechanism [5]. While
these pins are available during manufacturing tests on Automated Test Equipment (ATE), they are inaccessible in
the system environment. The High-Speed Access and Test (HSAT) Solution [6][7] enables access to SCAN, JTAG,
and BIST structures through functional interfaces such as USB and PCle. A solution presented in [8] facilitates
faster failure debugging, thereby accelerating project schedules. It also enables quicker debug turnaround for
customer returns. Board-level testing (BLT) using this approach can provide additional coverage to detect defects
at the board level and help isolate board-related issues. This capability is essential for achieving automotive ISO
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specification compliance for Fault Tolerant Time Interval (FTTI) [9] and for improving the reliability of products
in high-performance computing environments.

Testing such complex designs presents significant challenges. The concept of modular testing was proposed as
early as 1999 [10]. The widespread adoption of SOC circuits has resulted in a substantial increase in testing costs.
This escalation is primarily due to difficulties in accessing embedded cores during testing, extended test
development and application times, and the large volume of test data[11].

II. BACKGROUND

Modern system-on-chip (SOC) designs require each core to have a defined number of input and output test
channels. However, the limited number of chip-level test pins prevents simultaneous access to all core-level test
channels. This constraint necessitates the adoption of hierarchical test strategies and efficient pattern retargeting to
optimize test access. Hierarchical testing [12] has emerged as the most scalable and effective methodology for
testing complex, core-based SOCs, as it addresses the challenges posed by device miniaturization, limited
input/output resources, power constraints, and design-for-test (DFT) complexity. The hierarchical testing adds scan
chains and compression logic in each core [13][14][15]. The hierarchical test approach remains the most promising
and fully scalable solution for core-based SOC testing.

Scan test compression technologies, such as Embedded Deterministic Test (EDT) [16], are widely used to
improve the logic testing of system-on-chip (SOC) designs. On-chip test compression has become a mainstream
design-for-test methodology. In this approach, the tester supplies compressed test patterns, which on-chip
decompressors expand into data for the scan chains. These techniques are extensively adopted to enhance testing
efficiency in modular, core-based SOC architectures.

System-on-chip (SOC) test schemes utilize dedicated on-chip infrastructure, including test access mechanisms
(TAMs), test wrappers, and various test pattern scheduling algorithms. The design of the test wrapper is presented
initially in [17]. Later, the test wrapper design was standardized by IEEE Standard 1500 [18]. SOC designs typically
integrate a diverse array of complex intellectual property (IP) cores, each operating at distinct clock rates, power
requirements, and voltage levels. A persistent challenge in SOC testing is that the available test bandwidth, defined
by the total number of input/output scan ports, is generally less than the aggregate scan channel requirements of all
embedded cores. To address this limitation, test architectures employ TAMs [19] to transfer test data between the
SOC'’s external scan ports and internal cores, while test wrappers standardize the interface between each core and
the broader SOC environment. Use of TAMs has been proposed since 1998 [20][21]. Scan test mode configuration
for Test Access Mechanisms (TAMs) or functional interfaces such as [2C, SPI, and UART [22] is most commonly
performed using the IEEE 1149.1 standard. Paper [23] presents an alternative approach that utilizes the scan chain
itself for configuration. This method requires a small number of additional flip-flops and latches to generate control
signals.

TAMs that consider compression based on EDT have been proposed in [24][25][26][27][28]. Techniques that
use on-chip comparators for identical modules to save pins for checking individual cores are also proposed [29].
These components collectively enable modular and scalable test methodologies. The approach presented in [30]
uses high-speed chip pins typically used for serializer/deserializer to improve scan bandwidth. Testbus and testrail-
based architectures are proposed in [20] and [21], respectively. Approaches to reduce test application time by
reducing wrapper cells are also proposed [31][32]. Significant power dissipation occurs while applying test
[33][34]. TAMs to minimize test power are presented in [35][36][37]. LFSR-driven encoded test data with time
multiplexed test pins driven by ATE (automatic test equipment) is used in [38][39] to reduce test time. [40] presents
TAM with XORs added on the output side to improve bandwidth. Using packet-switched networks on chip [41]
for testing is also proposed, which uses an available network for data transfer and does not add any TAM, thereby
eliminating routing overhead for them.

The rapid introduction of new electronic gadget models each year has led to shorter product usage cycles among
consumers. Additionally, a segment of consumers is unable to afford high-priced electronic devices. These
consumers prioritize low cost and a greater number of applications, often accepting minor compromises in quality
or reliability of service. An increased number of applications typically requires more cores in a system-on-chip
(SoC), which raises both testing costs and testing time. While comprehensive testing of all cores ensures product
quality, it also increases overall costs. Therefore, to maintain a low product price while offering a large number of
applications, some compromise in quality of service may be necessary. Partial testing of the SoC can help achieve
lower product costs with minimal compromise in quality. Methods for generating test vector sets that result in
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minimal reductions in fault coverage are proposed, and corresponding test access mechanisms (TAMs) to support
these methods are discussed [42].

Furthermore, a range of test scheduling techniques has been developed [43][44] to minimize overall test time
by optimizing the allocation of TAM bandwidth and test resources. One of the most popular algorithms that uses
bin-packing is presented in [17]. Test scheduling for SOCs with identical cores is proposed in [45][46]. In summary,
TAM functions as the essential hardware link that facilitates communication between embedded core scan channels
and the chip’s top-level scan input/output ports. test data.

III. CLASSIFICATION

Designing an efficient test access mechanism and determining test scheduling to operate cores using chip pins
is key to minimizing test cost. Researchers have proposed multiple techniques towards this. This survey attempts
to review those techniques. The following are the major approaches based on the parameters they use to design
TAM and/or plan a test schedule. The categories are based on the inherent principle used. A few of the techniques
may fall in multiple categories; they have been classified based on their main characteristic.

Test Access Mechanisms for In-System and System Level Testing
Test Access Mechanisms for 3D Chips

Test Access Mechanisms for NOC Chips

Packetized Test Access Mechanisms

Efficient Test Scheduling

Test Access Mechanisms for Low Power

Options for Configuring Test Access Mechanisms

Combining Approaches for Bandwidth Management

Test Access Mechanism for Simultaneous Identical Cores Testing
Test Access Mechanisms for Pin-mux and EDT Based Architectures

IV. TEST ACCESS MECHANISMS FOR TESTING CHIPS

A. Test Access Mechanisms for In-System and System Level Testing

Traditionally, in-system test (IST) has relied on built-in self-test (BIST) methods such as X-tolerant Logic BIST
(XLBIST) [5] for power-on/off or periodic testing. However, BIST patterns are generated locally on the device
and typically provide only a pass-fail result. Using structural patterns driven by high-speed functional pins
addresses this limitation and accelerates the debugging process. Additionally, reusing existing High-Speed /O
(HSIO) access mechanisms enables deterministic structural tests on cost-effective System Level Test (SLT)
platforms. Previous techniques have utilized functional interfaces such as Serial Peripheral Interface (SPI) and
Inter-Integrated Circuit (I12C) to drive the IEEE 1687 network [47][48]. However, these interfaces are unsuitable
for delivering large volumes of scan data due to their low operating speeds and limited utility.

The Synopsys HSAT IP functions as a interface between the system-on-chip (SoC) High-Speed I/O (HSIO),
such as a USB controller, and the Design-for-Test (DFT) infrastructure, transferring structural test patterns to
internal scan chains and Test Access Port (TAP) controllers. Block diagram of the IP is shown in Fig. 1. The IP
supports multiple configurations and loopback modes to facilitate debugging. Operating on the AXI clock, the
HSAT IP processes data through its packet decoder and encoder via a standard AXI interface, which simplifies
integration and verification. Incoming packets are directed to the Control Unit, SCAN Bridge, or TAP Bridge to
manage IP operations, scan, and JTAG networks. Response data from these bridges is packetized and transmitted
back through the AXI interface. The DFT-side interface drives scan-in, clocks, and controls into the Scan/TAP
network in a manner consistent with Automated Test Equipment (ATE).
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Fig. 1. HSAT Architecture [49]

Suri et al. presented a method [49] that utilizes high-speed chip pins for test access by integrating Synopsys's
High Speed Access Test (HSAT) IP. This IP bridges the System-on-Chip's (SoC) High-Speed /0 (HSIO), such as
USB, with its Design-for-Test (DFT) infrastructure to enable efficient pattern transfer. The approach repurposes
the SoC’s HSIO interface, including PCle or USB, for structural test pattern application and capture. In contrast to
IEEE 1149.10, this method requires minimal additional hardware, as it leverages existing mission-mode interfaces
for test data transfer. Both Automated Test Equipment (ATE) and System Level Test (SLT) platforms can support
this flexible access. The integration of HSAT IP enables the USB interface to serve as a bridge for high-speed test
data.

Utilizing HSAT IP also enables diagnostic capabilities for both pre-silicon simulation and post-silicon System
Level Test (SLT) failures. The TestMAX ALE solution is integral to this process, providing diagnostics that allow
engineers to apply stimuli, inject errors, and analyze design responses. This approach facilitates early bug detection,
cost-effective debugging, and enhanced observability during simulation. The author reported that testing of Chain,
Stuck-At Fault (SAF), and Memory Built-In Self-Test (MBIST) patterns using this solution has resulted in a 100%
pass rate.

Pandey et al. [6] also utilized HSAT, uses the PCle interface to drive scan patterns at high speed. Their work
demonstrated successful application of HSAT with PCle on a System-on-Chip (SoC), achieving bandwidth
comparable to 318 General Purpose Input/Outputs (GPIOs) by using 64 GPIOs supplemented with several PCle
Gen?2 1/Os. The authors further explored the use of HSIO for in-field Silicon Lifecycle Management (SLM) [50],
leveraging the HSAT architecture to drive scan, JTAG, sensors, and on-chip monitors. As semiconductor
complexity increases and expectations for SoC performance and longevity rise, continuous silicon monitoring
throughout its lifecycle becomes essential to maximize performance and detect defects before they affect system
operations. SCAN vectors are reused for SLM alongside embedded sensors, enabling proactive failure detection.
The substantial volume of data generated necessitates a robust network and access mechanism. The industry's shift
toward High-Speed 1O for in-field test access presents an opportunity to use the same mechanism for SLM, as these
interfaces' native protocols provide significant bandwidth. The authors also proposed employing HSAT with
streaming scan and DFTMax-based designs [51].

Yilmaz et al. presented the mechanism to access test-data over High-Speed Link (MATHS) [8]. It is a high-
throughput system based on Peripheral Component Interconnect Express (PCle) for structural testing of SoCs at
wafer, package, and system levels. While the architecture is PCle-based, it can be extended to other high-speed
functional interfaces. The system eliminates the need for costly test equipment by removing the I/O and memory
per I/O requirements typically associated with conventional test setups. Because the mechanism adheres to PCle
standards [52], it is portable across Automated Test Equipment (ATE), System Level Test (SLT), board, and in-
field testing platforms. MATHS serves as a tool for enabling ATE-to-system correlation, which directly impacts
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turn around time (TAT). MATHS operates as a separate chip mode and requires both an on-chip hardware
component and unified MATHS software, which is portable to any supported platform.

B.  Test Access Mechanisms for 3D Chips

Following the assembly of a three-dimensional (3D) package containing multiple dies, testing is conducted to
verify that each die within the package operates within specified parameters. This process typically requires each
die to have a direct connection to the package input/output (IO). However, in packages with a large number of dies,
providing every die with a direct IO connection is difficult. Consequently, such packages are designed so that one
die serves as the IO access point (I0-die), while the remaining dies (core-dice) connect to the 10-die via a die-to-
die interconnect, as illustrated in Fig. 2. In this architecture, the die-to-die interconnect can become a bottleneck
for test data transfer. When the interconnect functions as a high-speed serial interface with a limited number of
lanes, parallel test data transfer is constrained. To address this challenge, serializing the test data is one solution.
Such serial/de-serial paths are shown in Fi. 3. This serialization and deserialization process must be transparent to
automatic test pattern generation (ATPG) tools. Further, the approach should allow for the reuse of ATPG patterns
in both wafer sort and final package testing. Paper [53] introduced a scan serializer/deserializer (SerDes)
implementation that reduces testing costs for multi-die packages with shorter die-to-die link width. This solution
requires minimal programming overhead, and involves only a few additional test data register (TDR) configuration
writes. It also resolves indeterminism associated with SerDes links. The author applied this solution across multiple
products which enabled ATPG tools to utilize the SerDes for data transfer. ATPG patterns were generated by
increasing the total pipeline stage count by an amount corresponding to the latency introduced by the scan SerDes
interface.

Prior to packaging a 3D integrated circuit (IC), pre-bond testing of the cores in each layer need to be conducted.
Following packaging, post-bond testing of the entire 3D IC is required. The combined need for pre-bond and post-
bond testing increases the number of test pads required for 3D ICs compared to traditional non-stacked ICs. This
increase in test pads leads to larger circuit area and increased routing congestion. Hsu et al. presented an algorithm
[54] to reduce test time by minimizing the number of test pads. Their approach utilizes an integer linear
programming (ILP) formulation to optimize test scheduling based on these constraints.
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Fig. 2 Multi-die Package [53] Fig. 3. SerDes Concept [53]

Choi et al. presented a reconfigurable Test Access Mechanism (RTAM) for three-dimensional integrated
circuits (3D ICs) [55]. The RTAM is based on the IEEE 1687 scan network, and provides flexibility for
reconfiguring the scan path. This standard allows the scan path to be altered without interrupting ongoing tests
while test data are being transmitted. The states of the Scan Interface Block (SIB) chains simultaneously modify
the test widths and the test order of the cores under test (CUTs). Fig. 4 illustrates an example of the test access
structure for a core with three scan chains, where the test width ranges from 1 to 3. SIBs 1, 3, and 5 determine
whether the corresponding scan chains are included in the test path. The RTAM extends the architecture of
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reconfigurable core test access. One set of SIBs controls the transmission of test data to the scan chains, while
another set manages reconfiguration. The authors presented experimental results for their reconfigurable TAM in
pre-bond, mid-bond, and post-bond tests. These results were compared with those of a non-configurable TAM
presented in [56], and they showed improvement in test time.

TAM-In1 TAM-Outl TAM-In2  TAM-Out2 TAM-In3 TAM-Out3
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Fig. 4. Reconfigurable Core Scan Test Access [55]

Karmakar et al. presented two approaches for testing three-dimensional integrated circuits (3D ICs) [57]. The
first, a step-by-step approach, develops power-restricted test schedules for each die and subsequently determines
test concurrency between the dies. It checks number of test pins, through-silicon vias (TSVs), and power limits of
the stack while deciding schedule. A Particle Swarm Optimization (PSO)-based technique is employed to select
resource allocation, power distribution to individual dies, and their internal test schedules. Using PSO in two stages
of optimization results in a significant reduction in the overall test time of the IC. The second, an integrated
approach, utilizes PSO to generate a power-constrained test schedule for the entire IC in a single optimization step.
Experimental results demonstrated that the integrated approach yields a schedule with shorter test time than the
step-by-step approach due to its greater flexibility and fewer restrictions.

A basic approach to optimized test scheduling is to initiate testing of all cores simultaneously. However,
concurrent testing of all cores is typically infeasible due to several system and die limitations. They include
constraints on Test Access Mechanisms (TAMs) and power consumption. For systems with a relatively small
number of cores, optimal scheduling can be generated automatically, but heuristic algorithms are required for larger
systems. The traditional method organizes core tests into sessions, where all tests in a session begin simultaneously
and the session concludes with the longest test. Paper [58] presented a session-less scheduling algorithm, that
allows the test procedure of any core to commence at any time, provided that TAMs are available and power
constraints are met. The session-less schedule showed an average of 44% improvement in test time during
experiments compared to session-based schedule.

C. Test Access Mechanisms for NOC Chips

A shared BUS-type data interconnect structure has been widely used for multi-site testing to apply patterns to
multiple devices under test (DUTs) simultaneously. However, increasing the number of DUTs and the testing
frequency introduces significant challenges related to signal and power integrity within the shared bus architecture.
Additionally, the number of DUTs that can be connected to the bus is limited. Complexity of bus controller
operations, such as bus prioritization, increases proportionally with the number of connected DUTs. To address
these limitations and improve parallel testing efficiency, new models and templates tailored for multi-site testing
are required. One promising approach is the Network-On-Chip (NOC)-based test access architectures. An NOC is
an interconnection model implemented on a chip as a micro-network. Fig. 5 illustrates several well-known NOC
topologies. In this figure, rectangles labeled 'R' represent routers, while unlabeled rectangles denote DUTs. With
NOC-based platforms, the number of DUTs that can be connected to a single interface board is theoretically
unlimited when NOC is used as the interconnect structure.

Typically, NOC is implemented using field-programmable gate arrays (FPGAs) or dedicated application-
specific integrated circuits (ASICs). Automated test equipment (ATE) serves as a test sink, and a test result analyzer
can be installed on the interface board to facilitate the analysis process as shown in Fig. 6. Because the NOC can
buffer data to compensate for differences in operating speeds between connected modules, the speed settings among
the ATE, NOC interconnect, and DUTs are flexible. Therefore, at-speed testing using low-speed ATE can be
achieved without the need for precise clock control or synchronization circuits. Previous multisite test methods
have been described in [59][60][61]. In [62], Hong et al. presented a test architecture based on NOC interconnect
that employs packet-type test patterns to enhance test parallelism and enable simultaneous testing of many DUTs.
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Table I presents results reported by the authors when this architecture was implemented using ISCAS CS298
circuits, which shows up to a 28.47% reduction in test time.

1)
LR_J R Test Sink
Octagon Butterfly Fat-Tree R E i

Fig. 5. NOC Topologies [62]

Fig. 6. Multi-die Package [62]

TABLE L. EXPERIMENTAL RESULTS [62]
# of DUTs Tes(tu:)ime RRS(:::;CE:;];
1 3.261 0
16(1) 41.113 26.91
16(2) 41.481 25.78
32 81.865 27.47
64 163.369 27.75
128 324.137 28.78
230 583.809 28.47

Many test schemes have been published that propose reusing on-chip bus-based interconnects as test access
mechanisms (TAMs). However, these approaches are not effective for TAMs implemented with networks-on-chip
(NoCs), because packet-based NoCs do not allow partitioning and separate control of network links without
modifying the network routers for test mode. So, specialized test schemes for NoC-reused TAMs have been
proposed [63]. Time-division-multiplexing (TDM) enables the delivery of test data to different devices under test
(DUTs) during distinct time slots (TS) through assigned input access points (APs). The TDM technique has been
incorporated into many test schemes [64], resulting in effective solutions. In NoC-based architectures, the core
transmits data, and the packetizer generates packets. These packets are injected into the network and traverse the
network to reach their destinations. A flit is the smallest unit of flow control, and a packet consists of multiple flits.
The flit size is equal to the network channel width, except for header flits.

Paper [65] checks stimulus and response flits with varying automatic test equipment (ATE) channel widths for
the d695 benchmark system-on-chip (SoC). The analysis utilizes the rectangle packing test algorithm [66] for three
distinct cases. Experimental results for the d695 benchmark SoC are presented in Fig. 7 and Fig. 8, with ATE
channel widths set at 32, 64, and 128 bits. Each stacked bar in the figures represents the total number of injected
test data flits for all modules in the d695 benchmark SoC. As shown in Fig. 7, increasing the flit size, or ATE TAM
width, leads to a decrease in the number of test stimulus flits across all three cases. This reduction occurs because
(1) a wider flit enables allocation of a wider TAM width to a DUT, which is effective in case 1, and (2) a wider flit
allows embedding more test vectors within a single flit, which is effective in cases 2 and 3. For cases 1 and 2, if
the TAM width of a DUT is narrower than the flit size, only a single test response set is embedded in each flit,
resulting in the transport of a significant number of idle bits. In contrast, for case 3, this number is significantly
reduced due to the accumulation of multiple test-response sets within each flit.
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D. Packetized Test Access Mechanisms

The template is designed so that author affiliations are not repeated each time for multiple authors of the same
affiliation. Please keep your affiliations as succinct as possible (for example, do not differentiate among
departments of the same organization). This template was designed for two affiliations.

1) Streaming Scan Network: Pattern count and chain length differences of cores result in creating inefficient
pattern retargeting when those cores are tested in parallel. Jean-Francois presented an architecture and scheduling
algorithm [67] called Streaming Scan Network (SSN) that reduces these efficiencies greatly. With this method,
any number of cores could be tested with limited chip pins. In hierarchical testing, groups of cores to be tested
need to be identified early in the design cycle. Due to limited pattern count information at the stage, the planning
often does not result in optimal scan channel bandwidth usage. Broadcasting scan data to input pins is popularly
used to save input channels per core. However, with this method, outputs need to be independently observed and
so need at least one scan channel per core. The packetized bus-based data transfer architecture presented in [29]
limits the minimum number of channels and constrains the number of channels for a core.

EDT

. =

E
EDT [EbT)

Fig. 9. SSN Architecture [67]

Authors of this architecture presented a mux-based scan pin switching network in [68] and showed dynamic
bandwidth management enablement using it in [27]. One drawback of these architectures is the high cost of
routing, which adds constraints for tile-based SOC designs. Structural test fabric has overhead for the data word
in a parallel bus, in general. Capture clock is applied simultaneously to all cores with this method. But due to
differences in pipeline stage based on the physical location of the core, simultaneous application of capture clock
won’t become possible as scan loading operation for them won't finish simultaneously for all cores.

The author proposed an architecture in which each core contains a host controller (streaming scan host - SSH)
that controls the scan operation of the core. As shown in Fig. 9, the cores are connected to the scan data bus,
which is called here the SSN bus. The host controller takes data from the bus and loads it into the scan chains of
the core. It puts unloaded data from chains as output on the bus. Though the diagram shows EDT as scan
compression logic, SSN could be used with uncompressed chains or a combination of compressed and
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uncompressed chains in a block. The SSH has two interfaces as shown in Fig. 10 — one for configuring various
parameters and another for payload scan data. IEEE 1687-based [15] II'TAG network is used for configuration
and performs setting up multiple configurations, including the bus width of SSN getting used, the location of the
block on the network, and shift cycles required for the scan pattern for the block. After performing the
configuration, test data is loaded in SSH as packets of data. No opcode or address information of the block is sent
in the packet, and only scan data is transferred in the packet. Each SSH identifies which data bits to use from the
bus. Control signals for scan and EDT operation are generated using local logic in the SSH controller. The SSH
contains bypass muxes, which enable passing data to the next block without modification when the block is not
under the current test. Further, muxes could be inserted on the data path, which enables including or excluding a
portion of the network from the current operation. The SSN bus width is determined based on the availability of
chip pins and does not depend on the number or sizes of cores.
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Fig. 10. Streaming Scan Host (SSH) node [67]

Scan data can be routed to any core on the bus, and cores can be selected dynamically while data is streamed
through the bus. This enables the capability of choosing any combination of cores to be tested in parallel. Pin-
mux-based architectures like [14][69] also offer the choice of combinations of cores for testing, but usually they
need to deal with congestion for routing wires. Architectures presented in [12] and [13] use a serializer/
deserializer. It enables using high frequencies for chip pins, thereby improving scan bandwidth utilization.
However, they also have routing challenges for tile-based SOCs. Architecture presented in [14] also suffers from
this limitation. SSN-based architecture offers this capability without any possibility of routing congestion. SSN
is also compatible with the packet distribution architecture described in the IEEE 1149.10 standard [70] for a
high-speed test access port.

a) Packetized Data Transfer: A packet consists of a bit stream required to perform a shift operation
for all blocks under the current test. The ATE continuously drives these packets to be delivered to various cores.
This technique enables blocks with a varying number of scan channels to be used and makes their design choices
independent of the SSN bus width. Contrary to pin mux architectures [14][69][71], 8-bit data could be driven
from ATE using SSN, while they would have required a 9-bit bus for testing together two blocks with 4 and 5
channels. The SSH host controls the operation of choosing bits from the bus and applying them over EDT
channels during load operation, and placing data from EDT on appropriate bus bits during unload operation. Time
slots in a packet are usually the same for scan-in data and scan-out data for a block.

b) Efficiency in Packing Data: Differences in shift length across blocks result in padding in the pattern
in pin-mux architectures. A block with a shorter chain needs to match the length of the longest chain among cores
and add padding in patterns as shown in Fig. 11. This padding results in wastage of bandwidth and inefficiency
in retargeting patterns. Further generation of control signals and clocking locally enables retargeting of blocks
with varying pattern count. Blocks with smaller scan data could finish early, and they could be replaced with
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other blocks subsequently. Also traditional pin mux architectures needed to pad the scan data of such smaller
blocks, and this padding further reduces efficiency. Since control signals for scan operation are generated locally
within each block with SSN based architectures, the scan operation for it does not depend on other blocks. Capture
can be performed as soon as loading is finished, and it need not wait for the finishing loading of other blocks
participating in the current test. This offers a great advantage over pin-mux architectures and results in
significantly improved efficiency in packing data during pattern retargeting.

Retargeting with aligned capture
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Fig. 11. Retargeting with aligned vs. independent capture [67]

2) SSN with High Speed 10s: Paper [72] implemented SSN with high-speed input/outputs (IO0s) and utilized
PCle for extended structural testing [8]. The study presented a comparative analysis of scan architectures,
including point-to-point, broadcast, and streaming scan approaches, when integrated with high-speed interfaces
such as PCle. In one configuration, all general-purpose input/outputs (GPIOs) were used, while other
configuration combined a reduced number of GPIOs with PCle for scan operations. The latter configuration
showed up to a 7X improvement in test time. Most functional logic was tested using the MATHS infrastructure,
which uses an attached personal computer (PC) for pattern storage. The requirement for automatic test equipment
(ATE) vector memory for stuck-at and transition delay faults was reduced by nearly 20X. This testing strategy
eliminates the need for costly ATE equipment by removing the necessity for memory allocation per I/O. As
process technology nodes advance and design complexity increases, the demand for memory to store automatic
test pattern generation (ATPQG) patterns also rises. The proposed solution provides a cost-effective storage method
for ATPG patterns. The authors also reported that using SSN improved the minimum voltage required for testing
(Vmin). With the latest process technology nodes, testing at the lowest possible voltage is must for defect
detection. The new scan architecture significantly improved Vmin with the PCle-based streaming scan solution,
achieving values close to timing signoff voltages compared to traditional scan designs. There was no adverse
impact on Vmin due to shift noise, as the shift frequency was reduced and shift clock edges were staggered across
cores during concurrent testing. Vmin thus accurately reflects functional capture paths and aligns with timing
closure targets.

3) Methods Of Securing SSN: SSN architecture poses security risks in the absence of robust access control
mechanisms. Malicious actors may use the SSN to extract sensitive information from the system-on-chip (SoC),
thereby threatening overall system security. Although SSN facilitates efficient SoC testing, it introduces
vulnerabilities. For example, hackers can shift in crafted test data and extract test responses to obtain confidential
information. Such vulnerabilities may result in severe consequences, including reverse engineering,
counterfeiting, and integrated circuit (IC) overproduction [73][74]. Additionally, SoC cores from untrusted third-
party intellectual property (IP) vendors increases the risk of compromised cores, which can enable data alteration
or sniffing attacks [75][76]. Therefore, implementing stringent access controls and restrictions within the SSN is
essential to prevent unauthorized access and protect sensitive data. To address these security challenges, many
countermeasures have been proposed.

Rajski et al. introduced a Root of Trust mechanism that integrates a scrambler, descrambler, ring generator,
secure server, hash core, random number generator, and secret memory [77]. This mechanism uses a challenge-
response protocol, which requires users to generate a correct response to a given challenge to obtain authorization.
If the response is incorrect, an obfuscated output is provided. Subsequently, the authors proposed a stream cipher-
based technique to secure test data in SSN architecture [78]. This scheme utilizes an input stream cipher to decrypt
test data before it enters the SSN and an output stream cipher to encrypt test responses before they are shifted out.
In [79], Shukla et al. proposed a secure SSN architecture designed to prevent data sniffing attacks. This
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architecture restricts the offset of each SSH node, ensuring that no node can access data belonging to another
node, thereby effectively mitigating data sniffing threats.

test data EDT
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Fig. 12. Secure SSN Architecture [80]

Riaz et al. presented a secure SSN architecture [80] that uses test data encryption and test response masking.
This architecture is shown in Fig. 12. It ensures that only users possessing the correct authentication key can
access the test response, thereby enhancing the security of the testing process. Test response masking is
implemented through user authorization. By eliminating the stream cipher on the output side, the architecture
achieves a significant reduction in area overhead while maintaining the same security level as [78].

4) Bandwidth Improvement by Eliminating Redundancies: Automatic Test Pattern Generation (ATPG) patterns
contain randomly distributed don’t care data, which are redundant and do not contribute to improving the Quality
of Results (QoR). These redundant data increase the cost of testing by increasing the cycle count. Fig. 13
illustrates ATPG patterns for cores A and B with both care and don’t care cycles. In this figure, white bars indicate
don’t care data cycles while colored bars represent care cycles. Interleaving patterns by exploiting these
redundancies, rather than serializing them over a shared channel, can significantly reduce test application time.
By using the structural distinction between care cycles and don’t care cycles in a sequential compressor, Gnawali
et al. proposed a protocol-aware Streaming Fabric-based solution [81] to improve bandwidth utilization. This
solution consists of two components. The first is a programmable streaming fabric that enables cores to detect
and ignore dataless cycles. It maintains clock signals for autonomous operation. The second component is
software that schedules pattern data for different cores into the identified dataless cycles. Interleaving care data
into each other's underutilized bandwidth improves overall bandwidth utilization and reduces turnaround time
(TAT). The authors reported a 43% reduction in test cycles across four industrial designs using this solution
compared to the baseline streaming fabric.

O Core A care bits
O Core 8 care bits
M Don't care bits

H H ‘—Test time saved—>

core A test data interfeaved streaming data

core B test dato serialized stream.-'n_é,r data
Fig. 13. Data Streaming [81]

E. Efficient Test Scheduling

The Various approaches have been developed to address the test scheduling problem. Some studies have modeled
the problem as an integer linear programming (ILP) problem, formulating the connection information between
modules and test access mechanisms (TAM) as well as the wrapper design for each module. The optimal solution is
then obtained using an ILP solver. However, since the ILP problem is classified as NP-hard, solving the scheduling
problem is highly time-consuming. To mitigate the issue of extended computational time, alternative strategies
utilizing metaheuristic algorithms, such as the BAT algorithm, have been proposed [82]. These methods can generate
solutions in a relatively short time through efficient search strategies. Repeated searches still require considerable time,
and the solutions obtained are not guaranteed to be optimal. Given the computational complexity of NP-hard problems,
recent research has increasingly focused on heuristic algorithms, which offer significantly faster solutions compared
to traditional optimization methods [83], [84].
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Kim et al. presented a dynamic pairing algorithm [85] that accounts for the mutual influence of tests during the
scheduling process. This method identifies available test resources for specific pairs and minimizes the test time of
paired modules under defined constraints. The algorithm uses a heuristic-based approach to reduce CPU time required
for scheduling. It sequentially schedules target modules and determines the optimal test schedule through dynamic
pairing. Scheduling is conducted by traversing the modules under test following a preprocessing phase. The process
consists of three phases: greedy placement, dynamic pairing, and optimization. Experimental results showed
substantial improvement compared to the scheme presented in [83].

F.  Test Access Mechanisms for Low Power

In three-dimensional (3D) integrated circuits (ICs), the upper dies are accessible only through the bottom-most
die, which significantly complicates testing compared to conventional two-dimensional (2D) ICs. Therefore, the test
access mechanism (TAM) must be extended to all dies in the 3D IC via through-silicon vias (TSVs). Test
infrastructures such as test pins, TSVs, and routing area in 3D ICs are highly constrained. So designing TAM requires
to use all these information. Karmakar et al. [86] previously introduced metaheuristic-based, thermal-aware test
scheduling algorithms for 3D ICs. However, evaluating power during scheduling increases test time. Metaheuristic
optimization techniques, including particle swarm optimization and simulated annealing, are computationally slower
than purely heuristic approaches. To address this issue, Chatterjee et al. presented a purely heuristic approach [83] to
balance test time and peak power in the generated schedule using a cost function. This method proposed a heuristic
test scheduling algorithm for 3D ICs that reduces total test time while adhering to TSV constraints and optimizing
peak power consumption. The algorithm employs a dimensionless parameter, a, referred to as the weight factor.

When a equals one, the algorithm prioritizes the test time, resulting in increased parallelism and reduced test time
without considering power dissipation. Conversely, setting o to zero emphasizes power reduction, thereby minimizing
the peak power dissipation of the schedule. Fig. 14 shows the test time achieved using this approach as the TAM width
varies.
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Fig. 14. Variation in Test Time with TAM Width and Weight Factor [83]

)

Paper [42] proposed a test methodology to reduce Test Power (TP) and Test Data Volume (TDV) while
maintaining acceptable testing quality. This approach utilizes approximate computing to decrease both test data
volume and power consumption. In [87], an Approximate radix-2 hybrid redundant multiply-and-accumulate
(ApproxMAC) unit was presented which also uses approximate computing. The core concept of partial testing involves
selecting output bits of System-on-Chip (SoC) cores that can tolerate errors, thereby excluding faults in sub-circuits
within the cone of influence of these outputs from testing. Faults excluded in this manner are termed insignificant
faults. In most SoC core cases, these insignificant faults are typically absent from the circuit, ensuring that quality of
service is not compromised despite reductions in TDV and TP. To maximize the number of bit positions that can be
omitted from each test vector with minimal reduction in fault coverage, a Particle Swarm Optimization (PSO)-based
detector is used. Test vectors are applied to the core via the wrapper chain, which consists of serially connected wrapper
cells. Total power consumption is directly related to the number of transitions in these wrapper cells. Based on this
principle, the author proposed a power-aware Test Access Mechanism (TAM), which also reduces the time required
to load vectors and utilizes a modified set of vectors. The author reported an average power reduction of 16.65% with
this architecture and the modified test vectors.
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G. Options for Configuring Test Access Mechanisms

Since the test application employs several configurations of channel allocation, the amount of control data is
significant, and so it also impacts test time. Paper [28] proposed 3 options to load control data and described how
their architecture supports them.

1) IJTAG Interface: The Internal Joint Test Action Group (IJTAG) standard-based test control manages on-chip
test and debug instruments. It provides a way to describe operations using IEEE1149.1-based Test Data Registers
(TDRs). Fig. 15 shows a typical chip with a TAP controller and two cores. A path is selected using segment
insertion bits (SIBs). A SIB enables adding an instrument to the current test. Data is loaded in TDRs of core 1 or
core 2 by writing to the corresponding SIB. The TDR in the switching register works based on control data, which
determines the core to be selected for the current configuration and to which chip pins they need to be connected.
Since the IJTAG network is used to control various features of the core, using it for control-data delivery of the
switching network could be done easily. ITAG works on a slow clock, typically 10 to 20 times slower than the
scan shift-clock. So, using this method for delivering a huge number of network configurations incurs significant
test setup overhead. Though there could be ways to improve the serial operation, like using parallel paths for
accessing multiple cores TDRs or loading control data during the last scan pattern, they add design complexities.
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Fig. 15. Using IJTAG network to transfer control data [28]

2) Dedicated Control Chain: Separate chains could be built to load control data bits into registers. A pattern
could be used to load this chain, which configures demux and mux in the input and output channels paths. Since
this chain needs to be checked, the pattern could have only loaded data. Most ATEs mandate that the length of
all chains be matched, so the loading operation cycles of this chain have to match the regular scan chain cycle
count. During the test application, the first pattern needs to consist of control data bits. After applying this pattern,
regular scan patterns for selected cores can be applied. Since the control chain also works on the shift-clock, the
speed of operation of the configuration network is high, and so applying many test configurations does not incur
much test setup overhead that occurs when the IJTAG interface is used.

3) Pipeline Registers: Control data bits registers could be added as shadow elements of regular scan chains. The
author proposes a way to operate them to configure a switching network to connect selected ATE channels with
cores using testing. The shadow registers are updated to load the required value only at the end of the load
operation of the regular chain. The data values are loaded as part of the last scan pattern so that the network is
ready to be used for the next test configuration. Also, since values to control bits are updated at the end of each
scan pattern, they also need to be loaded as part of every scan pattern, even when the same test configuration is
used for them. Since the number of control data bits is usually small, adding extra bits in the regular scan chain
adds a tiny fraction of overhead to the test setup.
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H. Combining Approaches for Bandwidth Management

An industrial multicore-based system on a chip (SOC) employing embedded deterministic test faces significant
challenges in optimizing test time due to inefficient bandwidth allocation to cores. Paper [28] presents multiple
architectural features that enable the test schedule to optimize bandwidth allocation. The architectural features also
handle physical constraints efficiently. The test scheduling algorithm is adjusted for defining effective test
configurations, partitioning chip pins, allocating pins to cores using test data volume, and flexible ATE channels
usage for cores.

SOCs contain wrapped cores with individual EDT controllers. The EDT controllers interface with chip pins
and are driven by ATE. Test schedule and TAM assign a subset of ATE channels to each core. This allocation
results in varying compression ratios, test data volume, test application time, and interface design complexity. The
scheme presented by the authors in [26] is capable of allocating varying pins to cores. Since chip pins to be used
for scan testing are limited, EDT channels of all cores cannot be driven simultaneously, and achieving the best
compression is quite a difficult task. Since a core is used in multiple SOCs, channel count for the core in one SOC
may not be optimal for another SOC. Chip designers typically generate patterns for each core, analyze them, and
create a test schedule to test them in groups. Since some blocks may have too large pattern count, the allocation of
channels may result in increased test time and increased test data volume.

The paper [28] presents a bandwidth management scheme allowing users to do a tradeoff in channel allocations
along with improving physical constraints to minimize routing congestion due to the TAM network. It also presents
several techniques to deliver data to control channel configurations. The SOC test mechanism proposed by the
author consists of two switching networks. Data to different cores is passed using paths determined by control data
bits generated by the test scheduler. An identical module receives the same data when in broadcast mode. The
switching network consists of demuxes, which connect a channel driven by a chip pin with one of many cores. The
selection of the core is determined by the address register contents. The address registers also decide which core to
observe on the chip pins. Flexibility in allocating ATE channels increases encoding efficiency and compression.
The assignment of allocating channels dynamically to cores based on their needs results in shorter test application
time.

1. Test Access Mechanism for Simultaneous Identical Cores Testing

In systems-on-chip (SOCs) with multiple identical cores, efficient parallel testing and reliable verification of
complex interconnections are essential [88]. Kang et al. introduced the Majority-based Test Access Mechanism
(TAM) [89], which finds a majority value by analyzing response data from all cores. The majority value, defined
as more than half of the test responses, is computed by the majority analyzer (MA) module. The Majority-based
TAM compares this value with the response data from each core to identify faults. The automatic test equipment
(ATE) receives the majority value and verifies it with the expected result. If the majority value differs from the
expected value, it indicates that more than half of the cores are faulty. This TAM is particularly suited for systems
with low yield, where a majority of cores may be defective. To facilitate this process, a register is added to each
XOR gate. When the majority value matches the expected value, the system operates as a standard majority-based
TAM. If the majority value differs, the register functions as a shift register to extract response data, enabling the
ATE to identify faulty cores. The TAM then restarts the testing process using only the non-faulty cores.

Later, the authors presented an enhanced majority-based TAM [90] that optimizes hardware resources and test
scheduling. The proposed architecture incorporates multiple majority analyzers (MAs) and partitions the cores into
sections, as illustrated in Fig. 16. The MA architecture allows selection between individual core response data and
the majority value. Each MA processes four response data inputs, and the outputs from four MAs are combined to
form a higher-level MA. This enables scalable extension of the architecture. This design computes the majority
value across all cores and compares it with the response data from the remaining cores, similar to the original
majority-based TAM. Additionally, the architecture can select specific core response data and test cores within
designated sections to manage test power consumption using multiplexers within the MA. Another variant, the
NoC-reused TAM [91] showed that optimizing test schedules with awareness of pin count can reduce test time for
a given number of pins. Kang et al. also proposed a majority-based approach for network-on-chip (NoC) systems
[63], which reduces hardware overhead compared to [89] by using existing NoC infrastructure.
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Fig. 16. Architecture of Proposed TAM in [90]

Paper [92] presented an algorithm to optimize test time. The algorithm is based on the majority analyzer and
comparator presented in [89] and [93]. The author also sees the scope of improving test time using other methods.
Paper [92] considers design information like the total width of the TAM bus and the number of cores on chip. It
then decides the number of TAM partitions required and finds a possible combination of TAM widths(say X1) as
per the TAM partition. Then it finds a possible assignment of cores to the TAM based on width and stores that
information(say X2). The algorithm then selects a width from the X1 array and calculates the test time for all
combinations of assignments in X2. It performs more analysis of test time with combinations of cores, TAM widths,
and assignments. This way, it evaluates every possible combination and chooses the combination that offers the
least test time.

J. Test Access Mechanisms for Pin-mux and EDT Based Architectures

1) Impact of EDT Architecture on Scan Bandwidth: For manufacturing testing, compression technologies like
Embedded Deterministic Test (EDT) are used widely. Each core is designed to work in isolation and contains an
EDT controller. Patterns generated using EDT have a high density of test cubes for initial patterns, and this fact
is used by methods, such as in [94], to allocate channels to cores based on this. Paper [95] presented an analysis
of different configurations of EDT for reducing the total test time required for an SOC. It presents data from
industrial experiments for different EDT architectures. EDT decompressor provides continuous test stimuli to
internal chains, and data is applied to them, while data coming out of chains is compressed using EDT compactors
on the output side of the core. Compactors like Xpress Compactor use data from the scan chain to mask certain
chains and observe others for a pattern. Keeping power in limits during scan shifting and capture is desired for
modern low-power devices. Data from the scan chain is also used for controlling power during scan shifting.
Based on whether separate scan chains are used for controlling parameters of EDT, such as power and X-
masking, EDT architectures are divided into Separated Control Data (SCD) and Non-Separated Control Data
(NSCD). For NSCD architectures, control bits for power and x-masking are distributed across multiple chains,
and the channels are used for both control and data bits for application purposes. While for SCD architectures
[96][97], separate channels are used to apply control bits and data bits. The number of shift cycles for the NSCD
architecture [98] consists of initialization cycles, the length of the longest chain, and pipeline stages on chains
meant for control data purposes. SCD architectures save shift cycles required for pipeline stages as control data
is driven by dedicated control channels, and the number of shift cycles does not change per pattern for them. The
SCD architecture has a disadvantage in the form of the requirement of additional scan channels for achieving the
same performance in terms of pattern count and test coverage(TC), similar to the NSCD-based architecture.
The author presented test coverage and pattern count data for 36 cores by using NSCD and SCD EDT
architectures. It collected baseline data using the NSCD architecture initially. They added extra channels for the
control data delivery purpose. Numbers for extra input channels are decided by dividing the number of control
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bits required by the length of the longest chain in the core. Fig. 17 shows comparative data for these cores. Green
bars indicate pattern difference for SCD architectures compared to NSCD architectures, while red lines show
differences for test coverage. The chart indicates that test coverage is maintained as much, while pattern count is
reduced for most of the cores using SCD architectures. SCD gives 69% to 93% test time reduction at the expense
of one extra channel.
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Fig. 17. Comparison of SCD versus NSCD [95]

a) Test Scheduling Using SCD and NSCD EDT Architectures: In previous studies [96][97][98] done
by the author, an SCD-based architecture was used where dedicated control channels and shared data channels
for non-identical cores are used. SCD was also used for identical cores by authors in other studies. As shown in
Fig. 4, SCD saves both test time and improves test coverage at the expense of an extra channel. However, when
data channels are shared across many identical cores, this overhead gets eliminated. The author performed a study
using the proposed architectures for 8 SOCs. In the initial stage of design, it uses a compression-analysis utility
to find the best possible scan channel to chain ratio for EDT. These EDT configurations form baseline
architecture. Then it finds dedicated channels required for control purposes and uses them for SCD architectures.
Table II shows number of configurations for these two schemes. For a few SOCs, an increase in scan channels
for SCD architectures increases the number of scan groups while scheduling tests, which results in increased test
time. For these SOCs, an NSCD-based architecture is selected. Table Il shows the test time comparison for stuck-
at fault testing for the 8 chips while using the two EDT architectures. For most chips, SCD saves 15% to 24% test
time. The author reported similar savings when transition fault testing is employed.

TABLE II. SCAN GROUPS FOR NSCD VERSUS SCD [95]

SOC Name #Scan Groups | #Scan Groups
for NSCD for SCD

9 9

N N[N W] W W
Wl w|w wlwl wla

TABLEIIl.  TEST TIME REDUCTION IN DC TEST [95]

Scan
Group
0 23.42% | 21.22% | 21.28% | 16.05%
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2) Impact of EDT Architecture on Scan Bandwidth: Huang et al presented a step-by-step flow [99] to improve
bandwidth management in SOCs using Embedded Deterministic Test (EDT). Bandwidth management is
important for reducing test time. A dynamic bandwidth management may include a solver that assigns input and
output channels dynamically, TAM schemes, and a scheduling algorithm as presented in [26]. Various solvers
that assign input and output channels to cores, test scheduling algorithms, and test access mechanisms have been
proposed for a design that uses EDT. These features enable assigning only a few of the ATE channels to cores
during pattern application. The Dynamic Bandwidth Management flow proposed by the author does not require
any upfront information about core patterns. It creates hardware called the bandwidth manager and inserts it into
the core. This information is described in a Tessent Core Description (TCD) file automatically, which is used

during the test scheduling stage.

Fig. 18 shows a design with DBM with 3 inputs and 4 output scan channels. The muxes and demuxes are
used to connect individual cores with these chip pins. The red dots are registers that control selection through
these muxes and demuxes. The proposed flow sets up the shift path by writing to configuration select
registers(CSR). Then, a subsequent pattern loads data in Control Registers (CRs) using a dedicated control
channel selected by the previous pattern. This creates a new connection from top-level pins to a subset of cores'
scan channels. Connection of control chain to the muxes and demuxes is shown in Fig. 19. Such a pattern is used
for each group of scan patterns. Retargeted patterns for the cores can be applied from top-level pins once these

connections are made.

DBM
Fig. 18. Conceptual View of DBM TAM [99]

For the generation of DBM IP, information about cores present on the SOC, which are identical cores, how
many EDT blocks are in each core, the number of input and output channels for each EDT, and the number of
uncompressed chains, is provided. This information is provided to the tool as a DFT specification. Since test
responses of each core need to be checked separately, the number of identical cores tested in parallel is limited

based on the availability of chip pins.

Once the DBM IP is added to each core and patterns are generated for them, the test scheduling process can
be started. The test scheduler extracts information about top-level pins and DBM IPs. It determines the number
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of configurations required, which cores to connect with top-level pins in each configuration, and programming
values of various CRs. The test scheduling algorithm is based on two-dimensional bin packing [28]. All tasks in
test scheduling are done automatically by the tool and produce a single pattern file in the form of STIL/WGL. All
configurations are written in the pattern file irrespective of the number of configurations.

It is difficult to determine the best configuration of allocating SOC pins to each core. Using the
compression_analyzer utility gives the best channel-to-chain ratio for the EDT controller; it won’t help in
determining SOC pins allocation to each core when a group of cores is selected for pattern retargeting. DBM test
scheduling optimizes the allocation of SOC pins to cores, enabling testing some cores in parallel in order to
maximize bandwidth usage. The DBM-based scheduling proposed by the author reduces pattern count by 2 to 3
times compared to non-DBM scheduling, such as in [28].

3) Independent Scan Mode Operation Cores: Differences in scan chain length result in inefficient bandwidth
utilization, as smaller chains keep using the scan pins and add padding bits for the unused portion. EDT comes
with additional features like x-tolerance low power controls for shifting. Based on the number of clocks and
timing exceptions like multi-cycle paths, different designs need varying x-tolerance capability, which results in
extra shift cycles for their programmability. For a large SOC, even if shift lengths are perfectly balanced, effective
shift length varies due to these features. The author reported a variation of up to 30 percent in shift length for a
large SOC. Traditionally, common controls have been used for scan operations like shift and capture. However,
such a design necessitates all tiles to have the same number of over-shift cycles to match the length of the longest
chain in the group. Due to these constraints, SOC architectures [14][16][100] employing EDT inherently face
inefficiencies in bandwidth utilization. The author proposed the idea of an independent scan operation for each
tile. He proposed to generate scan control signals locally in each tile. With such local control, each tile can perform
a scan operation irrespective of operations happening in other tiles in the group. With such a scheme, the need for
a global scan load/unload operation is eliminated. Each tile contains control registers to program various features
like scan shift chain length, number of capture cycles, and number of patterns in the tile. The pattern retargeting
algorithm accounts for each tile's unique sequences and maps the data to chip pins. The author presented the idea
of SRF in [101]. Later, he presented more results of using the SRF on 4 quadrants of the chip in [68]. Scan
bandwidth utilization improvements for them were up to 96%. With baseline scheme of fixed pin-muxing,
utilization for quadrants were 53.79%(BL), 61.00%(BR), 58.74%(TL), 70.71%(TR). With SRF usage, utilization
was improved to 92.16%(BL), 93.21%(BR), 96.13%(TL), 89.82%(TR) respectively.

4) Scan Routing Fabric: Dong et al presented an architecture [68] based on networks and switches called Scan
Routing Fabric (SRF). Available chip pins can be connected to any tiles using the network and box packing
algorithms can be used for test scheduling for them. During testing, most of the tile patterns in a retarget group
finish, and just one tile pattern keeps applying data for a long time after them. A lot of pins do not apply data for
the majority of the time [28]. This wastes bandwidth allocated to the tiles whose patterns have finished, as pins
allocated to them remain idle.

Since the pattern count of tiles is unknown at the initial stage of design, determining the scan pins allocation
to them is problematic. The author proposed a switching network to ease this problem. With the box packing
algorithm, test scheduling to reduce white spaces in bandwidth usage can be achieved. The switching network
enables connectivity of every tile with any scan pin on the chip boundary. Fig. 20 shows various components of
the architecture proposed by the author.
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Fig. 20. Test Access Mechanism with SRF [68]

5) Coverage-ramp Based Channel Allocation: Abraham et al presented a channel allocation scheme [94] to
optimize test time. When patterns are generated using EDT, the test cube density percent reduces drastically after
the initial few hundred patterns. This observation suggests that fixed allocation of channels to cores does not yield
optimum test time. The pattern is split when a test pattern is not allocated enough channels to use the number of
care bits. The method that focuses on test cubes [102][103] produces improved test data volume and test time.
However, they do not produce an optimal test schedule. Method in [27] tries to improve it. As shown in Fig. 21,
coverage ramp changes when different channels are allocated. When optimal channels are allocated, the pattern
ramp achieves maximum coverage faster.
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Fig. 21. Coverage ramp vs pattern count of an IP for two different scan channel configurations [94]

The coverage ramp indicates that an IP benefits if more channels are allocated to it during the later pattern
generation stage than the initial stage. This means that optimal assignment starts with less channel allocation at
the early part of pattern generation and gradually increases channels in later phases. The authors analyzed 8
designs for test time and test volume by allocating two sets of test channels, and the results of this analysis are
presented in Fig. 22. In the first scheme, the maximum number of channels is allocated to the IP at the start of
pattern generation, and they are reduced gradually at regular intervals of coverage gains. In second scheme, a
lower number of channels is allocated at the beginning of pattern generation, and they are increased at regular
coverage gains. The results show that Scheme II always produces a lower test time compared to Scheme I.
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Fig. 22. Normalized TDV & TT for Scheme I, II [94]

The author presented a heuristic that allocates available channels to IPs dynamically. It assigns extra channels
to IPs that result in the least pattern count. The IPs share channels during the early stage of coverage ramp. The
heuristic allocates a larger number of channels during the later stage of the test schedule to those IPs that produce
the biggest reduction in total pattern count. The author used the heuristics to check their effectiveness and applied
them to 3 SOCs. Table IV shows the results achieved using the heuristic. It also presents the results of using the
other two scheduling methods. In the first schedule, all channels are allocated to each IP, while the second scheme
allocates one channel to each IP. Schedule 3 in the table is based on a heuristic proposed by the authors. The table
shows that a reduction of up to 93% could be achieved using the proposed heuristic compared to Scheme I.

TABLEIV. COMPARISON OF TEST COST METRICS [94]

SOC1 SOC2 SOC3

No. of IPs 8 11 12
No. of Channels 6 6 3
Schedule I - #Patterns 51616 83226 82902
Schedule II - #Patterns 73344 10207 32049
Schedule III - #Patterns | 34560 6962 16800

V. FINDINGS AND DISCUSSION

After reviewing the recent advances in the related literature, this section summarizes approaches discussed in
previous section. It also discusses the benefits of various TAM design approaches and test scheduling techniques.
Then, it highlights the main challenges that remain in key aspects and discusses a direction for future work.

Test Access Mechanisms for In-System and System Level Testing: For safety-critical and high-performance
applications, continuous silicon monitoring is required. Companies developed their own solution to perform testing
during system operation. Using functional pins is key for these tests, and various pin interfaces, such as PCle,
SerDes, and DDR, have been used. While they enable in-system and system-level tests, they also reduce test time
as they operate at very high speed compared to traditional slow-speed GPIOs. Synopsys’ HSAT IP is a readily
available solution that chip designers can use to implement high-speed chip pins as a test access mechanism.

Test Access Mechanisms for 3D and NOC chips: 3D chips need to be tested at various stages — individual dies and
post-packaging. For post-packaging testing, test access needs to consider TSVs and any test pads added to the
package. These factors, along with power consumption to operate dies, significantly affect test time and test cost,
which may be prohibitive. So, efficient test access mechanisms and scheduling algorithms are needed. Although
researchers presented multiple approaches for leveraging additional infrastructure on 3D chips and NOC:s, there is
still no unified approach or standard, and no EDA companies have provided solutions.
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Packetized Test Access Mechanisms: One of the major challenges in designing TAM is physical routing,
specifically for tile-based SOCs. The pattern-count differences in the core also lead to inefficiencies in test
scheduling. The streaming scan network methodology eliminates these efficiencies by using a packet-based data
delivery network. It also generates all control signals locally for the core's scan operation, thereby making them
independent of one another. Independence greatly improves data processing, as the core no longer needs to wait
for others to finish their data applications. The method uses an IEEE 1687-based IJTAG network to control the
entire operation. The control circuits could be generated and integrated in the core using the vendor’s EDA tool.
At the same time, pattern generation performs tasks such as selecting patterns for each core and assigning them to
chip pins. The method and solution are highly efficient, as they involve fewer physical implementation challenges,
use an IEEE-standard-based interface, support the generation and integration of control units, and support pattern
generation using their own tool. SSN brings the challenge of exposing chip information and poses a security risk.
So, chip designers also need to employ a mechanism for stopping attackers from extracting sensitive information
from the system-on-chip.

Combining Approaches for Bandwidth Management: Different aspects of test scheduling, such as scan
configurations, chip pin assignments to cores considering their multiple instances, physical locations, and control
data delivery mechanisms, affect test application time. TAM design also significantly impacts physical routing.
The paper analyzes these factors and proposes an approach to selecting them. The author explores a few design
decisions to understand their impact on bandwidth. It described the impact of the EDT chain-to-channel ratio, core
selection to avoid control data delivery, using the input or output path of a bidirectional pin at all times, and
assigning more pins to cores with high data demand. These decisions are quite helpful to reduce bandwidth further.
Test Access Mechanisms for Low Power: One technique to reduce test time is to test multiple cores simultaneously.
However, simultaneous toggle activity increases power consumption and may cross the package thermal limit or
decrease design performance. Algorithms have been presented that calculate power during test scheduling,
accounting for varying chip pins, the number and location of cores, and TSVs for 3D chips. The analysis provides
a mapping of test time and power under these configurations. Chip designers can use such methods to optimize the
test schedule.

Options for Configuring Test Access Mechanisms: Selecting which chip pin to connect to which core channel
requires a programmable mechanism. The author presented several methods for loading data into these programs.
It provided details on 3 methods: using the IEEE 1687-based IJ'TAG protocol, building separate chains for control
data, and using pipeline registers. The user could make use of one of these methods based on physical
implementation constraints and the test optimization goal.

Test Access Mechanisms for Pin-mux and EDT Based Architectures: While packet-based test access mechanisms
are gaining industry acceptance, a majority of SOCs still use pin-mux-based architecture. Over the years, many
architectures have been proposed for routing pins to various cores. Several test scheduling algorithms leverage
these architectures to minimize test time and test data volume. Compression architectures have been used since
their inception, and their features significantly affect test time and test data volume. Many variants of TAMs are
proposed, considering various features of the compression logic block, such as EDT. SOC designers need to
consider chip pins, the total number of cores, and the number of identical cores for designing TAM. They also need
to analyze TAM wiring for physical implementation and various features of the compression solution. They also
need to consider power consumption while deciding the test schedule. SOC designers need to perform exhaustive
analysis to design an optimized TAM, and this should be done as early in the SOC design cycle as possible.

VI. CONCLUSION

Structural testing using scan plays an important role in today’s system-on-chip (SoC) manufacturing testing.
Modern packaging techniques, such as 3D and network-on-chip (NOC), are not test-friendly, so newer test access
mechanisms need to be developed for them. The rapid development of semiconductor manufacturing technology
has enabled the use of many cores, facilitating the addition of multiple functions on a chip. Testing these cores
incurs significant test time, so designing an efficient test access mechanism to apply test data and operate these
cores is crucial. Furthermore, testing the chips while operating in the system requires using functional pins instead
of test pins, so test access needs to be designed with functional interfaces in mind. In-system testing is necessary
for many applications, including machine learning, automotive, space, and medical applications. This paper
presents a survey of various TAM design and test-scheduling techniques that address these requirements. Their
design and physical implementation challenges are discussed. Various test scheduling approaches are also
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discussed that help to reduce test application time. As semiconductor techniques keep being invented, more and
more cores will get added to chips, and newer manufacturing defects keep showing. To overcome these challenges,
efficient scan techniques, including innovative test access mechanisms, will be needed. Using a combination of
techniques to reduce overall test time is a promising approach that leverages the shortcomings of individual
techniques. This paper is closed with a summary of the benefits and challenges of each approach.
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