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Effective fault detection in M3D ICs: a cluster-based BIST for 

enhanced inter-layer via fault coverage

Hadi JAHANIRAD‡1, Ahmad MENBARI2, Hemin RAHIMI1, Daniel ZIENER2

1Department of Electronics and Communication Engineering, University of Kurdistan, Sanandaj 90210, Iran 
2Department of Computer Architecture and Embedded Systems, Ilmenau University of Technology, Ilmenau 98693, Germany

E-mail: h.jahanirad@uok.ac.ir; ahmad.menbari@tu-ilmenau.de; hemn.rahimi@uok.ac.ir; daniel.ziener@tu-ilmenau.de

Received Dec. 26, 2024; Revision accepted June 24, 2025; Crosschecked Sept. 15, 2025

Abstract: Monolithic three-dimensional integrated circuits (M3D ICs) have emerged as an innovative solution to overcome the 
limitations of traditional 2D scaling, offering improved performance, reduced power consumption, and enhanced functionality. 
Inter-layer vias (ILVs), crucial components of M3D ICs, provide vertical connectivity between layers but are susceptible to 
manufacturing and operational defects, such as stuck-at faults (SAFs), shorts, and opens, which can compromise system reliability. 
These challenges necessitate advanced built-in self-test (BIST) methodologies to ensure robust fault detection and localization 
while minimizing the testing overhead. In this paper, we introduce a novel BIST architecture tailored to efficiently detect ILV 
defects, particularly in irregularly positioned ILVs, and approximately localize them within clusters, using a walking pattern 
approach. In the proposed BIST framework, ILVs are grouped according to the probability of fault occurrence, enabling efficient 
detection of all SAFs and bridging faults (BFs) and most multiple faults within each cluster. This strategy empowers designers to 
fine-tune fault coverage, localization precision, and test duration to meet specific design requirements. The new BIST method 
addresses a critical shortcoming of existing solutions by significantly reducing the number of test configurations and overall test 
time using multiple ILV clusters. The method also enhances efficiency in terms of area and hardware utilization, particularly for 
larger circuit benchmarks. For instance, in the LU32PEENG benchmark, where ILVs are divided into 64 clusters, the power, 
area, and hardware overheads are minimized to 0.82%, 1.03%, and 1.14%, respectively.
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1  Introduction

The demand for high-performance computing 
(HPC) is rapidly increasing due to technological ad‐
vancements (Garcia-Buendia et al., 2024). Extensive 
computing power is essential for efficiently process‐
ing and analyzing large datasets. Consequently, there 
is a growing need for high-performance processors to 
support the large-scale computational requirements 
of high-demand applications ranging from artificial 

intelligence (AI)-based systems and edge computing 
to Internet of Things (IoT) devices (Zhou et al., 2024). 
However, due to physical limitations, transistor shrink‐
ing is reaching its limit, leading to the end of Moore’s 
law. Monolithic three-dimensional integrated circuits 
(M3D ICs) have emerged as an innovative solution to 
overcome the limitations of traditional two-dimensional 
(2D) scaling, offering improved performance, reduced 
power consumption, and enhanced functionality (Kim 
S and Park, 2024). High bandwidth memory (HBM) 
is a prime example and one of the first technologies 
to use this approach to improve performance (Huang 
et al., 2025).
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One of the key features of M3D ICs is the use 
of vertical vias, known as inter-layer vias (ILVs). These 
vias are essential for establishing vertical connec‐
tions between different layers, facilitating the integra‐
tion of heterogeneous technologies, and enabling eff‑
icient routing of signals and power. However, while 
ILVs offer significant advantages, they can also pose 
a critical vulnerability, potentially affecting system 
reliability.

The fabrication of ILVs presents several chal‐
lenges, particularly regarding defects that may arise 
during manufacturing or operation. Issues such as 
missing or misaligned vias, poor metal fill, and the 
formation of voids can degrade signal integrity and 
compromise overall system performance. Therefore, 
the detection of these defects is crucial to maintaining 
the functionality and reliability of M3D ICs (Chen 
et al., 2024).

Traditional testing methods often fall short in 
detecting ILV defects due to their vertical orientation 
and high aspect ratio, necessitating the development 
of new, non-destructive, and efficient testing methods. 
To meet these demands, the built-in self-test (BIST) 
has emerged as a promising solution. BIST offers an 
efficient, low-cost, and non-destructive approach to 
IC testing, making it particularly suitable for ILVs in 
M3D ICs. By providing targeted and efficient testing 
of vertical connections, BIST reduces the time and 
costs associated with traditional testing methods while 
ensuring the quality and reliability of M3D ICs. As 
M3D IC technology continues to evolve, advancing 
ILV testing methodologies remains a critical area 
of research and development (Pentapati and Lim, 
2024).

While the BIST methods proposed by Chaud‐
huri et al. (2019, 2021) provide a promising approach 
for testing ILVs in M3D ICs, their assumption of a 
one-dimensional (1D) arrangement of ILVs in a bus 
with adjacent left and right ILVs is a significant 
limitation. In reality, during the automatic algorithm-
driven place-and-route process used by commercial 
tools, the ILVs may not be arranged in a 1D array. 
This can lead to problems with the testing process, 
as the ILVs may be connected in a way that makes it 
difficult to detect faults or defects using the pro‐
posed BIST methods. Therefore, it is important to de‐
velop testing techniques that can effectively handle 

the complex 3D arrangements of ILVs in modern IC 
designs.

Chaudhuri et al. (2023) presented a BIST frame‐
work that can detect and localize faults in irregularly 
placed ILVs. The framework identifies stuck-at faults 
(SAFs), multiple faults, shorts, and opens in both up-
going and down-going ILVs. The proposed method 
uses a shared-BIST architecture, optimizing the area 
and power overheads by enabling multiple faults to 
use a BIST engine. However, the number of test itera‐
tions required to effectively test ILVs increases signifi‐
cantly as the number of ILVs increases. This issue 
leads to increased test time, particularly for ICs con‐
taining a large number of ILVs.

Here, we present a novel BIST design that eff‑
iciently detects SAFs, multiple faults, and bridging 
faults (BFs) using a walking pattern approach. Test‐
ing a chain of ILVs in a single cluster results in the 
detection of all BFs and almost all potential multiple 
faults simply in a few test configurations. To perform 
testing effectively on irregularly positioned ILVs using 
this methodology, two main stages are involved. In 
the initial stage, an optimization algorithm is intro‐
duced to group ILVs into clusters, facilitating stream‐
lined testing procedures. Subsequently, the ILVs within 
the same cluster are interconnected sequentially to 
transmit a binary 0 or 1 value from the input. The re‐
sulting output is then analyzed to identify any poten‐
tial faults.

The main contributions of this paper are as follows:
1. A BIST design is proposed to detect SAFs, 

BFs, and multiple faults in irregularly placed ILVs, 
which simplifies the testing process and allows for 
more efficient and accurate detection of faults.

2. The proposed algorithm allows designers to 
cluster ILVs into multiple groups to optimize the test 
time, approximately localize faults within clusters, 
and achieve a fault coverage percentage based on their 
requirements.

3. The proposed approach enables efficient and 
accurate detection of almost all multiple faults.

4. The proposed BIST approach can detect all 
BFs in a single cluster and all BFs with a high prob‐
ability of occurring in multiple clusters.

5. The proposed BIST design can minimize the 
test time by testing a very limited number of ILVs in 
each cluster.
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2  Background

2.1  Manufacturing and routing of M3D ICs

To fabricate M3D ICs, the process begins by in‐
tegrating transistors and their interconnects in the 
bottom tier using a standard high-temperature pro‐
cess. A thin insulating layer is then created over the 
bottom tier’s metal stack, followed by low-temperature 
molecular bonding of the silicon-on-insulator (SOI) 
substrate to obtain the top tier’s transistors. ILVs are 
fabricated to connect the metal stacks of the top and 
bottom tiers. This procedure is repeated for any add‑
itional tiers that need to be fabricated (Batude et al., 
2015; Yonehara, 2015). M3D routing optimizes ILV 
placements based on wirelength minimization and 
obtaining timing closure, requiring more complex 
strategies due to their 3D nature (Park et al., 2020). 
Pseudo-3D computer-aided designs (CADs) extend 
commercial 2D place-and-route tools for M3D designs, 
adopting either partitioning-first or partitioning-last 
strategies, which partition a 2D netlist before or after 
commercial 2D tool-driven placement, respectively 
(Dang et al., 2019; Park et al., 2020).

The resulting ILV locations in the layout depend 
on the pin locations of standard cells in different tiers, 
the cut locations during tier partitioning, and the 3D 
routing procedure, along with the associated power, 
performance, and area (PPA) optimization objectives. 
These factors lead to a significant increase in potential 
fault sites, especially shorts, resulting in greater area 
overhead for on-chip test and localization methods. 
Consequently, a low-cost BIST framework is needed 
to detect and localize faults for realistic ILV place‐
ments (Chang et al., 2017). The tier-partitioning algo‐
rithm determines the ILV count, with the number of 
cuts made to divide a netlist graph into two partitions 
equating to the number of ILVs (Park et al., 2020). 
Typically, a min-cut algorithm is used to limit the 
number of ILVs, reducing the likelihood of ILV faults 
causing yield loss. After logic cells are partitioned 
and placed in different tiers, the physical placement 
of ILVs occurs during the global 3D routing proce‐
dure, with ILVs positioned closer to their driving logic 
gates to reduce timing delay (Chang et al., 2017; 
Park et al., 2020).

2.2  ILV fault model

The typical fault models for ILVs include shorts, 
opens, and SAFs. These faults can be classified into 
hard and resistive categories based on the underlying 
defects that cause them. Hard shorts in ILVs can occur 
due to imperfections in the design rules during cir‐
cuit layout or particle contamination during fabrica‐
tion. Resistive shorts, on the other hand, can occur 
when the ILV metal diffuses through the insulating 
layer to make partial contact with another ILV near‐
by or due to defects at the bonding interface between 
two tiers. In the case of hard opens, a gap exists be‐
tween the bottom end of an ILV and its landing pad. A 
resistive open typically occurs due to bonding defects, 
hairline cracks, and pinhole defects (Geffken and Luce, 
1999; Campregher et al., 2005; Koneru et al., 2016).

2.3  Related studies

Recent studies have highlighted the challenges 
associated with testing ILVs in M3D ICs due to the 
high ILV integration density, which introduces a sig‐
nificant overhead for conventional interconnect BIST 
approaches (Pendurkar et al., 2001). Retrofitting these 
approaches requires dedicated scan elements and large 
test application times, and automatic test pattern gen‐
eration (ATPG)-based interconnect test methods are less 
effective due to the limited input/output (I/O) pins on 
one layer in an M3D IC (Rajski and Tyszer, 2013). 
Multiple faults are likely for dense ILV layouts, lead‐
ing to test escape under the single-fault assumption. 
Moreover, the current test standard for 3D-stacked 
ICs lacks on-chip ILV fault localization capabilities 
(Jutman, 2004).

To address these challenges, researchers have 
proposed several ILV testing solutions. Some meth‐
ods, such as those by Thuries et al. (2020), require 
die-wrapper register cells on both ends of the ILV, 
but this adds a high area overhead and reduces diag‐
nostic accuracy. Other solutions, like those of Cron 
and Marinissen (2021), use interface scan cells and a 
twisted ring counter, which need a dedicated test layer, 
increasing the fabrication steps and area overhead. 
The BIST architecture of Thuries et al. (2020) cannot 
localize shorts between up-going and down-going 
ILVs and assumes a 1D ILV arrangement, limiting its 
applicability to realistic 2D or irregular ILV layouts 
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after PPA-optimized place-and-route. The post-bond 
through-silicon via (TSV) test methods of Lee et al. 
(2019) and Mok et al. (2021) detect resistive defects 
using response compaction but do not support on-chip 
fault localization.

Recent advancements in M3D ICs have influ‐
enced design automation and density functional theory 
(DFT) methodologies. Chaudhuri et al. (2020) dis‐
cussed how M3D technology leverages ILVs for 
higher transistor density and greater design flexibility 
than TSV-based architectures, covering design and test 
techniques for M3D-enabled systems and addressing 
challenges like defect tolerance and thermal manage‐
ment. Kim J et al. (2020) introduced a register-transfer 
level to graphic data system (RTL-to-GDS) design 
flow for M3D ICs using carbon nanotube field-effect 
transistors and resistive memory, integrating 2D tools 
with M3D extensions for post-route optimization to 
enhance the PPA. Their approach includes a low-
overhead BIST module for ILVs and logic circuitry, 
demonstrating significant improvements in power, 
wirelength, and area with the RISC-V Rocket-core 
benchmark while maintaining acceptable power and 
thermal integrity.

3  Proposed method

This section introduces the proposed BIST 
method, which targets the detection of various hard 
faults within chains of ILVs. In this context, a chain 
refers to a serial connection of ILVs with one input 
and one output (Fig. 1a). As indicated in Fig. 1a, 
the circuit mode changes to the test mode using the 
Test_en signal which is connected to the selector pin 
of the multiplexers. To test each chain, we use a sim‐
ple yet effective technique referred to as a walking 
pattern. This involves injecting a known bit (e.g., 0 
or 1) at the input ILV and propagating it through the 
chain. Next, the efficiency of the method in detect‐
ing weak faults is discussed. Subsequently, the pro‐
cedure for clustering ILVs into multiple chains is elab‐
orated, along with the presentation of an efficient clus‐
tering algorithm. The fault localization capability of 
the proposed method is then discussed, after which the 
architectures of the test configuration generator and 
BIST controller are described. Finally, the proposed 

mechanism for highly accurate estimation of ILV lo‐
cations is explained.

3.1  Hard fault detection

This subsection outlines our proposed method 
for detecting hard faults in ILVs. In our approach to 
testing ILVs, we connect them in a serial chain and 
transmit a binary value of 0 or 1 from the first ILV. 
We then analyze the output bit from the final ILV in 
the chain to determine whether the ILVs have passed 
or failed the test.

To enhance clarity, we demonstrate this method 
using four ILVs and establish that the approach re‐
mains the same when more ILVs are analyzed. The 
proposed method for detecting SAFs, BFs, and multi‐
ple faults is detailed in the following subsections.

To clarify the models of faults, SAFs are identi‐
fied by an ILV consistently maintaining logic 0 (S/0) 
or logic 1 (S/1). BFs, on the other hand, occur when 
two ILVs are shorted. If both ILVs have the same 
values, their states remain unchanged. Conversely, if 
they have different values, one ILV dominates the 
other. Therefore, our methodology inherently consid‐
ers and addresses all potential hard fault models for 
BFs, including wired-AND and wired-OR scenarios, 
by leveraging the behavior of dominant ILVs and ac‐
counting for various fault conditions. By considering 
all scenarios of dominant behavior for shorted ILVs, 
we implicitly cover all fault models of BFs.

Multiple faults arise when at least two faults occur 
simultaneously within an ILV array. Our method com‐
prehensively detects multiple faults across all possi‐
ble scenarios, ensuring implicit detection of all hard 
fault models. For instance, in scenarios where an SAF 
is bypassed by a BF, we consider S/0 or S/1 for SAFs 
and all scenarios explained earlier for BFs, ensuring 
that we detect them all.

3.1.1  Bridging fault

First, we explain the suggested approach for de‐
tecting BFs, as we subsequently demonstrate that de‐
tecting BFs can effectively identify all SAFs and 
multiple faults. In Fig. 1a, we present a chain of four 
ILVs connected in a serial fashion. Each ILV is 
linked to a switch box (SB), which controls the sys‐
tem’s transition from normal mode to test mode. The 
output from each ILV can either directly connect to 
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the next ILV in the chain or pass through a NOT gate 
using another SB.

The final ILV in the chain is connected to the 
output port, which indicates whether the ILVs pass or 
fail the test. In this structure, the SB functions as a 
transmission gate (TG) to accommodate the bidirec‐
tional flow of signals in an ILV. This is because the 
signal path can flow either upward or downward 
through the ILV (Fig. 1b). To maintain simplicity and 
clarity, we do not show this in Fig. 1a. Note that the 
ILVs are positioned irregularly within the tier, result‐
ing in different distances between ILVi and ILVj com‐
pared to ILVi and ILVk (Fig. 2).

Considering Fig. 1, assume that each ILV is con‐
nected to the next through a NOT gate and the IC is 
in test mode. By applying a bit 0 from ILV1, BFs be‐
tween ILVi and ILVi+1 can be detected. For instance, 
if there is a resistive fault between ILV2 and ILV3, 
then the value of ILV3 (0) is influenced by the value 
of ILV2 (1), causing the output to be 0, which is dis‐
tinct from the fault-free IC. Similarly, BFs between 
ILVi and ILVi+3 can also be detected in this scenario. 
For example, in the absence of faults, if a bit 0 is 
transmitted through the chain, ILV1 takes a value of 
0, and ILV4 takes the opposite value. However, if there 
is a BF between these ILVs, then the value of ILV4 will 
be 1, influenced by ILV1, causing the output to be 0.

However, detecting potential BFs, such as those 
between ILVi and ILVi+2 in this scenario, is not possi‐
ble, as they share the same value in the chain. Conse‐
quently, detecting a large number of these types of 
faults using this structure is not feasible. To detect all 
potential BFs in a chain, it is necessary to have multiple 
configurations with variable numbers and locations 
of NOT gates.
Theorem 1    The minimum number of configurations 
required to detect all potential BFs in a chain with N 
ILVs is log2N.
Proof    If the constructed chain contains N ILVs, we 
represent it using the chain set based on Eq. (1). An 

Fig. 2  3D illustration of ILVs organized in a chain between 
two tiers. d12 is the distance between ILV1 and ILV2; d14 is 
the distance between ILV1 and ILV4

Fig. 1  Proposed BIST structure for testing ILVs in a chain (a) and the signal path that can flow either upward or downward 
through the ILV (b)
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arbitrary test configuration for the chain is defined 
in Eq. (2), where gi denotes an inversion occurring 
(gi=1) or not (gi=0) in the output of ILVi with respect 
to its input.

Chain={ }ILVS0
, ILVS1

, ..., ILVSM−1
,

         si∈{ }1, 2, ..., N ILVs , si≠sj,
(1)

Config t={ }g0 ( t ) , g1 ( t ) , ..., gN−1 ( t ) ,

gi ( t )∈{ }0, 1 .
(2)

When a BF occurs between a pair of ILVs, they 
become equipotential. To detect each BF in the chain, 
we need to ensure the existence of at least one test 
configuration where the configurations of the linked 
ILV pair differ. In other words, there is a test configu‐
ration (Configz) for any ILV pair (ILVi and ILVj) where 
gi≠gj. Without loss of generality, we assume the chain 
length is a power of 2 (2w). To create the fewest test 
configurations covering all potential BF pairs, we use 
a binary approach. At each step, the configurations of 
the targeted ILVs are divided into two subsets. In the 
right subset, all gm values are set to 1 (inverted ver‐
sions of the chain input), while the left subset is set 
to 0 (like the chain input). If the ILV pair elements 
belong to different subsets in step c (Configc), this spe‐
cific test configuration can identify the associated 
BF. Conversely, if the pair belongs to a single left or 
right subset, we proceed to the next step (Configc+1) 
to divide the current part into two new subsets. Note 
that the length of the targeted subset in Configc is 
equal to 2w/2c. In the worst-case scenario, the pair 
linked to the BF is resolved when the number of test 
configurations reaches w. Therefore, the number of 
test configurations that ensure the detection of every 
BF would be w=log2N.

In cases where N≠2w, adding dummy ILVs theo‐
retically aligns the problem with the N=2w scenario 
to determine necessary test configurations. However, 
incorporating dummy ILVs is not essential for our 
testing process, as the main difference lies in some 
BFs occurring at N=2w but not in this case. For in‐
stance, consider a scenario with five clusters. We al‐
ready know that the fault-free output pattern for these 
clusters should be 10010. Thus, we can directly com‐
pare the actual output bitstream of the clusters to this 
expected pattern to identify any faults. Hence, the 

number of required test configurations is calculated 
using Eq. (3) to ensure detection of all potential BFs 
in this scenario.

w=log2 N. (3)

Fig. 3 illustrates the number of configurations 
needed to detect all potential BFs in a chain consist‐
ing of eight ILVs. As depicted, each pair of different 
ILVs exhibits at least one distinct value across three 
configurations, allowing for the detection of any BF 
between them. Note that constructing the first config‐
uration in the chain requires only one NOT gate be‐
tween ILV3 and ILV4, while for the subsequent con‐
figurations, three and seven NOT gates, respectively, 
are needed to construct the desired chains.

3.1.2  SAFs and multiple faults

In this subsection, we provide evidence that the 
proposed structure can effectively detect all single 
SAFs as well as nearly all total multiple faults. This 
is achieved by applying two distinct bits (01 or 10) 
while considering a NOT gate between each two sub‐
sequent ILVs. For example, when there is a NOT 
gate between two subsequent ILVs, if all ILVs are 
fault-free, the output should be 1 when a bit 0 is ap‐
plied to the input ILV (Fig. 1). However, if there is 
an S/1 fault at ILV1 or ILV3 or an S/0 fault at ILV2 or 
ILV4, the output will be 0. As a result, these faults 
can be detected. Similarly, by applying a bit 1 to the 
input ILV, we can detect S/0 faults at ILV1 and ILV3 
and S/1 faults at ILV2 and ILV4. Therefore, every single 
SAF is detected by applying a pair of different bits.

One of the significant advantages of the proposed 
approach is its ability to detect almost all multiple 

Fig. 3  Number of configurations needed to detect all 
potential bridging faults in a chain consisting of eight ILVs
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faults in a small number of test configurations and 
a short test time. These multiple faults can be of 
the same type, such as some SAFs or some BFs, or 
different types. Note that the method proposed by 
Chaudhuri et al. (2023) detects all multiple faults, 
but a large number of test configurations are used to 
complete the test.

To demonstrate the multiple fault detection ca‐
pabilities of the proposed approach, we explore vari‐
ous scenarios. Assuming the presence of multiple BFs 
and SAFs in a chain, we define the fault set according 
to Eq. (4), where M represents the number of single 
faults within the chain and SFi denotes the ith single 
fault, which could be a BF between ILV pairs (BRFpl) 
or an SAF within a single ILV (SAFr). The p, l, and r 
are the indices of the used ILVs. These indices are 
arranged so that the last faulty ILV (ILVlast) is closer 
to the chain’s output. Therefore, the last faulty ILV be‐
longs to SFM−1 within the MulFaultSet set.

MulFaultSet={ }SF0, SF1, ..., SFM−1 ,          (4)

SF i∈{ }BRFpl, SAFr ,     (5)

             BRFpl=bridgingfault ( ILVp, ILV l ),   (6)
     SAFr=StuckAtFault ( ILVr ).   (7)

In the first scenario, at least one ILV (ILVs) has 
an SAF (SFs=SAFs) without any bypass from BFs. 
Consequently, the output of the ILVs remains perma‐
nently at 0 or 1, and applying a 0–1 sequence to the 
chain’s input results in a fixed value at the output 
due to the propagation of the faulty ILV value. There‐
fore, all multiple faults containing an SAF without 
any bypass from a BF will be detected. Notably, sce‐
narios involving multiple SAFs fall within this cate‐
gory and are detectable through our approach.

Because of the arrangement of test configura‐
tion sets in a chain of length N=2w, the number of 
available NOT gates is an odd number in each test 
configuration. Consequently, in a fault-free case, ap‐
plying a 0–1 sequence generates a 1–0 sequence in 
the chain’s output. As shown in Theorem 1, every 
BRFpl removes an odd number of NOT gates in the 
chain, resulting in at least one test configuration pro‐
ducing non-inverting logic between the input and out‐
put of the chain. For instance, in a test configuration, 
if the number of NOT gates is 2m+1 and the BF re‐
moves 2m′+1 of them, it leads to the subtraction of 

NOT gates (2m+1−2m′−1=2m−2m′), resulting in 2(m−
m′ ), which is an even number. This even count of 
remaining NOT gates in the chain produces non-
inverting logic, facilitating fault detection.

Suppose that two BFs (BRFij and BRFpl) exist in 
the chain. Three situations arise as follows:

In the first scenario, one fault bypasses the other, 
meaning that BRFpl falls within the range of BRFij 
(or vice versa). The range of SFpl refers to the ILVs 
lying between ILVfirst and ILVlast of the BF pair de‐
scribed by Eq. (10).

ILVfirst=ILVp, (8)

ILVlast=ILV l, (9)

Range_SFpl={ }ILVp+1, ILVp+2, ..., ILV l−2, ILV l−1 . 

(10)

Therefore, we can describe the first situation 
using Eq. (11). The number of bypassed NOT gates 
is determined by BRFij, and the test configuration de‐
tecting BRFij also detects the double fault (BRFpl and 
BRFij).

Range_SFpl⊂Range_SF ij. (11)

In the second scenario, the ILVfirst of BRFpl lies 
within the range defined by BRFij, and the ILVlast of 
BRFpl lies after the ILVlast of BRFij. The chain’s out‐
put is influenced by the output value of ILVlast of 
BRFpl, rendering BRFij ineffective. Therefore, the test 
configurations detecting BRFpl would also be capable 
of detecting the double fault.

In the third scenario, two BFs (BRFpl and BRFij) 
are disjointed, a representation of which can be illus‐
trated according to Eq. (12).

Range_SFpl∩Range_SF ij=∅. (12)

In this situation, two cases can be identified. In 
the first case, suppose that the test configuration sets 
capable of detecting BRFij and BRFpl are defined as 
Eqs. (13) and (14), respectively.

TCS ij={ }Configh|Test configuration h detects BRF ij ,

(13)

TCSpl={ }Configh|Test configuration h detects BRFpl .

(14)
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We derive the distinct test set according to Eq. (15), 
which represents the test configurations that specifi‐
cally detect either BRFpl or BRFij.

DTS ij, pl=(TCS ij−TCSpl )∪(TCSpl−TCS ij ). (15)

In each test configuration within DTSij, pl, one of 
the single BFs (SBFs) bypasses an odd number of 
NOT gates, while the other bypasses an even number 
of NOT gates. Consequently, their summation results 
in an odd number, enabling the test configuration to 
detect the double fault.

In the second case, DTSij, pl equals an empty set 
(or TCSij=TCSpl), indicating that similar test configura‐
tions can detect disjointed BRFpl and BRFij. The total 
number of removed NOT gates includes the number of 
gates removed by BRFpl (2m′+1) and BRFij (2m+1). 
Consequently, as an even number of NOT gates 
(2(m+m′+1)) is removed, the respective test configu‐
ration cannot detect the double fault. As we prove in 
Appendix A, the number of undetectable double faults 
is a small ratio of all double BFs (DBFs). Therefore, 
our proposed approach detects almost all the DBFs.

Given the probability P of an SBF occurring be‐
tween any two ILVs among N ILVs, according to the 
multiplication rule of the probability of independent 
events, the probability of e independent BFs occur‐
ring simultaneously can be expressed as Pe. Our 
method’s effectiveness is validated by nearly detect‐
ing all potential DBFs with a probability of occur‐
rence at P2. Consequently, considering the rapidly di‐
minishing probability with increasing e, and acknowl‐
edging our comprehensive detection of events up to 
P2, we prioritize our detection efforts to address cases 
involving SBFs and DBFs (e⩽2). In Section 3.3.2, we 
use an algorithm to connect ILVs in a chain in a way 
that significantly reduces the likelihood of undetect‐
able DBFs occurring.

Our approach can detect triple faults (involving 
three bridged ILVs), quadruple faults (involving four 
bridged ILVs), and so on. This ability stems from 
considering these faults as an SBF encompassing the 
initial and final ILVs connected.

As previously proven, when a BF bypasses dif‐
ferent types of faults, only the detection of an SBF 
results in detecting multiple faults. For example, a 
triple fault behaves like a situation where an SAF is 

encompassed by a BF. Similarly, a quadruple fault 
is like a BF that falls within the range of another 
fault. Therefore, our proposed approach can detect al‐
most all multiple faults within ILVs.

3.2  Weak fault detection

3.2.1  Resistive open faults

The Elmore delay model for a chain comprising 
N ILVs, where a NOT gate is placed between each 
pair of subsequent ILVs, is illustrated in Fig. 4. The 
total delay from the input to the output of the chain is 
calculated using Eq. (16) (the proof of the formula 
can be found in Appendix B). In this equation, it is 
assumed that the Kth ILV in the chain (counting from 
the output end, where the last ILV is number 1) suf‐
fers a resistive open fault and that Ropen is the related 
resistance of the resistive open fault.

Delay_open=[ K ⋅RopenC ILV+( K−1) RopenCout

+RopenCL ] ln2.
(16)

For the clock period of Tclk, the open fault is 
detected:

Delay+Delay_open>Tclk. (17)

The amount of Delay_open is directly depen‐
dent on the location of open (K). For instance, in a 
chain comprising 16 ILVs, Delay_open is equal to 
(RopenCILV+RopenCL)ln2 when the last (K=1) is open, 
and (16RopenCILV+15RopenCout+RopenCL)ln2 when the 
first (K=16) ILV is open. If CILV=Cout=CL, the detectable 
range of resistance for the last ILV is [Ropen_min, ∞), 
while the detectable range for the first ILV is 
[Ropen_min/16, ∞).

The Delay_open of Chaudhuri et al. (2019) is 
equal to Ropen(CILV+CL)ln2. On the other hand, it is 
expressed as [Ropen(K·CILV+ (K−1)Cout+CL)]ln2 in our 

Fig. 4  Elmore delay model for a chain comprising N ILVs, 
where a NOT gate is placed between each pair of subsequent 
ILVs
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proposed method, where K⩾1. Therefore, in the worst-
case scenario when K=1, the Delay_open of our pro‐
posed method matches the Delay_open of Chaud‐
huri et al. (2019).

Consequently, in the worst-case scenario, Ropen_min 
for the proposed method is equal to Ropen_min of 
Chaudhuri et al. (2019). However, for all resistive 
opens in the chain, except for the last one, our pro‐
posed method can detect a lower Ropen_min than the 
method of Chaudhuri et al. (2019).

3.2.2  Resistive short faults

In a chain containing N ILVs, the resistive short 
between any two ILVs is denoted by Rshort. To ana‐
lyze the impact of Rshort at various locations along the 
chain, the third configuration illustrated in Fig. 3, 
where there is a NOT gate between each two subse‐
quent ILVs, is simulated using Cadence Virtuoso. 
Fig. 5a shows the logic level of a chain’s output 
when ILV6 and ILV7 are shorted. Resistive shorts are 
undetectable when Rshort exceeds 10 kΩ, as the output 
is equal to the fault-free chain’s output. Additionally, 
there is a transition in the output chain between 0 and 
Vdd (the supply voltage of the integrated circuit chip) 
when Rshort falls within the range of 5 kΩ<Rshort<10 kΩ. 
We mitigate this transition by adding a buffer at the end 
of the chain to ensure stable and reliable operation of 
the circuit (Fig. 5b).

The results of this simulation for four different 
scenarios are shown in Fig. 6, where shorts occur be‐
tween ILV0 and ILV1, ILV0 and ILV3, ILV3 and ILV6, 
and ILV4 and ILV7. Across all cases, the Rshort is about 
5 kΩ, which is lower than the maximum detectable 
Rshort reported by Chaudhuri et al. (2019).

3.3  Overall clustering-BIST algorithm

When testing all ILVs in a chain, the test time 
becomes impractical, and fault localization is impos‐
sible, especially for M3D ICs with a large number of 
ILVs. To address this issue, we cluster the ILVs into 
groups and test them in multiple parallel chains.

The overall flow of our proposed BIST algo‐
rithm is shown in Fig. 7. The algorithm starts with a 
default number of possible ILV clusters. Then, based 
on the procedure in Section 3.6, the locations of ILVs 
and the logic netlist of every tier are fed into the clus‐
tering algorithm. In the next step, the ILVs are divided 
into CL clusters according to the clustering algorithm 
described in Section 3.3.2. Then, the boundaries of 
adjacent clusters are investigated in a refinement stage 
to minimize the number of ILVs in the vicinity of the 
expandable cluster. This is because such ILVs should 
be added to the chain of the expandable cluster to 
cover possible borderline BFs. The relevant mecha‐
nism is described in Section 3.3.1.

Fig. 5  Logic level of a chain’s output comprising eight ILVs 
when ILV6 and ILV7 are shorted: (a) without a buffer at 
the end of the chain; (b) with a buffer at the end of the 
chain. The input is 1 (blue) and 0 (red). References to color 
refer to the online version of this figure

Fig. 6  Logic level of a chain’s output comprising eight ILVs 
when shorts occur between ILV0 and ILV1 (a), ILV0 and 
ILV3 (b), ILV3 and ILV6 (c), and ILV4 and ILV7 (d). The 
input is 1 (blue) and 0 (red). References to color refer to 
the online version of this figure
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In the next step, chains are formed for every clus‐
ter and the overlap handling routine (Section 3.3.1) is 
applied, followed by the construction of the BIST con‐
figuration generator and BIST controller (Section 3.5). 
At the end of this step, the proposed BIST structure 
is completed and then the clusters are evaluated in 
parallel to calculate the SAF/BF coverage and fault 
localization granularity (FLG). If the calculated value 
is satisfactory, then the algorithm will be terminated. 
If it is unsatisfactory, the number of clusters is modi‐
fied (increased or decreased based on the results) and 
the algorithm is repeated from the clustering algo‐
rithm step.

3.3.1  Detection of high-likelihood BFs through 
overlap area analysis

If ILVs are clustered based only on the tier area 
or ILV count in each cluster, there may be many ILVs 
located at the borders of different clusters that are 
near each other, increasing the likelihood of a BF. To 
detect BFs occurring at the borders of the clustered 
ILVs, the clustering approach is shown in Fig. 8, 
where each cluster has an overlap with its adjacent 
clusters.

Therefore, ILVs located at the border of two 
clusters are included in both clusters to detect any po‐
tential BFs. As an example, ILVs located in the or‐
ange area are clustered together as a group, but some 
are also included in the adjacent cluster on the right-
hand side to ensure the detection of potential BFs at 
the border.

Assume that there are N ILVs in a chain. The 
number of all potential BFs in the chain is calculated 

approximately as ( )N
2
≈N 2

2
. If the chain is divided in‐

to CL clusters, each consisting of N/CL ILVs, the to‐
tal number of BFs that can be detected using the pro‐
posed approach is calculated as

( )N
CL

2

2
×CL=

N 2

2CL2
×CL=

N 2

2CL
. (18)

Fig. 8  Efficient clustering method for detecting BFs in the 
borders of different clusters. References to color refer to 
the online version of this figure

Fig. 7  Proposed clustering-BIST algorithm
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Therefore, ( )N 2

2
− N 2

2CL
 BFs remain undetected. 

However, they include faults that are very unlikely to 
occur. Assume that after placing ILVs in the tier, the 
distance between the two closest ILVs is d0 and the 
distance between two ILVs is d. Note that in our ex‐
periments, parameter d0 is the pitch size (i.e., the min‐
imum allowable space between two adjacent ILVs in 
the related M3D IC technology). The pitch size is 
generally greater than the diameter of the ILV (Koneru 
and Chakrabarty, 2020). The probability of a BF oc‐
curring between two ILVs is represented by P(d ) and 
is greater for ILVs that are closer together. To find an 
accurate model for P(d), we need to analyze the ex‐
perimental results in the laboratory. However, we can 
intuitively suppose that there is an exponential rela‐
tionship between the probability of a BF occurring 
and the physical separation of ILVs. This assumption 
was already considered by Chaudhuri et al. (2023). 
According to the related proof in Appendix C, the 
probability formula is given by

P(hd0)=
e

2 a
d0

+1

d0
( )e

2 a
d0 −e

e−h, (19)

where hd0 represents the distance between two arbi‐
trary ILVs, h represents the extension value, and a is 
the dimension of the chip area.

Fig. 9 shows that the likelihood of a BF (P(hd0)) 
occurring between two ILVs separated by a distance 
greater than 8d0 is nearly negligible for d0=1 and a=100.

Therefore, although our proposed approach is 
unable to detect all possible BFs when ILVs are 
grouped into several clusters, it still detects all those 
with a high likelihood of occurring, given the overlap 
distance we consider. This structure reduces the prob‐
ability of failing to detect BFs and results in an in‐
crease in design complexity.

To clarify the overlap mechanism, we illustrate 
four adjacent clusters, each of which includes eight 
ILVs (Fig. 10a). Based on our previous discussion, 
the clusters are configured in the chain format to be 
tested for SAFs and BFs. Note that in this figure, we 
use the test configuration where the NOT gates are 
placed between subsequent ILVs in the chain. Sup‐
pose that we extend the first cluster (cluster 1) to in‐
clude a single ILV from the other three clusters, which 
have a minimum distance to the ILVs of cluster 1 

Fig. 10  Resolution of signal conflicts in overlap regions with 
practical test time maintenance: (a) four adjacent clusters; 
(b) the necessary circuit. References to color refer to the 
online version of this figure

Fig. 9  Probability of a BF occurring between two ILVs for 
different values of h for d0=1 and a=100
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(Fig. 10a, highlighted box). To extend the cluster, we 
connect the ILVs in the following sequence: (1) con‐
nect the last ILV to the extra ILV of cluster 2; (2) con‐
nect the extra ILV of cluster 2 to the extra ILV of 
cluster 3; (3) connect the extra ILV of cluster 3 to the 
extra ILV of cluster 4; (4) connect the last ILV to the 
output of cluster 1. Fig. 10b shows the necessary cir‐
cuit, which includes added SBs that can be configured 
in two modes. The first mode is related to the conven‐
tional independent testing of the clusters, and the sec‐
ond mode is related to the testing of the extended ver‐
sion of cluster 1. Expanding the cluster requires more 
hardware overhead (the extra SBs) and more test con‐
figurations. Therefore, the refinement step in Fig. 7 
is needed to modify the borders of the clusters so that 
a minimum number of ILVs are included in the ex‐
panding mechanism.

In our proposed BIST framework, the expansion 
of the clusters is managed so that the number of clus‐
ters involved is minimized. For example, in Fig. 8, 
only two clusters (orange and green) among the four 
original clusters need to be expanded to cover all pos‐
sible inter-cluster BFs. We can test these four clus‐
ters in three phases: the first phase tests every cluster 
independently; the second phase involves the expan‐
sion of the orange cluster and tests the extended ver‐
sion of the cluster to seek possible inter-cluster DBFs; 
in the last phase, a similar approach is applied to the 
extended version of the green cluster. Note that some 
ILVs are included in the expansion of multiple clus‐
ters and some pairs are tested in multiple phases of 
the proposed approach, which could be considered 
redundant.

3.3.2  Clustering algorithm

This subsection provides a comprehensive de‐
scription of the algorithm used for clustering ILVs 
and the algorithm used to connect ILVs inside a chain, 
significantly reducing the likelihood of undetectable 
DBFs occurring.

First, we explain the procedure for generating 
the dataset. Each CAD tool performs chip routing 
using its distinct cost function. Consequently, the lo‐
cations of ILVs cannot be predicted and need to be 
estimated using specific distributions. To address this, 
we create a synthetic dataset with a random distribu‐
tion for ILV locations.

Algorithm 1 clusters a set of ILV locations using 
the K-means algorithm. In this algorithm, if the ILV 
locations follow a random distribution, the algorithm 
tends to balance the number of ILVs across clusters. 
However, this balancing behavior can reduce the 
algorithm’s performance. To mitigate this, we intro‐
duce a tolerance coefficient t, which allows the algo‐
rithm to deviate from perfect balance by ±t percent, 
improving the overall efficiency. Additionally, the ex‐
tension value h is used to expand clusters based on 
Eq. (19), enabling the algorithm to accommodate BFs. 
The effect of this parameter is shown in Fig. 9. The 
algorithm ultimately produces a list of cluster assign‐
ments for each ILV location. As an example, in Fig. 11, 
we cluster 1000 ILVs across four different randomly 
generated datasets with CL=4. The figure highlights 
certain ILVs located at the cluster boundaries, which 
are considered potential candidates for BFs.

In Section 3.1.2, we show that most DBFs can 
be identified using the proposed method. However, a 
few specific symmetrical DBFs cannot be detected. 
Algorithm 2 connects ILVs within chains in such a 
manner that it significantly decreases the likelihood 
of symmetrical DBFs occurring.

Algorithm 1 Clustering algorithm
Input:   DATASET: ILV locations

CL: the number of clusters

t: the tolerance coefficient

OV: a flag indicating whether to allow overlap 

between clusters

h: the extension value

Output:   A list of cluster assignments for each ILV location

G=create_graph(dataset)

AdjMat=adjacency_matrix(G)

d0=min(AdjMat)

if OV==“enabled”

org_cluster=K-means(DATASET, t, CL)

cluster_assignments=boundary_extension(org_cluster, 

h, d0)

elseif OV==“disabled”

  cluster_assignments=K-means(DATASET, t, CL)

end if

return cluster_assignments
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The algorithm consists of the following steps. 
First, a graph and its adjacency matrix are created for 
the ILVs inside a chain, and the distances between 
each pair of ILVs are calculated. Then, the distances 
are arranged in descending order. Next, the function 
DBF is used to find all symmetrical DBFs. Then, the 
first two longest distances are assigned to the first sym‐
metrical DBF. For example, suppose that in a chain 
with eight ILVs, BRF01 (ILV0, ILV1) and BRF45 (ILV4, 
ILV5) are symmetrical BFs. Then, ILV0 is connected 
to the ILV with the longest possible distance in the 
chain to reduce the probability of its occurrence. The 
same is done for BRF45. After all longer distances are 
assigned to symmetrical DBFs, the rest of the ILVs 
are connected randomly, as they are all detectable.

Fig. 11  Clustering 1000 ILVs across four different datasets in four clusters. The zoomed area illustrates some potential 
BFs occurring at the borders of the clusters. References to color refer to the online version of this figure

Algorithm 2 Connecting ILVs inside chains

Input:      ILV_list: ILV locations in each cluster

Output:   Chain: connected ILVs

G=create_graph(ILV_list)

AdjMat=adjacency_matrix(G)

D=Sort_descending(AdjMat, G)

DBF=find_dbf(G)

for i=1: length(D)

 Chain=assign_distances_to_dbf(Di, DBFi)

// Di⩾(di, di−1), DBFi⩾(DBF1, p, DBF2, p)

end

Chain=rand_assign_rest_distances(Di, G)

Return chain
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3.4  Fault localization

Suppose that we are conducting a test on an IC 
comprising 1024 ILVs divided into 16 clusters of 64 
ILVs each. These cluster outputs are denoted as out‐
puts 1 through 16. Six configurations are used to test 
a cluster that contains 64 ILVs. Across all these con‐
figurations, if the ILVs are fault-free, sending a binary 
0 to the cluster inputs should produce an output of 1. 
As a result, the fault’s location can be determined 
once the cluster outputs are shifted out. For example, 
if output 8 registers a value of 0, it implies the pres‐
ence of at least one fault within cluster 8. In cases 
where the ILV count in a cluster is not a power of 2, 
we still have a clear understanding of the expected 0 
or 1 cluster outputs, allowing us to easily distinguish 
between faulty and fault-free clusters.

Our approach is unable to diagnose the type of 
fault. However, by dividing the ILVs into more clus‐
ters, we can attain a higher level of insight into spe‐
cific fault locations. For instance, in a scenario where 
a cluster comprising 64 ILVs is tested and multiple 
faults are detected within it, our approach confirms 
the presence of at least one fault in the cluster. How‐
ever, if we divide the 64 ILVs into eight clusters of 
eight each, we can gain a more comprehensive under‐
standing of both the number of faults and their specific 
locations.

3.5  Test configurations generator and BIST 
controller

Whenever we need to test the ILVs in the M3D 
IC, we can easily put the circuit into the test mode by 
setting specific switches or control signals. For exam‐
ple, in Fig. 1, we can set switches SB1, SB3, SB5, and 
SB7 to 1 to activate the test mode.

In the test mode, two types of SBs require con‐
trol. The first type switches overlap areas between ad‐
jacent clusters. For instance, in Fig. 10, seven SBs are 
used to ensure that all four clusters can be tested. By 
setting all SBs to 1, we can test the extended version 
of cluster 1 and then the other group of SBs (which 
have a similar architecture to that in Fig. 10b) is used 
to test the extended version of cluster 3. Finally, the 
overlap-related SBs are bypassed, and the intra-cluster 
chain is formed to test clusters 2 and 4 independently.

The second type of SB connects an ILV or a 
NOT gate to the subsequent ILV in the chain, as seen 

with SB2, SB4, and SB6 in Fig. 1. This introduces 
complexity, as there can be multiple ILVs within a 
cluster and multiple configurations (Fig. 3). Therefore, 
we need a module to generate different configurations. 
If there is a NOT gate between two ILVs in a chain, 
the SB between them must be set to 1. By XORing 
adjacent ILVs, we set the SBs appropriately.

A schematic of the configuration generator for a 
chain of eight ILVs is shown in Fig. 12. The configu‐
rations required to test eight ILVs are shown in Fig. 3. 
In the test mode, adjacent ILVs are connected through 
an SB that provides either a direct connection (SB 
selector=0) or a connection via a NOT gate (SB se‐
lector=1). The first configuration in Fig. 3 is generated 
by setting only the SB selector between ILV3 and ILV4 
to 1 and the others to 0. By XORing the bitstreams 
of adjacent ILVs and applying their outputs to the SB 
selectors, we generate configurations for eight ILVs. 
Generally, generating the configurations needed for N 
ILVs requires a log2N-bit counter, a multiplexer (MUX) 
with log2N inputs, an N-bit shift register, an N-bit 
register, and N−1 2-bit XORs.

Fig. 13 shows the state machine of the on-chip 
controller for controlling signals to execute the pro‐
posed BIST. When the Test_en signal is set to 1, test 
initiation occurs. This signal guides the ILVs from 
their normal path to the test path and prepares each 
ILV to connect directly to the next ILV in a chain or 
through a NOT gate, forming the initial configura‐
tion. Within the N-bit counter of the configuration 
generation (Conf_gen module), upon reaching a count 

Fig. 12  Schematic of the configuration generator for a 
chain of eight ILVs and three test configurations (Configi)
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from 0 to 2N−1, the Cnt signal is triggered, advancing 
the controller to the next state (Overlap_gen module). 
Initially, a subset of the SBs responsible for toggling 
overlap areas is activated. Then, test pattern 010 or 
101 is introduced from the inputs of the chain for 
each configuration.

It takes Y clock cycles for a single bit to trans‐
mit from the input to the output of the chain and Y′ 
clock cycles for the input to transmit from the over‐
lapped SB to the output. We need a total of 3(Y+Y′) 
cycles to apply three test patterns in one configura‐
tion for scanning out. A counter is set up, and when it 
reaches 3(Y+Y′)−1, the Clk_chain signal turns to 1, 
causing the controller to move to the next step. In this 
state, the output of the third single bit of the test pat‐
tern is scanned out (Scan_out module). If several con‐
figurations remain untested, the Conf signal remains 
at 0, indicating that the ILVs should be tested in the 
next configuration.

The Test_en signal, which initiates the BIST 
mechanism, can be controlled via the joint test action 
group (JTAG) interface and needs one input pin. The 
outputs of the chains are captured and stored in a 
shift register that serves as temporary storage for the 
output signals from all the chains.

Once stored, the output data are serially scanned 
out from the shift register through a single pin. When 
dealing with a large number of clusters, using a sin‐
gle pin for scanning out the cluster outputs can in‐
crease the test time. To mitigate this, we can use more 
output pins.

To calculate the number of clock cycles required 
for the proposed BIST approach, consider an example 
with four clusters, each containing 128 ILVs with a 
NOT gate between each two subsequent ILVs.

First, we calculate the time required to set SBs 
in the chains and overlap areas to configure the chain, 
referred to as setup_time. Activating the Test_en signal 
takes one cycle. A 7-bit counter in the configuration 
generator counts 27=128 clocks, setting the SBs to 
connect ILVs inside the chain and setting overlap areas 
to 1.

Next, the input pattern is transmitted from the 
input to the chain output, denoted as chain_time. For 
a frequency of 1 GHz, it takes five clock cycles for 
the input to transmit to the output of the chain con‐
taining 128 ILVs and one clock cycle to transmit 
from the overlapped SBs to the output if the number 
of overlapped ILVs between two clusters is 24, as de‐
termined through simulation results using Cadence 
Virtuoso. Considering that there are three single bits 
to apply to the chains, a total of 3×(5+1)=18 clock 
cycles is required to receive the input signal at the 
chain output. For configurations with fewer NOT 
gates, the chain_time is lower than 18 clock cycles, 
but this time is reported for all configurations due to 
a negligible impact on the total test time. The cluster 
outputs are scanned out from one output pin in 4+1 
clock cycles, denoted as scan_out_time. Each config‐
uration tests 128 ILVs in a chain, and there are seven 
configurations. The total number of clock cycles 
needed to complete the test is calculated as follows:

7 (setup_time+chain_time+scan_out_time )

=7 (129+18+5)=1064. (20)

As explained earlier, the clusters are tested in 
three phases (last paragraph of Section 3.3.1). The 
number of clock cycles required for the third phase 
can be calculated using Eq. (20). For the first and 
second phases (expanding versions of clusters 1 and 
3), we require nine extra clock cycles: one to connect 
the SBs to 1, three to transmit three inputs from the 
overlapped SBs to the chain output, and five to scan 
out the outputs. Therefore, the test time for these 
phases is 1064+9=1073.

3.6  Mechanism of highly accurate estimation of 
ILV locations

Note that the process of our proposed method is 
based on the estimated ILV locations before BIST in‐
sertion, which may be slightly changed in the final 

Fig. 13  State machine of the on-chip controller used for 
controlling signals to execute the proposed BIST
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implementation. To achieve a precise estimation of 
the ILV locations, we consider the following actions. 
In step 1, circuit partitioning and implementation are 
performed using the method of Rahimi and Jahanirad 
(2021). Note that a fixed portion of the bottom tier is 
blocked in the placement stage to be reserved for the 
BIST configuration generator and BIST state ma‐
chine. The gates and modules in the tiers as well as 
the source and sink of the required ILVs are deter‐
mined in this step. In step 2, the benchmark circuit is 
modified by adding the required SBs and NOT gates 
in the path between the source and sink of every con‐
nection, which are interpreted as ILVs in the first 
step, according to Fig. 1. Note that in this step, the 
ILV chains are not formed, and only the SBs and 
NOT gates are added to the related source and sinks. 
In step 3, the modified version of the benchmark cir‐
cuit is implemented again. In this step, the partition‐
ing stage flow in Rahimi and Jahanirad (2021) is 
omitted because the ILV-assigned connections, deter‐
mined in the first step, remain unchanged. The added 
SBs and NOT gates contribute to the placement and 
routing process of the related tiers. Therefore, the 
modified version of the layout including these mod‐
ules is generated in every tier in this step. In step 4, 
the proposed BIST method is performed wherein the 
ILV clusters and required extra SBs, which contrib‐
ute to the overlap handling routine, as well as the de‐
tails of the BIST configuration generator and BIST 
state machine, are extracted (Fig. 7). This modified 
version of the benchmark circuit undergoes another 
round of implementation (the place and route stages 
in Rahimi and Jahanirad (2021)) in step 5. Note that 
in this step, we restrict the implementation of the BIST 
configuration generator and BIST state machine to 
the dedicated area in step 1.

In step 5, the ILV locations are vulnerable to de‐
viation from the pre-assumed location of step 4. This 
issue may lead to a change in the boundaries of the 
ILV clusters, which should be handled appropriately. 
According to the precautions mentioned through 
steps 1–4, the locations of the ILVs experience a small 
change after step 5. Consequently, the deviation of 
cluster boundaries did not affect the results of our 
simulations. To evaluate the change in the ILV loca‐
tion deviation, we measure the center-to-center dis‐
tance of the ILV location before and after step 5 for 

all the ILVs of the benchmark circuit. The values of 
the center-to-center deviations normalized to the di‐
ameter of an ILV indicate a maximum deviation of 
0.57. This cannot change the boundary of an adjacent 
cluster because d0 (the pitch size) is at least an ILV 
diameter in the current M3D IC fabrication technology 
(Koneru and Chakrabarty, 2020).

However, if the boundary change (e.g., when an 
ILV moves from a cluster to an adjacent cluster) hap‐
pens for an unseen benchmark circuit, then the affected 
clusters should be modified, and the related chains 
and the extra modules for overlap handling should be 
reconsidered. In this situation, the last two steps of 
the proposed BIST methodology should be repeated 
for new clusters, except that the clustering stage of 
the BIST methodology should be bypassed in step 4.

4  Experimental results

In this section, we present the evaluation of our 
proposed method. To conduct this assessment, we 
used simulations on large circuits from the Verilog to 
routing (VTR) benchmark suite (Rose et al., 2012). 
To ascertain the ILV count, each benchmark circuit 
underwent a min-cut partitioning process, following 
an approach similar to that described by Rahimi and 
Jahanirad (2021). In the clustering of ILVs, we as‐
sumed that these ILVs were distributed randomly on 
the chip.

For the synthesis of the benchmark circuits, in‐
volving the conversion from the register-transfer level 
(RTL) to a netlist, we used a Synopsis design compiler 
(DC) and leveraged Nangate45 (a 45 nm standard 
cell library). The reported power and area metrics were 
derived from the outputs of DC, and the cell counts 
were standardized by normalizing all the cell types to 
the equivalent of NAND2X1 gates. Additionally, all 
other necessary components (e.g., the ILV clustering 
stage and fault simulation) were simulated using C++ 
programming language.

To offer comprehensive insight into the analysis, 
we provide results for different numbers of clusters 
(specifically, CL=2, 16, and 64). This approach allows 
us to assess the outcomes for different cluster sizes.

In Table 1, we present a comprehensive analysis 
of the total dynamic power, cell area, and gate count 
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associated with the proposed BIST architecture 
across various numbers of ILVs (N), ranging from 16 
to 1024. The results highlight a direct connection be‐
tween the number of ILVs and the metrics. As the 
number of ILVs increases, these measures show a no‐
ticeable upward trend. Grouping the same number of 
ILVs into a greater number of clusters results in a de‐
crease in the parameters.

For instance, consider the case of 512 ILVs, 
which are divided into 2, 16, and 64 clusters, result‐
ing in 3441, 1634, and 1557 gates, respectively. When 
all 512 ILVs are grouped into one cluster, the required 
configuration generator includes modules like a 9-bit 
counter, a 512-bit shift register, a 512-bit register, a 9-
input MUX, and 511 2-input XOR gates. In contrast, 
grouping 512 ILVs into 64 clusters each with 8 ILVs 
permits a single shared configuration generator, com‐
prising a 3-bit counter, an 8-bit shift register, an 8-bit 
register, a 4-input MUX, and seven 2-input XOR gates.

Although dividing ILVs into more clusters means 
that some extra SBs are needed to switch between 
the clusters that overlap, these extra SBs have a neg‐
ligible impact on power, area, and gate count, as they 
are much smaller than the SBs inside the clusters 
themselves. Furthermore, when ILVs are divided into 

64 clusters, a 64-bit shift register is required to serially 
scan out the outputs. However, this is still much 
smaller than the shift register used in the configura‐
tion generator for a cluster including 512 ILVs.

In Table 2, we present the estimated overhead 
introduced by the overlap areas between clusters in 
terms of the number of SBs (SB-OV), controller con‐
figuration complexity (Config-OV), and overall hard‐
ware overhead. For configurations with only two clus‐
ters, two SBs are added to support the overlap. How‐
ever, as the number of clusters increases (e.g., cluster‐
ing 1024 ILVs into 16 or 64 groups), more ILVs are 
shared between neighboring clusters, leading to an 
increase in the number of SBs required. Config-OV rep‐
resents the number of unique SB configurations needed 
by the controller, which depends on the maximum 
number of overlaps each cluster has with adjacent clus‐
ters. Even in the worst-case scenario, this number does 
not exceed six, indicating that the controller logic re‐
mains relatively simple and scalable. The estimated 
hardware overhead is shown in terms of the addi‐
tional gate count because the SBs are in overlap areas. 
When the overhead is less than 0.01, we denote it as 
“NI,” which means negligible impact. Even in the 
most demanding case (N=256, 64 clusters), the total 

Table 1  Total dynamic power, cell area, and gate count for the proposed BIST architecture across various numbers of ILVs

N

16

32

64

128

256

512

1024

Power (mW)

CL=2

0.020

0.050

0.091

0.170

0.330

0.650

1.270

16

0.05

0.08

0.15

0.31

0.60

64

0.16

0.29

0.54

Cell area (μm2)

CL=2

257.12

470.26

882.45

1678.18

3274.50

6433.96

12 747.85

16

469.32

856.93

1595.54

3058.69

5953.56

64

1625.28

2913.85

5449.02

Gate count

CL=2

137

252

452

898

1751

3441

6816

16

251

458

855

1634

3183

64

869

1557

2913

Table 2  Overhead analysis of overlapped ILVs: the number of SBs, controller configuration complexity, and overall 
hardware overhead

N

16

32

64

128

256

512

1024

SB-OV

CL=2

2

2

2

2

2

2

2

16

14

32

40

52

68

64

98

144

194

Config-OV

CL=2

2

2

2

2

2

2

2

16

3

4

4

5

6

64

3

4

5

Overall hardware overhead (%)

CL=2

NI

NI

NI

NI

NI

NI

NI

16

5

3

2

2

1

64

6

5

2
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gate overhead remains modest at just 0.06, confirm‐
ing that the proposed overlap handling mechanism 
introduces minimal hardware complexity.

The three critical parameters presented in Table 3 
include the number of test configurations, test time 
(the number of cycles required for fault detection and 
localization), and the FLG. FLG is defined as the 
number of ILVs within which we can confirm the 
presence of detected faults. Table 3 provides a com‐
parison between the proposed approach (clustering-
BIST) and ILV-BIST (Chaudhuri et al., 2023). We ex‐
clude reporting results for clusters containing fewer 
than four ILVs. For instance, we do not present re‐
sults for scenarios where 75 ILVs are divided into 25 
clusters, each consisting of three ILVs.

The first column of Table 3 shows the number 
of ILVs, ranging from 25 to 750. The number of test 
configurations, test time, and FLG presented for the 
ILV-BIST approach are extracted from the published 
paper (Chaudhuri et al., 2023). Note that the FLG re‐
ported for ILV-BIST corresponds to the fault detec‐
tion time and is represented as 3ti, where ti repre‐
sents the number of required test iterations to detect 
short faults.

The results from clustering-BIST are reported 
for four cases when ILVs are divided into 1, 5, 25, 
and 125 clusters. Two output pins are used to scan 
out the outputs, as discussed in Fig. 10. The number 
of test configurations is notably smaller in all cases 
for clustering-BIST compared to ILV-BIST. As ILVs 
are divided into a larger number of clusters, the number 
of test configurations decreases. This is because testing 
a chain of ILVs with a smaller ILV count requires 

fewer test configurations, and the ability to test clus‐
ters in parallel contributes to this efficiency.

In terms of test time, the ILV-BIST approach 
shows greater efficiency than clustering-BIST when 
all ILVs are in a single cluster. However, when they 
are divided into more clusters, clustering-BIST ex‐
hibits significantly lower test times than ILV-BIST. 
For instance, with 750 ILVs organized in a single 
cluster, the test time is 8455 cycles for clustering-
BIST and 2385 cycles for ILV-BIST. In contrast, 
when those 750 ILVs are partitioned into 25 clusters, 
each containing 30 ILVs, the test time for clustering-
BIST drops to just 335 cycles. This is because all 25 
clusters are tested in parallel. More clock cycles are 
needed to test 750 ILVs in 125 clusters than to test 
them in 25 clusters in clustering-BIST because more 
clock cycles (196) are needed to serially scan out the 
outputs when there are 125 clusters. Note that the 
number of clock cycles required to complete the test 
can be reduced by adding output pins to scan out the 
outputs in parallel when there are a large number of 
clusters. For example, the number of clock cycles re‐
quired to test 500 ILVs divided into 125 clusters can 
be reduced from 393 to 20 and 76 cycles when 125 
and 20 output pins are used instead of one output pin, 
respectively.

ILV-BIST consistently outperforms clustering-
BIST in FLG across all the cases and benchmarks, 
maintaining a value of 3ti. However, as ILVs are di‐
vided into more clusters in clustering-BIST, this value 
gradually converges toward the FLG achieved by 
ILV-BIST. For instance, when 500 ILVs are divided 
into 5, 25, and 125 clusters, the corresponding FLG 

Table 3  Comparison of clustering-BIST and ILV-BIST in terms of the number of test configurations, test time, and FLG

N

25

50

75

100

200

500

750

The number of test configurations

Clustering-BIST

CL=1

5

6

7

7

8

9

10

5

3

4

4

5

6

7

8

25

2

3

5

5

125

2

3

ILV-BIST

10

31

75

59

319

199

795

Test time*

Clustering-BIST

CL=1

164

430

585

829

1851

4755

8455

5

55

108

119

195

366

1070

1216

25

92

136

285

335

125

393

531

ILV-BIST

30

93

225

177

957

597

2385

FLG

Clustering -BIST

CL=1

25

50

75

100

200

500

750

5

5

10

15

20

40

100

150

25

4

8

20

30

125

4

6

ILV-BIST

3ti

3ti

3ti

3ti

3ti

3ti

3ti

 * The number of cycles required for fault detection and localization
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values are 100, 20, and 4, respectively. The best achiev‐
able FLG for clustering-BIST is 4, given that clusters 
with fewer than four ILVs are not considered.

The initial column of Table 4 presents the bench‐
mark circuits included in this study. The subsequent 
columns detail the number of ILVs, total power con‐
sumption, and gate count corresponding to each bench‐
mark. Table 5 shows the outcomes attained through 
the implementation of the proposed clustering-BIST 
approach, which is based on various metrics. The results 
are reported for scenarios in which the ILVs are di‐
vided into 2, 16, and 64 clusters.

In Table 5, we define the metrics of power over‐
head, area overhead, and hardware overhead as the 
ratios of their respective values in the clustering-BIST 
to those in the benchmark design. In general, power, 
area, and hardware overheads consistently have low 
values of under 10% across all the cases examined in 
this study. These parameters clearly correlate with the 
number of ILVs within the benchmark circuits (Table 1). 
Furthermore, these parameters have even lower values 
when ILVs are grouped into more clusters. For in‐
stance, in the case of Stereovision2, the power overhead 
measured at 5.76% for 2 clusters decreases to 2.31% 
when 64 clusters are used. Similarly, for LU32PEENG 

and LU64PEENG, when ILVs are grouped into 64 
clusters, all metrics exhibit low values of approxi‐
mately 1%.

The test time, FLG, and critical path delay (CPD) 
overhead are shown for different benchmarks in 
Table 5. Note that the increment of CPD for the bench‐
mark circuits does not exceed 2.04%. Such a low over‐
head is due mainly to the proposed BIST architecture 
adding two TGs per ILV to the critical path of the cir‐
cuit. On the other hand, according to Fig. 10, the over‐
lap mechanism adds a few extra SBs to adjacent clus‐
ters, which results in series TGs (i.e., two-level SBs). 
The critical path (especially in large circuits) contains 
10-s logic gates, so the addition of a few low-delay 
TG modules does not significantly increase the over‐
all delay of the CPD. As previously clarified, these 
parameters are exclusively dictated by the number of 
ILVs and clusters, as elaborated in detail in Table 3. 
Consequently, we provide the results in Table 4 with‐
out redundant explanations.

In Table 6, we compare the proposed method 
against ILV-BIST (Chaudhuri et al., 2023) in terms 
of power, area, and hardware overheads across several 
benchmarks. To ensure a fair comparison, we regen‐
erate the ILV-BIST method and report its optimal per‐
formance results. For our method, we used the sce‐
nario in which the number of clusters is 64.

The results indicate that ILV-BIST slightly out‐
performs our method in terms of the power over‐
head. However, our proposed method demonstrates 
advantages over ILV-BIST in terms of area and hard‐
ware overheads. Specifically, the area and power over‐
heads for our method are 1.30 and 1.48, respectively, 
while for ILV-BIST, these values are 1.71 and 2.29, 
respectively.

Table 4  Different parameters associated with benchmark 
circuits

Benchmark 
circuit

Stereovision0
Stereovision1
Stereovision2
LU32PEENG
LU64PEENG

Number of 
ILVs
948
987
1106
1543
1980

Total power 
consumption (mW)

16.97
10.95
23.78
96.89

135.51

Gate 
count

273 276
278 469
447 575
745 003

1 455 275

Table 5  Results of the clustering-BIST for different benchmark circuits

Benchmark

Stereovision0

Stereovision1

Stereovision2

LU32PEENG

LU64PEENG

Power 
overhead (%)

CL=2

7.09

9.85

5.76

1.97

1.81

16

3.27

5.28

2.67

0.91

0.84

64

2.95

4.57

2.31

0.82

0.73

Area overhead 
(%)

CL=2

4.35

4.44

3.07

2.57

1.69

16

2.01

2.21

1.41

1.18

0.77

64

1.74

1.82

1.23

1.03

0.67

Hardware 
overhead (%)

CL=2

4.88

4.97

3.45

3.11

1.99

16

2.45

2.69

1.80

1.31

0.92

64

1.92

2.03

1.46

1.14

0.85

Test time*

CL=2

4881

4933

6275

8765

11 155

16

530

554

696

914

1153

64

417

432

507

545

572

FLG

CL=2

474

494

553

772

990

16

60

62

70

97

124

64

15

16

18

25

30

CPD 
overhead (%)

CL=64

2.04

1.95

1.71

1.36

1.16

 * The number of cycles required for fault detection and localization
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5  Conclusions

In this paper, we introduce an innovative BIST 
design that focuses on the detection and localization 
of SAFs, multiple faults, and BFs in irregularly placed 
ILVs in M3D ICs.

The introduced BIST method has proven to be 
highly effective in detecting various types of faults, 
including SAFs, BFs, and multiple faults. All multi‐
ples and BFs in a single chain are detected using the 
proposed approach. Furthermore, BFs with a high like‐
lihood of occurring are detected in multiple chains 
using the proposed method.

One noteworthy achievement of this research is 
the significant reduction in the number of test config‐
urations required and the test time. By dividing ILVs 
into a larger number of clusters and testing them as 
such, the proposed approach has minimized the num‐
ber of ILVs tested in each cluster, resulting in only 
20 test cycles for efficient fault detection. This, in 
turn, contributes to improved efficiency in terms of 
power consumption, area utilization, and hardware 
overhead, particularly for large-scale benchmarks.
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Appendix A: Elaboration of the number of 

undetectable double faults

We claim that the number of undetectable double 
faults is a small portion of all potential DBFs. Let us 
elaborate on the situation concerning the last test con‐
figuration (Configlast). In this configuration, there is a 
NOT gate between every pair of adjacent ILVs (refer 
to Fig. 2). Hence, if the range of a BF contains an 
even number of ILVs, then Configlast can detect it (due 
to the inclusion of an odd number of NOT gates). To 
fulfill this condition, the difference between the indi‐
ces of ILVfirst and ILVlast must be an odd number. If 
ILVfirst is ILV0, then ILVlast could be 1, 3, …, 2x−1, N−1 
(totally N/2=2(w−1) BFs). Similarly, for ILVfirst=ILV1, 
ILVlast could be 2, 4, 6, … , 2y, … , N−2 (totally 
(2(w−1)−1) BFs). Therefore, the total number of detect‐
able SBFs using this test configuration is calculated 
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according to Eq. (A1). In the first line of Eq. (A1), the 
first summation deals with the SBF, where ILVfirst has 

an even index, while the second summation involves 

the SBFs starting at an odd-indexed ILV.

Total_Det_SBF=∑
i=0

N
2
−1( )N

2
− i +∑

i=0

N
2
−1( )N

2
−1− i

=2×∑
i=0

N
2
−1

N
2
−∑

i=0

N
2
−1

(1)−2×∑
i=0

N
2
−1

i

=N×
N
2
−N

2
−( )N

2
−1 ×

N
2

=
N 2

4
.

(A1)

Among all these detectable SBFs by Configlast, 

only the SBFs between two adjacent ILVs with an even 

ILVfirst index are exclusively detected by Configlast 

(meaning that the other test configurations cannot de‐

tect these specific SBFs). The remaining SBFs can 
be detected by at least one of the other test configura‐
tions. The number of these exclusive SBFs is N/2. Con‐

sequently, every double SBF that consists of these 
N/2 SBFs cannot be detected by Configlast. To construct 

such a double fault, we need to select two of these ex‐
clusive SBFs. Hence, the number of these undetect‐

able DBFs is calculated by the first term of Eq. (A2). 

Additionally, aside from these undetectable DBFs, 

all symmetrical DBFs cannot be detected, as repre‐
sented in Eq. (A2). When we refer to symmetrical 
DBFs, we describe DBFs consisting of two SBFs, 
where the positions of their ILVs are symmetrically 
placed if we divide the chain into two parts from its 
midpoint. The second term in Eq. (A2) represents all 
possible SBFs in the first section of the chain that 
form a DBF when paired with their symmetrical 

SBFs in the second section of the chain. Meanwhile, 
the last term in Eq. (A2) eliminates the adjacent SBFs 

in the first part of the chain since they are already ac‐

counted for in the first term.

#undetecDBF=( )N
2
2

+( )N
2
2
−N

4

=2×

N
2

×( )N
2
−1

2
−N

4

=
N 2

4
−N

2
−N

4
=

N 2−3N
4

. (A2)

The total number of DBFs in the chain is calcu‐

lated using Eq. (A3). Ultimately, the ratio of the num‐

ber of undetectable DBFs to the total number of DBFs 

is calculated as

#totDBF=( )N
2 ( )N−2

2

=
N×( N−1)

2
×

( N−2 )×( N−3)
2

=
N 4−6N 3+11N 2−6N

4
, (A3)

Ratio=
#undetecDBF

#totDBF
=

N 2−3N

N 4−6N 3+11N 2−6N
.    (A4)

For instance, if the chain length is 8 (N=8), the 

ratio would be 0.0238 (or 2.38%). This ratio decreases 

rapidly with increasing N values. Consequently, our 

approach can detect almost all DBFs.

Appendix B: Delay calculation for resistive 

open faults

The total delay from the input to the output of 

the chain is calculated as

Delay=
é

ë

ê
êê
ê∑

i=0

N−1

R ILV i
∑

j= i

N−1

C ILV j
+∑

i=0

N−2

R ILV i
∑

j= i

N−2

Coutj

+∑
i=0

N−2

Routi
∑
j= i+1

N−1

C ILV j
+∑

i=0

N−2

Routi
∑

j= i

N−2

Coutj

+( )RILV0
+Rout0

+...+R ILVN−1
CL

ù

û

ú
úú
ú

ln2.

(B1)

Assume that R ILV0
=R ILV1

=...=R ILVN−1
=RILV, C ILV0

=

C ILV1
=...=C ILVN − 1

=CILV, Rout0
=Rout1

=...=RoutN − 2
=Rout, and 

Cout0
=Cout1

=…=CoutN−2
=Cout. Consequently, the delay is 

calculated as

Delay=
é

ë
êêêê∑

i=1

N

i.R ILV C ILV+∑
i=1

N−1

i.R ILV Cout

+∑
i=1

N−1

i.Rout C ILV+∑
i=1

N−1

i.Rout Cout

+( )NR ILV+( N−1) Rout CL

ù

û
úúúú ln2,

(B2)
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Delay=é
ë
êêêêN ( N+1)

2
RILVC ILV

+
N ( N−1)

2
RILVCout+

N ( N−1)
2

RoutC ILV

+
N ( N−1)

2
RoutCout+(NRILV+(N−1)Rout )CL

ù
û
úúúú ln2.

(B3)

If the Kth ILV in the chain (counting from the 
output end of the chain so that the assigned number 
to the last ILV of the chain is 1) is a resistive open 
fault represented as Ropen, the delay associated with 
Ropen is added to the total delay of the chain, calcu‐
lated as

Delay_open=[ KRopenC ILV

+(K−1) RopenCout+RopenCL ] ln2.
     (B4)

Appendix C: Modeling the BF occurrence 

probability

Here, we consider the model for P(d) according 
to Eq. (C1), which indicates a decreasing trend with 

increasing distance among an ILV pair. Assume that 
the area of the tier is a×a and that its diameter as the 

longest possible distance between two ILVs is a . 
Then, we can deduce from Eqs. (C2) and (C3) the 
more specific formula in Eq. (C4).

P (d )=ce
− d

d0 . (C1)

∫
d0

2 a

P (d )dx=∫
d0

2 a

c ( )e
− x

d0 dx=1. (C2)

cd0( )1
e
− 1

e
2 a
d0

=1. (C3)

P (d )=
e

2 a
d0

+1

d0
( )e

2 a
d0 −e

e
− d

d0 . (C4)

If we consider the overlap area between two 
clusters equal to hd0, all BFs with a probability of oc‐
currence greater than Eq. (C5) are detected.

P ( hd0 )=
e

2 a
d0

+1

d0
( )e

2 a
d0 −e

e−h. (C5)
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