
Address decoders with
FeFET-based
Content-Addressable
Memories
Master Thesis
Thomas I. Makryniotis



Address decoders
with FeFET-based

Content-Addressable
Memories

by

Thomas I. Makryniotis

to obtain the degree of Master of Science

at the Delft University of Technology,

to be defended publicly on Tuesday, 27th of August 2024 at 14:00 PM.

Student number: 4625501
Project duration: July 2023 – August 2024
Thesis committee: Prof. dr. ir. G. Gaydadjiev, TU Delft, supervisor

Prof. dr. ir. M. Taouil, TU Delft , co-supervisor
Prof. dr. ir. M. Babaie, TU Delft

Cover: 300 mm test wafer under magnification (2.5 mm side size of the
chip) lightened with visible light. Creative Commons CC0 1.0

Style: TU Delft Report Style, with modifications by Daan Zwaneveld

An electronic version of this thesis is available at http://repository.tudelft.nl/.

http://repository.tudelft.nl/


Acknowledgements

It is been a long time since I started this journey; definitely not an easy one, but not a difficult one,
either. It was a proper adventure, with all the necessary ingredients an adventure has: excitement,
success, failure, commitment, trouble and eventually, relief. As with every journey, in the end, what
worth remembering is the people that helped you go through it.

So, this is a public “thank you” to everyone who stood by me during this journey.

First of all, I would like to express my deepest gratitude to my supervisor Georgi and my co-supervisor
Motta, for all the valuable help and guidance they provided, often regardless of the time or the day of
the week. Without them it would not be possible to complete this project.

A big ”thank you” also goes to the members of the Q&CE group who generously shared their expertise,
answered my questions and provided their ideas.

Then, I would like to thank all my friends, old and new, who were tolerating my tantrums and celebrating
my successes. Every cup of coffee, every beer, every walk and every conversation we had, was one
more little push towards the finish line.

Finally, I would like to thank my family; my parents Giannis and Georgia and my brother Konstantinos
for all their unconditional love, support and motivation throughout the years.

Thomas I. Makryniotis
Delft, August 2024

i



Summary

Emerging, non-volatile memories are promising solutions to contemporary computing problems. These
include In-Memory Computing, Neuromorphic Computing, and Machine Learning. We believe that
these are not the only possible applications of non-volatile emerging memory devices and that these
can be used effectively for tackling several challenges of the ”conventional” computer architecture.

For instance, address decoders are an integral part of random access memories. They are typically
implemented using fast logic optimised for low latency. They are, however, difficult to test, while their
repair is considered to be impossible. In this thesis we research the possibility of a highly scalable and
testable address decoder solution, based on Content-Addressable Memories build with ferroelectric
transistors (FeFET).

This solution can offer numerous advantages including transistor count close to state of the art designs,
while outperforming them in terms of latency. In addition, a key advantage could emerge during the
testing of this decoder; due to its regular 2D structure, it’s testability is comparable to that of conventional
memory arrays. Moreover, it can enable higher production yields, considering that adding a few spare
rows will enable end-of-production repair, in the presence of manufacturing defects.

By additionally increasing the number of address bits stored in a single FeFET CAM cell, further poten-
tial area reductions of 30% - compared to the traditional dynamic NAND decoders - can be achieved.
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1
Introduction

1.1. Motivation and Research Questions
Computer engineering is one of the youngest fields of engineering and arguably, the one with the great-
est impact in the modern world. The advancements in the field are so rapid and groundbreaking that
within 70 years, computers went on from being enormous, power-hungry, unreliable machines that only
a few institutes could afford experimenting with, to tiny, elegant and powerful gadgets that play a vital
role in our day-to-day lives.

Several times over the years, the computing paradigms have shifted: from a central processing unit re-
sponsible for everything, to separate accelerators that communicate over fast buses, to the most recent
advancements of Near- and In-Memory Computing. Undoubtedly, these advancements would not be
possible without the constant research and development in the microelectronics field. Vacuum tubes
gave their place to several different types of transistors, like Metal-Oxide Semiconductor Field-Effect
Transistors (MOSFET), which then became the building blocks for Integrated Circuits (IC). Complemen-
tary Metal-Oxide Semiconductor (CMOS) technology dominates the IC industry the last decades and
it seems that it will keep on doing so for the foreseeable future.

Despite the success of CMOS, novel, emerging technologies are gaining traction, fueled by the in-
creased demand for data processing, and the applications in the fields of Machine Learning (ML), Neu-
ral Networks (NN) and Artificial Intelligence (AI). These technologies include among others Memristors,
Ferroelectric FET (FeFET), Phase-Change Memory (PCM), Spintronics and Carbon Nanotube FET
(CNTFET). A big part of the recent research on these devices is devoted in their storage capabilities
and their potential to be used in building memory arrays that could also perform logic operations. De-
spite the significant potential of these novel, non-von Neumann architectures, we believe that emerging
devices can give solutions to many more problems in the field of Computer Engineering.

Address decoders, for instance, are an integral part of Random Access Memories (RAM) and low la-
tency address decoding remains a challenge in high-performance memory designs ranging from cache
memories up to large main memory arrays. This typically results in highly customised logic implemen-
tations for the targeted memory array that are fast, but difficult to test. Detecting address decoder
faults is challenging since the tests have to ”recover” the effects from the expected values obtained
from different locations in the memory array [1], [2]. Moreover, detecting linked address decoder faults
requires long March tests [3]. Implementing testable and ideally, repairable address decoders will not
only help reducing end of production test times but it will also improve the overall yield.

In this thesis we research the feasibility of a highly scalable and testable address decoder solution,
based on Content-Addressable Memories (CAM) build with FeFET. During the course of our research

1



1.2. FeFET-based Address Decoders 2

we tried to answer the following two key questions:

• Is it feasible to leverage the FeFET device to create a CAM array, which then can be used to
decode a memory address?

• If yes, how is it possible to test the functionality of this structure in a simple and effective way?

1.2. FeFET-based Address Decoders
Hardwired dynamic NAND address decoders are widely used in random access memories to decode
parts of the address. The function of a dynamic NAND decoder is quite simple: each row of the decoder
corresponds to a row of the decoder’s truth table and a certain number of transistors are hardwired to
either the address signals, or their inverted ones. Based on which transistors are ON or OFF, the ap-
propriate line of the address decoder is activated.

Practically, the same can be achieved by using a content-addressable memory which has all the avail-
able addresses stored: an input address is used as a query and if a CAM row contains it, it signals a
Match Line (ML) which then activates a row in the memory array. An implementation was suggested
for the first time in [4] where the proposed CAM array was based on a ReRAM array. This design was
discussed in a more elaborate way in [5] where a few applications were also proposed such as fully
associative TLBs and virtually addressable memory.

FeFET-based address decoders constitute a special category of CAM-based decoders, where the CAM
cell is built with FeFETs. Compared to cells built with other technologies, FCAM cells demonstrate lower
search energy, significantly reduced area (especially for multi-level cells) and switching times similar to
those of a ”traditional” MOSFET. In addition, FeFET manufacturing is fully compatible with the existing
manufacturing processes, with only minor changes being deemed necessary. This leads to a much
easier integration with ”conventional” CMOS circuits and a rapid design-prototype-manufacturing cycle,
compared with other technologies like ReRAM or PCM.

1.3. Contribution
In this paper we propose a novel, low latency address decoder built using an array of two-FeFET
Content Adressable Memory (CAM) cells. Each FeFET CAM cell stores at least two bits in order to
reduce the overall array size. Our address decoder was simulated in PTM14nm CMOS technology and
outperforms the state of the art in latency, by at least a factor of 1.7x. At the same time, its area stays
on par with the baseline solutions. When more than two bits per CAM cell are used, additional area
gains can be achieved. Moreover, due to its memory-like regular organization, our decoder is easy to
test and by adding few spare rows end-of-production-line repair can be facilitated.

The main contributions of this paper are:

• a fast FeFET CAM based address decoder design;
• a careful investigation of the possible partial-open and bridge defects in the proposed two-transistor
CAM cells;

• a set of march tests able to detect the above defects.

1.4. Thesis Organisation
The remainder of the dissertation is organised as follows:

Chapter 2 provides the necessary background on FeFETs. In this chapter we discuss the physics, the
materials and the applications of FeFETs. Key concepts are explained, as well as a general introduction
to the possibilities of this emerging technology.
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Chapter 3 provides an overview of address decoders. Several different types are being discussed,
including static, dynamic and column decoders. Also, key concepts are introduced, like decoder stages
and predecoding.

Chapter 4 is an extensive overview of Content-Addressable memories. Starting from established de-
signs and technology (like CMOS), we discuss designs and applications, as well as past and present
advancements, pitfalls and edge cases. The chapter also introduced the new generation of CAM cells
built with emerging memory technologies, showcasing their advantages over previous designs.

Chapter 5 introduces and discusses the FCAM row decoder. Combining the insight from the previous
chapters, we present the idea of a memory address decoder based on CAMs built with FeFET devices.

Chapter 6 presents the experimental platform and the simulation results. In this chapter we also discuss
the results and the challenges of the project and we provide our solution for testing this new type of
decoder based on simple march tests. We also compare certain metrics of the design with other state-
of-the-art conventional decoder designs.

In the appendices, extra information can be found with regards to this research. Appendix A includes
a conference paper to be published in VLSI-SoC 24’ which constitutes a ”condensed” version of this
thesis, while Appendix B includes additional material from the simulations, such as plots and figures of
measurements on different defect sites.



2
Introduction to FeFETs

2.1. Ferroelectricity and Ferroelectric Materials
Ferroelectricity is the property of certain materials (crystals) to demonstrate a spontaneous, yet re-
versible, electric polarization. We call these materials ferroelectrics and their outstanding feature is
that, this polarization reversal can occur by applying a strong electric field in the opposite direction.
Therefore, the polarization is dependent not only on the current electric field but also on its history,
effectively yielding hysteresis loops (Figure 2.1). This phenomenon was discovered and reported for
the first time in 1920 in Rochelle salt by J. Valasek [6]. The observed similarities with ferromagnetism
lead to the use of the prefix ferro-, meaning iron, despite the fact that most ferroelectric materials do
not contain iron.

Polarization (P)

Electric Field (E)

Remnant
polarization

Non-remnant
polarization

Saturation polarization

+Pr

-Ec +Ec

-Pr

Ps

Figure 2.1: The ferroelectric hysteresis loop

In a way similar to ferromagnetism, this sponta-
neous polarization is the consequence of a spe-
cific arrangement within the crystal lattice of the
material. A good example of a characteristic fer-
roelectric material is lead titanate (PbT iO3); its
ferroelectric properties arise from the displace-
ment of titanium atom in the center of the TiO6

octahedron. In general, the spontaneous po-
larization present in these materials stems from
the breaking of symmetry in the crystal struc-
ture along a unique axis, specifically, a non-
centrosymmetric lattice. Figure 2.2 shows the
perovskite structure of the lead titanate, in two dif-
ferent phases the paraelectric and the ferroelec-
tric. Similarly structured materials demonstrate
similar ferroelectric properties like lead zirconate
titanate and barium titanate. Despite all of them
sharing the same pervskite structure, it is impor-
tant to note that most perovskites do not show
any ferroelectric properties.

Macroscopically, ferroelectric materials are not homogeneous and have an incoherent structure with
small areas of local homogeneity. These areas are called domains and they have discrete boundaries
called domain walls. The size of the domains can vary between a few nanometers, up to one micron,
and the most important property is that each domain has its own ferroelectric orientation. Although
each domain has its own spontaneous polarization, eventually the cumulative polarization of all the
domains cancels out and the material, as a whole, is neutral. Figure 2.3 shows the difference between

4
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(a) Paraelectric phase (b) Ferroelectric phase

Figure 2.2: The two phases of lead titanate and of similar materials.

(a) Domain polarization before external field (b) Domain polarization after external field

Figure 2.3: Domain polarizations before and after the application of an external field

a material without ferroelectric homogeneity, against one where ferroelectric polarization is observable.

Having described the domain structure and behaviour, it is easier to understand the phases of the
hysteresis loop as shown in Figure 2.1. Starting with a pristine piece of ferroelectric material, no elec-
tric polarization is observable, hence both the polarization and the applied electric field are zero. By
increasing the intensity of the externally applied electric field, the polarization of the material starts to
rise, in the opposite direction of the applied electric field. Once all the domains have been re-oriented,
the material has reached the saturation polarization; regardless of the intensity of the external electric
field, there are no domains left to be re-oriented. At this point, if the electric field is completely removed,
the polarization of the material will drop since some of the domains will not be able to retain their polar-
ization. However, the majority of them will do so, and the material will keep its overall net polarization.
This is called remnant polarization (Pr), while the polarization ”lost” due to the fallback of the domains,
is called non-remnant polarization. At this point, if a reverse external field is applied, the polarization of
the material will start to drop again, until it reaches a negative ”peak” value, ie. a negative saturation
polarization. The behaviour is exactly the same as the one we described, but since the orientation of
the electric field is reversed, the polarization of the material is also reversed. The polarization shows a
reaction delay (or hysteresis) with regards to the electric field, hence the name hysteresis loop.
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Ferroelectrics

Dielectrics

Piezoelectrics

Pyroelectrics

Figure 2.4: Relationship between dielectric, piezoelectric, pyroelectric and ferroelectric materials.

Ferroelectrics are a subset of the broader family of materials called pyroelectrics, which in turn are a
subset of the piezoelectric family of materials. Figure 2.4 shows this relationship.

Until recently, the use of ferroelectric materials was limited in applications like FRAM, due to its sig-
nificant advantages over Flash and EEPROM memories. FRAM technology employed a ferroelectric
capacitor utilizing lead zirconate titanate (PZT) in the back-end-of-the-line (BEOL) configuration, which
was linked to the drain of a front-end metal-oxide-semiconductor field-effect transistor (MOSFET). How-
ever, wide-scale adoption of ferroelectric technologies remained unrealized due to the difficulties as-
sociated with incorporating perovskite oxides into front-end semiconductor manufacturing processes.
These challenges primarily encompassed issues related to perovskite etching, sensitivity to hydrogen,
as well as limitations in thickness and cell size scaling beyond the 130 nm technology node [7].

The resurgence of research in ferroelectric devices was ignited by the discovery of ferroelectricity in
binary oxides like silicon doped hafnia (Si:HfO2) in 2011 [8]. Hafnia has played a pivotal role as a key
facilitator of high-K-metal-gate (HKMG) technology for advanced logic transistors since the mid-2000s.
Its compatibility with modern complementary metal-oxide-semiconductor (CMOS) technology, along
with its scalability, holds the potential to unlock the promise of ferroelectric memories in high-volume
semiconductor manufacturing, opening up opportunities for a wide array of commercial products [9].
Ferroelectric memories offer numerous prospects across various levels of the memory hierarchy, in-
cluding embedded memory, main memory, storage-class memory, and long-term storage. In addition,
many proposals are out for using ferroelectric devices for alternative computing paradigms such as
non-von Neumann and neuromorphic computing [10], [11], [12].

2.2. An overview on FeFETs
The main concept of a FeFET refers to using a layer of ferroelectric material that is deposited on a
semiconductor, in order to tune its surface conductivity. While this idea was discussed for the first time
in 1957 [13, 14], as a device it was realized for the first time in 1974 by We et al., at the Westinghouse
Research Laboratory [15]. This first prototype was an n-type MOSFET using a Bismuth Titanate film
(Bi4Ti3O12) as a ferroelectric material. In practice, the structure of a FeFET is straightforward; an
additional ferroelectric (FE) layer is used in the gate stack, forcing the MOSFET to showcase two
different threshold voltages, under two different polarization states. The two architectures used in
the gate stack are theMetal-Ferroelectric-Insulator-Semiconductor (MFIS) and theMetal-Ferroelectric-
Metal-Insulator-Semiconductor (MFMIS). Figure 2.5 shows these structures.
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Metal gate
Ferroelectric
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(a) MFIS structure

Insulator (dielectric)

n+ n+
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Floating metal gate

(b) MFMIS structure

Figure 2.5: The two different gate stack structures for FeFETs

FeFETs demonstrate negative capacitance (NC) and hysteresis in their I-V curves [16]. As we already
mentioned, a switching of the ferroelectric polarization results in the shifting of the FeFET’s Vth and
this is the key characteristic we aim to exploit. Apart from this fact, the FeFET effectively behaves
identically to any other conventional MOSFET. The implications of such a structure are obvious; by
controlling the polarization of the ferroelectric layer (and as a consequence, the Vth of the transistor),
it is possible to store binary values in a FeFET which then can be read afterwards.

The polarization of the ferroelectric layer can be controlled by applying appropriate pulses on the gate
terminal. Two characteristics of these pulses can be controlled: amplitude and duration. The designer is
responsible for deciding the values of these factors and tune them according to the application. FeFETs
demonstrate two states, the first one called HVT (High Vth) and the other LVT (Low Vth). The circuit
equivalent of a FeFET is shown in Figure 2.7 and it is essentially a ferroelectric capacitor in series with
the gate of a conventional MOSFET. The VGS equivalent would be derived by the equation:

VGS “ pVFE ` VMOSq (2.2.1)

When a strong positive VGS is applied, it causes the ferroelectric layer to switch its polarity in such a
way that it now manifests a positive voltage towards the MOSFET structure (Figure 2.7). This attracts
electrons towards the gate and thus lowers the voltage needed to fully create the conductive channel
(Low Vth). On the contrary, if a strong negative pulse is applied, the ferroelectric layer will be polarized in
such way that a negative voltage will be manifested towards the MOSFET structure, hence, a repulsion
of electrons will occur and the Vth will be raised (High Vth).

I D
S

VGS

Memory
Window

+4.0 V (LVT)
-4.0 V (HVT)

Pulse Width: 10μs

Figure 2.6: The I-V characteristics for the two FeFET
states

V
MOS

C
FE

V
FE

V
GS

Figure 2.7: Circuit equivalent of FeFET device

Figure 2.6 shows the different I-V characteristic curves between the LVT and HVT states. The voltage
window between these two is also called memory window and it is the voltage range within which a
non-destructive read can take place. FeFET is a voltage-driven device, but current sensing is used
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to retrieve the value stored. As with regular MOSFETs, FeFETs’ drain-source current is given by the
following equation:

ID “
1

2
¨ µ ¨ COX

W

L
pVGS ´ VTHq2 (2.2.2)

FeFETs have demonstrated several advantages such as high density, low power, non-volatility, high
read/write speeds, random access, high endurance and non-destructive readout. However, relatively
short retention times is the major disadvantage of FeFETs which happens due to gate leakage current,
depolarization field and carrier trapping in the gate-dielectric stack [17, 18].

2.3. FeFET Advancements and Materials
The previous section was an overview of the basic FeFET functional principles. However, factors like
memory window, retention time and endurance, are defined by the materials used and the unique
properties associated with them. As we already mentioned, in 1974, the first n-channel FeFET on
silicon wafer with (Bi4Ti3O12) as FE-material was reported. After one year, K. Sugibuchi et al., [19]
reported the first p-channel FeFET on silicon wafer with same FE-material and structure. Both of them
used a Metal-Ferroelectric-Semiconductor (MFS) structure.

Coercive field (εc) and remnant polarization (Pr) are the critical factors of FE-film used in FeFETs; both
of them can be modulated with a capping layer, annealing conditions and doping concentration [20].
Dielectric breakdown and gate leakage are the serious issues associated with MFIS-structure based
FeFETs, therefore, the gate stack must be carefully designed so that the program/erase voltage can be
effectively distributed between the FE and insulator layers. Both gate leakage current and depolariza-
tion field (Edp) degrade the retention time of FeFETs; the Edp reduces the polarization in the FE- layer
which then leads to the reduction in memory retention time [21]. Edp can be calculated by the following
formula:

Edp “
PCFE

εpCIS ` CFEq
(2.3.1)

P , CFE , ε and CIS represent polarization, FE-capacitance, permittivity of FE-film and semiconductor
capacitance respectively.

Quite often, an insulating layer will be used to prevent the chemical reaction between Si-wafer and the
FE-material. However, this will also create a depolarization field in the gate stack which reduces the
memory retention time. In general, FeFETs with an MFIS structure demonstrate poor memory window
and retention time. The MFMIS-structure has emerged as an excellent solution to mitigate the limita-
tions of MFIS-structure based FeFETs [22]. FeFETs with MFMIS structure can be operated with lower
voltages compared with FeFETs having MFIS structure due to the enhancement of FE capacitance.

The introduction of insulating layer leads to the increase of writing voltage due to the voltage drop
across it. In order to reduce this voltage drop, a high-k material is usually preferred, however, usage
of high-k dielectrics (e.g. HfO2) creates a poor interface between Si-wafer and the high-k material that
severely degrades the memory performance of FeFETs. These problems can be effectively mitigated
by employing an intermediate electrode in between insulating and FE-layers, which leads to the MFMIS
structure [23]. That is, FeFETs with MFMIS structure showcase perfect non-destructive readout and
disturb free write operation compared with FeFETs with MFIS structure.

The memory performance of FeFETs is highly sensitive to temperature; it is reported that an increase
in temperature leads to the increase of leakage current and the decrease of ION{IOFF and memory
window [24], [25], [26], [27]. In 2011, Tang et al., [25] experimentally demonstrated an MFIS-FeFET
using HfTaO buffer layer and SrBi2Ta2O9 FE-film that showcased a memory window, ION{IOFF and
endurance of 0.9 V, 107 and 2 ˆ 1011 cycles respectively. In the same year, Böscke et al., [24], [26]
discovered ferroelectricity in HfO2, a major breakthrough in the development of FeFETs due to the
fact that HfO2 provides better scalability compared with strontium-bismuth titanate FE-material. In
2013, Mueller et al., [28] experimentally demonstrated a FeFET using Si-doped HfO2 (Si:HfO2) FE-film.
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Figure 2.8: FeFET structure with silicon-doped hafnia as a FE layer.

In 2017, Chatterjee et al., [20] successfully fabricated a FD-SOI FeFET using gate last, self aligned
process featuring Hf0.8Zr0.2O2 FE-film that showcased a memory window, ION/IOFF, retention time
and endurance of 0.5 V, 106, 10 years and 107 cycles respectively.

FeFETs are a field of active research and new structures and proposals are constantly published. A few
indicative examples of their promising future can be found in the research by Zeng et al., [29] a FeFET
was successfully fabricated, featuring HfN top electrode and Hf0.5Zr0.5O2 (HZO) FE-film that show-
cased a MW and endurance of 0.92 V and 104 cycles, respectively. In 2019, Huan Liu et al., [30] were
the first to demonstrate a p-channel FeFET on Ge wafer featuring Ge-channel, TaN gate electrode and
ZrO2 FE-film that exhibited a memory window and endurance of 0.78 V and 107 cycles respectively.
S. Ohmi et al., [31] reported a FeFET having metal-FE-semiconductor architecture that exhibited a
memory window and endurance of 1.2 V and 1010 cycles, respectively. It was also reported that form-
ing HfO2 FE-film with Kr/O2-plasma sputtering, offers superior polarization, reduced leakage current,
improved ferroelectric capacitance, improved the drain current and provided superior memory window
and endurance characteristics compared with HfO2 formed by using Ar/O2-plasma sputtering. Finally,
in 2022, Dutta et al., [32] successfully fabricated a interfacial layer-free FeFET featuring Hf0.5Zr0.5O2

FE-film and indium tungsten oxide (IWO) semiconductor channel that offers high speed, low voltage
memory operation and exhibited a MW and endurance of 1.6 V and 1011 cycles, respectively. The
elimination of interfacial layer efficiently minimizes the charge traps which in turn lead to the reduction
in write voltage and improvement in endurance.

Large write voltage remains a serious issue in FeFETs, mainly due to the voltage drop across the in-
terfacial layer. To reduce write voltage, the electric field across the interfacial layer should be reduced,
however, it has been shown that this causes a severe degradation of the memory window. Reduc-
ing write voltage without degrading memory window is a ongoing challenge in the development of
FeFETs [33].

For this thesis, the experiments took place using a FeFET model calibrated with data from fabricated
FeFETs. The FeFETs were build based on an MFMIS structure and using an (HZO) Hf0.4Zr0.O2 ferro-
electric layer with 10nm thickness [34].

2.4. Challenges of HfO2 Integration
Despite significant progress since its discovery in 2011, the implementation of ferroelectric HfO2 still
presents certain key non-ideal properties that affect its observed behavior. This section addresses
some of the most commonly discussed challenges, according to [35].

2.4.1. Depolarization Field

The polar nature of ferroelectrics inevitably leads to the generation of a depolarization field, which signif-
icantly impacts the characteristics of thin films. This depolarization field is caused by uncompensated
charges at the interfaces. From device fabrication, the presence of a dielectric layer at the ferroelec-
tric/metal interface, often referred to as a dead layer, is commonly present [36]. This dielectric layer
hinders the screening of surface charges, as the counter charges in the metal electrode are spatially
separated from the surface charge. The unscreened charges create a depolarization field across the
ferroelectric, reducing the effective polarization and limiting thickness scaling, with its impact becoming
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more pronounced in thinner films [37–39]. Even in the case of having no dielectric interface layer, a de-
polarization field will still be present, since even metal electrodes will have a non-zero screening length.
However, the larger coercive field in HfO2-based ferroelectrics, compared to the traditional perovskite
ferroelectrics, should enable HfO2 to withstand higher depolarization fields [36, 40]. The depolarization
field is the cause of reduced memory state retention for FeFETs. The understanding and control of
depolarization fields in ferroelectrics is of key importance for their use in technological applications.

2.4.2. Retention

In ferroelectric devices, retention refers to the ability of a ferroelectric material to maintain its polarization
over time, in the absence of an external electric field. Retention is an important characteristic because
it determines how long the ferroelectric state can be maintained, once the external electric field is
removed. Retention performance is influenced by various factors, including material properties, device
architecture, and operating conditions [35, 41]. It is of great importance to design FeFETs in a way
that ensures the reliability and longevity of the device, especially when it comes to applications where
stored information needs to be preserved for extended periods.

2.4.3. Wake-up

It is common in HfO2-based ferroelectrics to observe what is called a ”wake-up” effect, which is a
gradual increase of the Pr, during voltage cycling. It is typical that the wake-up effect is especially
strong during the first, approximately, 1000 cycles. Initially, it was believed that the wake-up effect only
stemmed from the redistribution of oxygen vacancies [35, 42–44], causing domains in the film to de-pin
which results in an elevated Pr. However, recent evidence suggests that the main contribution is a
phase transition from the t- to the o-phase, or even m-phase to o-phase during voltage cycling, offering
an alternative explanation for the observed increase in Pr. Currently, substantial efforts are underway
to mitigate the presence of the wake-up effect in HfO2-based ferroelectrics by engineering the thermal
treatment [35, 45], introducing La dopants [46], and optimizing the deposition conditions.

2.4.4. Endurance

The ability of a ferroelectric material to undergo repeated cycles of polarization switching without sig-
nificant degradation, is called endurance. However, HfO2-based ferroelectrics, often experience hard
breakdown before any significant degradation of the polarization occurs. For this reason, the ”cycles
until breakdown” is typically what is reported in the literature. Reported endurance values for HfO2

ferroelectrics span a range from 104 to 1011 cycles. Comparison of different devices with regards to
endurance should be done carefully, since endurance is dependent on both frequency and field mag-
nitude. A better metric could be the time until break down, which, as demonstrated in the work by
Toprasertpong et al., is constant, independently of the cycling frequency used [47]. Additionally, thin-
ner films are expected to have improved endurance compared to thicker films, since the breakdown
field decreases with thickness [35, 47].

2.4.5. Fatigue

A ferroelectric material that goes over repeated switching of its polarization under the influence of an
external electric field, it can experience fatigue. These phenomenon is manifested as the reduction
of the material’s ability to maintain a stable and well-defined polarization state. Several mechanisms
contribute to fatigue in ferroelectrics, with one common factor being the accumulation of defects in the
material, during the polarization-switching process. Over time, these defects can impede themovement
of domain walls (pinning) and eventually hinder the ability of the material to maintain a stable polariza-
tion state. As a result, fatigue can play a major role in the material’s reliability and performance.
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2.5. Structures and Applications
Ferroelectric FET technology is emerging in many application domains ranging from non-volatile stor-
age, to reconfigurable hardware. Some examples of promising FeFET based applications are emulat-
ing atomic neuromorphic operations [48], hyper-dimensional encoding [49], multiply-accumulate oper-
ation crossbars [50] and energy/area efficient FPGA fabrics [51]. Clearly, both Academia and Industry
consider using FeFET devices in promising solutions for various limitations faced by contemporary
computing technology.

2.5.1. Memories

FeFETs are by definition a very promising candidate for new types of memories.

FeRAM
Ferroelectric random-accessmemory (FeRAM) aims to replace dynamic random-accessmemory (DRAM)
that constitutes the main memory of today’s devices. The FeRAM architecture, resembles DRAM, but
with one key difference, that the insulator in the capacitor is now a ferroelectric film, allowing for non-
volatile charge storage. The read and write procedures are similar to DRAM and as the access tran-
sistor is opened, a voltage is applied across the ferroelectric capacitor. Then, if polarization reversal
occurs, the sensed current will be significantly larger than a non-switched one. The non-volatile nature
of FeRAM removes the need for refresh, which makes it significantly more power efficient. Recently a
non-destructive read process for FeRAM was demonstrated, focusing on the difference in capacitance
between the two polarization states, allowing for read endurance beyond 1011 cycles [52]. Moreover,
the charge density offered by ferroelectrics enables the integration of smaller capacitors. Despite these
advantages, challenges such as limited endurance, and high write voltage still require further improve-
ments before consumer products can be realized [53].

FeFET Crossbar Memories
As already mentioned above, FeRAM aims to replace DRAM [35] and with regards to non-volatile
storage, similar arguments can be made for the case of FeFETs aiming to be used as a replacement
for Flash memory. Flash memory is a non-volatile semiconductor storage technology widely used in
electronic devices such as USB drives, solid-state drives (SSDs), and memory cards. Its operation
is based on a threshold voltage shift to realize two different memory states. It achieves this through
the principle of storing charge on a floating gate buried between the gate electrode and transistor
channel. As charges are trapped in the floating gate, the electric field of the gate electrode is screened.
This increases the threshold voltage of the transistor. Although flash memory is well established, it
suffers from limited endurance (typically < 105) and very high write energy consumption (~1 nJ/bit) [35].
FeFETs, offers improved endurance, significantly improved energy efficiency and have the potential
to replace flash memory in non-volatile applications. Using their two-level threshold voltages, they
can act in a similar fashion to Flash, for memory applications. Another concept has been introduced
where instead of integrating the ferroelectric directly in the gate stack of the transistor, a ferroelectric
capacitor which shares one of its electrodes with the transistor gate, is connected in series with a
traditional non-ferroelectric transistor. This device approach is called a ferroelectric-metal-field-effect-
transistor (FeMFET) and allows for reduced programming voltages and generally better reliability when
compared to the standard FeFETs[54].

2.5.2. Neurons

Neuromorphic computing (like spiking neural networks - (SNNs)) is a relatively novel computing paradigm
which attempts to mimic the human brain in the way computations are done. However, it is fundamen-
tally different that the more popular, computer science driven, machine learning and its variants (such
as deep learning) [55]. This attempt to capture brain-like features such as computation using spikes,
holds the promise of improving the energy efficiency of computing platforms. In order to achieve an
energy efficiency significantly better than the current CMOS-based neuronal circuits, researchers have
turned to the emerging NVM devices.
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The general working principle of a SNN can be described as follows: when a synapse receives a spike
(i.e. an action potential), from its pre-synaptic neuron, it emits a post-synaptic potential (PSP). The PSP
in turn stimulates the membrane potential of the post-synaptic neuron and the neuronal membrane po-
tential exhibits temporal evolution where it integrates the PSPs. When the membrane potential crosses
a threshold, the post-synaptic neuron fires, emitting an output spike.

Figure 2.9: FeFET-based spiking neuron

FeFETs are an excellent candidate for imple-
menting a hardware spiking neuron, due to their
partial polarization characteristics. This feature
enables the polarization change of the FeFET
layer through a sequence of smaller potentiation
pulses, instead of a single longer pulse. It is ev-
ident that, the inherent ferroelectric polarization
switching dynamics, closely resemble the neu-
ronal membrane dynamics of the spiking neuron
and can be used to emulate one. Figure 2.9
shows the proposal of spiking neuron based on
a FeFET and three conventions transistors [56].

2.5.3. Miscellaneous

Multiply-accumulate operation crossbar
In-Memory Computing is a computational paradigm that uses memory cells organized in crossbar ar-
rays to perform parallel, in-situ execution of operations such as Matrix-Vector Multiplications. While
SRAM and DRAM cells could be used, challenges like static leakage, continuous refreshing and com-
plex peripheral circuitry, are significant drawbacks. Emerging devices, such as ReRAM and FeFETs
have reduced size and improved data retention, and can thus be attractive alternatives. ReRAMs, which
were among the first devices used for building IMC crossbars. Despite having significantly smaller
memory footprint compared to SRAMs and DRAMs, they come with some drawbacks too; sneak path
effects and crossbar parasitics can significantly complicate their use. FeFET-based crossbars, can be
used as an alternative due to their minimal leakage currents, compactness, compatibility with CMOS
technology, and the elimination of selector devices, enabling the creation of larger and more efficient
crossbar arrays.

Figure 2.10: FeFET crossbar for IMC operations

Figure 2.10 shows such a FeFET crossbar, used
for IMC operations. Themethod proposed by [57]
occurs in two phases. During the first phase, the
BLs are precharged to a potential denoted as
Vprecharge . In the second phase, the WLs repre-
senting the input activations are enabled simul-
taneously. At the same time, the source lines
(ScLs) are connected to a lower potential (VSS).
This configuration allows the BLs to discharge lin-
early based on the stored data (programmed Fe-
FET state) and input activations. Consequently,
this arrangement facilitates a MAC operation
through integration along the BL.

FPGAs
Since ferroelectric field-effect transistors (Fe-
FETs) have the potential to reduce the power
and area by integrating non-volatile storage ele-
ments with logic, this fact can be exploited to de-
sign lookup tables (LUTs) and routing switches.
These elements have obvious utility in Field-
Programmable Gate Arrays (FPGAs). It has been proposed in [51] that basic building blocks for FPGAs
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(a) Static LUT (b) Dynamic LUT

Figure 2.11: Two FeFET-based FPGA LUTs

(a) Routing switch unit (b) Routing multiplexer (c) Routing crosspoint

Figure 2.12: Routing elements with FeFETs

like lookup tables (LUTs) and routing elements can be beneficial in terms of area, energy, or both. Fig-
ure 2.11 shows two FeFET-based FPGA LUT structures.

It is also proposed that FPGA routing units can be built using FeFETs. Figure 2.12 shows the routing
elements built with FeFETs, from a simple routing switch unit, up to a routing crosspoint. The research
towards this direction is very promising: despite the fact that programming the FeFETs consumes about
35ˆ more energy and is over four orders of magnitude slower than programming an SRAM cell, much
faster programming times (<50 ns) have been reported [48] with some reports as low as 10ns [58].
However, FeFET-based LUTs are reported to have a advantage over many aspects against competing
technologies, when it comes to reading/accessing them. In the same work, the authors reported a 55%
reduction in the number of transistors needed for a LUT, when compared to traditional CMOS, while
the power-delay product (PDP) was reduced up to 16ˆ.

Gates, Latches, Flip-Flops
Considering the gate of a FeFET as one input and the stored value as the second, a FeFET can be
used as a 1-transistor, 2-input AND gate, which will produce the result in two phases. In the first phase,
the input ’B’ will have to be stored in it, while in the second, the input ’A’ will be asserted on the gate
pin. Considering a Vr “ 0.6V , an LVT (logic 1) value of 0,4V and an HVT (logic 0) value of 0.8V the
following truth table can be realized:

Batteryless devices leveraging energy-harvesting methods (such as solar panels, vibrations, and radio
frequency (RF)) can frequently lose their computing progress in case of abrupt power outages. In these
cases, the devices can be benefited by a mechanism that stores their current computing state, which
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A B OUT
0 0 0
1 0 0
0 1 0
1 1 1

Table 2.1: Truth table with representing voltages for a
1FeFET AND gate

VG Vth IDS
0V 0.8V -
0.6V 0.8V -
0V 0.4V -
0.6V 0.4V YES

Table 2.2: Truth table with representing voltages for a
1FeFET AND gate

Figure 2.13: FeFET-based non-volatile flip-flop

can then be resumed after the device receives enough power again. In this, ”intermittent computing”
paradigm, FeFETs can play a crucial role by being used in a new type of non-volatile latches and flip-
flops (NVFFs). Several researchers have worked towards this direction and promising results have
been reported. An indicative example is the NVFF designs reported by Kim et al [59], where it offers a
per-cycle backup operation while it requires only 19% more area compared to a conventional flip-flop.
Figure 2.13 shows the slave latch which is build around a FeFET device.

2.6. Simulation of FeFETs
FeFET devices are modelled using two main approaches: the Landau-Khalatnikoff (L-K) model which
is based on time-dependent equations that describe the relationship between the polarization (P ) and
the electric field (E) [60] and the Preisach model, built upon the fact that a FE thin-film consists of
multiple independent domains, with a distribution of coercive fields [61], [34]. While L-K model is useful
in specific cases, it also has a few drawbacks. The first being that it assumes a single domain FE
material, while in practice it is usually poly-crystalline with multiple domains. The second limitation
is that the VGS applied to the FeFET can either keep the device polarization or switch it, as reported
in [62]. It is impossible to turn the transistor completely off and maintain polarization, which means that
the model cannot reproduce the basic non-volatile operation of FeFET [62]. There are several models
that have been proposed for both approaches, both compact and physical [34, 63–65].



3
Overview of Memory Decoders

In this chapter we will discuss about memory decoders and we will give the necessary background
in order to understand the concepts described later. Memory decoders are an integral part of almost
any type of memory, regardless of the level, type or the use case for it. Since memories are built in
an array fashion, having a system that enables locating a specific area within that matrix, is needed.
Depending on the usage of the decoders, they can be classified into two large categories, row decoders
and column decoders. In this chapter we will focus on decoders for random-access memories (RAM)
like SRAM or DRAM.

3.1. Row Decoders
A decoder is a circuit with many inputs and many outputs. Its job is to reduce the number of select
signals by log2, so if the number of inputs is N, then the number of outputs is 2N .
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COLUMN DECODER

ADDRESS

Word Line

Bit LineBit Line

Figure 3.1: An SRAM array with decoders

Before we describe the specifics of row decoders it is important to review how exactly a memory array
is built and how the decoders fit into the peripheral circuitry. Figure 3.1 depicts an SRAM array together

15
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with the row and the column decoder. The address signal is split into two parts, and being fed to the
decoders. The row decoder is responsible for activating the correct word line, while the column decoder
should activate the correct bitlines.

As a standard decoder design we can consider the use of multiple AND gates, one for every word
line (WL). Each one of these AND gates has a unique combination of address inputs, or their inverted
values. This means, that if we want to decode an 8-bit address (for a hypothetical 256 ˆ 256 SRAM
array), this would effectively lead to a total of 256 lines and consequently, to 256 8-input AND gates.
Eventually the logic function for activating the word lines would be like this:

WL0 “ Ā7Ā6Ā5Ā4Ā3Ā2Ā1Ā0 (3.1.1)

WL255 “ A7A6A5A4A3A2A1A0 (3.1.2)

Of course it is possible to use NOR logic:

WL255 “ A7 ` A6 ` A5 ` A4 ` A3 ` A2 ` A1 ` A0 (3.1.3)

3.1.1. Static Decoders

Figure 3.2: 8-input NAND gate. Each gate can drive a
wordline.

The first way to implement an address decoder
is by using static logic. This means that regular
combinational logic is used without any clock sig-
nals or precharge phases. There are many ways
to implement a static decoder and the most ob-
vious is by using a sequence of AND (or NAND)
gates, so that each one of them activates only
with a specific combination of the input (address)
signals. We have already shown this possibility
in the equations 3.1.1 and 3.1.2. Figure 3.2 shows this NAND gate.

Of course, the problem with a gate like this is the large fanout, 256 bit cells, which can be prohibitive
in terms of gate size and/or delay. Another approach could involve splitting the inputs into two smaller
NAND gates and then wire them in a 2-input NOR, effectively having two stages. Splitting them to
even more stages is also feasible and a few of these designs are shown in Figure 3.3. At this point the
design with the best logical effort should be considered, which happens to be the 6-stage decoder. The
implementation of such a decoder however, doesn’t come without problems: each of the addresses is
essentially driving 128 gates which is an enormous fanout, using long wires with overall high capaci-
tance. On top of that, there will be problems with the bitcell pitch, essentially not having enough pitch
space to fit all the signal wires.

Predecoding
A solution to the aforementioned problems is implementing a predecoder in the architecture. The idea
of a predecoder comes from the fact that neighbouring addresses differ only by one bit, hence a lot
of the decoding hardware can be shared and reused. By grouping together inputs from the boolean
expression, smaller decoders can be created; their outputs can be ANDed producing the final output.
An alternative predecoding architecture for the example we already mentioned could be using 2 4:16
predecoders (depicted in figure 3.6). This architecture allows us to decode the 4 LSBs separately
from the 4 MSBs and then AND the output of the predecoder circuits effectively producing the word line
signal. This requires 256 AND gates, however, these AND gates are now smaller since they are having
only two inputs, in addition, each address driver is driving only 8 gates which is far less than with the
naive approach (128 gates) and thus the capacitance is significantly reduced. This architecture leads
also to enormous area reductions, since less gates are needed (due to sharing) and the final stage
2-input AND gates are easily placed in the tight bit cell pitch.
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Using small predecoders as opposed to bigger ones does not produce better results in terms of area
or performace. Figure 3.6 depicts a rough schematic comparison between two different approaches,
the one using two 4:16 predecoders and the second using four 2:4 predecoders. The consequences
of choosing the one over the other can be of great impact; the design using the smaller predecoders
suffers from inefficiencies such as pitch fitting issues (due to the large AND gates that drive the word
lines), switching higher capacitances due to the length/number of wires and demonstrating worse logical
effort for the predecoder stages. Hence, it is important to remember that predecoding should be done
with as large predecoders as possible.

(a) 2-stage decoder (b) 4-stage decoder

(c) 6-stage decoder

Figure 3.3: Decoders with different number of stages.

2-to-4
Decoder

WL0

WL1

WL255

2-to-4
Decoder

2-to-4
Decoder

2-to-4
Decoder

4-bit 4-bit 4-bit 4-bit

(a) Decoder architecture with four 2-to-4 predecoders.

4-to-16
Decoder

4-to-16
Decoder

16-bit 16-bit

WL0

WL1

WL255

(b) Decoder architecture with two 4-to-16 predecoders.

Figure 3.4: Comparison of predecoder architectures.
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3.1.2. Dynamic Decoders

An alternative to the static decoder approach we described earlier would be the use of dynamic logic.
Decoders designed with dynamic logic could have either a NOR or a NAND structure and their main
advantage is speed, due to the limited usage of pMOS transistors and the lower capacitances being
driven. However, the static power dissipation is higher and the circuit is more complex to design. For
these reasons dynamic decoders are preferred in high speed designs and are considered as the state-
of-the-art of the industry. Figure 3.5 shows the 2 different architectures of dynamic decoders. The
advantage of a NOR topology is that it is faster, since only one transistor is required to open for the line
to be discharged, however, this also requires that each transistor is connected to the ground as shown
in Figure 3.5a. Even though the use of ground lines to each transistor looks trivial for small decoders,
for larger ones it imposes significant complexity. On the other hand, NAND decoders are slower due
to the fact that all transistors on the line need to open for the discharge to occur; their manufacturing is
much simpler though, since each one of the transistors is just diffusion connected to their neighbour.

WL0

WL1

WL2

WL3

V D
D PC G
N
D

G
N
D

A0 A0 A1 A1

(a) NOR-topology dynamic decoder.

WL0

WL1

WL2

WL3

A0 A0 A1 A1

(b) NAND-topology dynamic decoder.

Figure 3.5: 2-input dynamic decoders

3.2. Column Decoders
The column decoder is another essential part of RAM memories, which is responsible for multiplexing
the signals from the bitlines. Again, there are a few options for the architecture of a column decoder,
and those are dictated by the goals of the designer. The first (and straightforward) solution would be
the use of a pass-transistor logic multiplexer coupled with a decoder. Figure 3.6a show the schematic
of this architecture. It consists of a 2-to-4 decoder that each one of its outputs drives a single transistor,
opening the correct bitline.
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Y

A1 A0

B0 B1 B2 B3

(a) NOR-topology dynamic decoder.

Y

A1

A0

A1

A0

B0 B1 B2 B3

(b) NAND-topology dynamic decoder.

Figure 3.6: 2-input dynamic decoders

A second option would be to use a 4-to-1 tree decoder. With this approach, assuming a 2k : 1 mul-
tiplexer, the result is a design of k transistors, wired in series. Figure 3.6b depicts this design. The
removal of any external decode logic causes a significant reduction in the total circuit area. However,
the delay increases quadratically with the number of address bits and thus, the number of transistors.

3.3. Address Decoder Faults
In the last section of this chapter we will briefly discuss address decoder faults. These faults concern
faults in the address decoder structure. According to [66], there are four main types of address decoder
faults:

1. Given a certain address, no cell is accessed
2. There is no address with which a certain cell can be accessed, thus, a certain cell is never ac-

cessed
3. Given an address, multiple channels are being accessed simultaneously
4. A certain cell can be accessed through multiple addresses

A particular type cannot occur alone, but it has to co-exist in combination with at least one more type.
For instance, if a type 1 fault occurs, then inevitably either a type 2 or a type 3 fault occur too. Address
decoder faults are also divided in two more types: simple memory cell array faults and coupling faults,
i.e. between memory cells. In this work we will examine both single-cell and coupled faults, however,
without doing any of the classification of the previous categories.



4
Content-Addressable Memories

In this chapter we are briefly discussing the concept of Content-Addressasble Memories (CAMs), which
lies in the core of this thesis. We are looking into the different technologies used to implement them,
the applications that can be benefited from the use of them, as well as the different types of CAMs.

4.1. CMOS-based Content-Addressable Memories
A content-addressable memory is a type of memory which accepts a set of data as an input, compares
it to the data it has already stored and returns one or more boolean values as output, based on whether
the data was found within the memory or not. It essentially functions in the opposite way from a regular
memory; in a conventional memory, data is accessed by providing the memory address that should be
read from, while in a content-addressable memory, (a portion of) data values are provided as a query to
the memory. The memory then compares the query against all stored entries and returns the location of
the match. This process is highly parallelizable, allowing a CAM to search through thousands of entries
simultaneously. The read time is comparable to that of a conventional memory, however, the power
consumption is considerably higher, since all memory rows are activated in parallel. This fundamental
difference in their operation principle makes CAMs useful for applications that require high-speed table
lookup, such as networking routers (for packet forwarding and classification), databases and cache
memory in computers. Figure 4.1a shows the basic concept of a CAM array. The search word matches
location w ´ 2 as indicated by the shaded box. The MLs provide the row match results. The encoder
outputs an encoded version of the match location using log2 w bits.

Search
Lines

Match
Lines

EN
C

O
D

ER

stored word 0
stored word 1
stored word 2

stored word w-2
stored word w-1

search data register

Search Word

n-bits

log2w
bits Match

Location

(a) Conceptual view of a CAM containing w
words.

(b) Architecture of a CAM array,
accompanied by the peripheral circuitry.

Figure 4.1

The main variants of CAMs are binary CAMs and ternary CAMs. Binary CAMs work by storing and
comparing binary values, which make their structure simple but it also limits their possible applications

20
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to those that rely on exact data matches (e.g. caches). Ternary CAMs extend the functionality of binary
CAMs by allowing three different values to be stored and queried, i.e. 0, 1 or X - the latter one being
interpreted as ”don’t care”. TCAM cells are significantly more complex to design and manufacture,
but they offer flexibility which can be useful in applications like network equipment, where wildcard
searches are essential.

Figure 4.1b allows us to have a closer look into the architecture. The figure depicts a CAM storing 4
words, each word containing 3 bits arranged horizontally (each one of them corresponding to a CAM
cell). Each word has an associated match line (e.g., ML0, ML1, etc.) that drives a match line sense
amplifier (MLSA). In addition to this, there is a differential search line pair for each bit of the search
word (e.g., SL0 - SL0, SL1 - SL1, etc.).

A CAM search operation is being initiated by loading the query into the search-data registers, precharg-
ing all match lines to a high voltage, temporarily setting them in the match state. Subsequently, the
search line drivers broadcast the search word onto the differential search lines. Each CAM core cell
then compares its stored bit against the bit on its corresponding search lines. Match lines (MLs) with
all bits matching remain in the precharged-high state, while MLs with at least one mismatched bit dis-
charge to ground. The MLSA then detects whether its ML indicates a match or miss condition. Finally,
the encoder converts the ML of the matching location into its encoded address.

(a) 10-T NOR CAM cell (b) 9-T NAND CAM cell

Figure 4.2: Binary CAM cells

There are a few different ways to build a CAM cell using conventional CMOS technology. Figure 4.2a
shows the structure of a 10-transistor NOR CAM cell, while Figure 4.4b show a CAM cell based on a
9 transistor NAND structure. In the first one, the pull-down paths connect in parallel resembling the
pull-down path of a CMOS NOR logic gate (hence the characterization NOR). Similarly, in the second
one, the serial nMOS chain of all Mi the transistors resembles the pull-down path of a CMOS NAND
logic gate, thus a match condition for the entire word occurs only if every cell in a word is in the match
condition. To simplify the schematic, the nMOS access transistors and bitlines which are used to read
and write the SRAM storage bit, are omitted.

4.1.1. A special case: TCAMs

The NOR and NAND cells we have just described are binary CAM cells, which means that they can
store either a logic ”0” or a logic ”1”. Ternary CAM cells, as we mentioned beforehand, can store on top
of these values, also the value ”X” which signifies ”don’t care”. This essentially allows the value to be
used as a wildcard, causing a match regardless of the input bit. This can be a very useful for packet
forwarding in network routers.

The ternary state can be encoded using two bits, D and D̄. In total, 4 symbols can be represented with
the two available bit. This gives us an extra combination which is not used (since ternary uses only
three symbols). In order to store a ternary value in a NOR CAM cell, the cell needs to be be extended
with a second SRAM cell.
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The two inputs, D and D̄ connect to the left and the right pull-down paths, respectively, making the
pull-down paths independently controlled.

The ”don’t care” value is being stored by setting both D and D̄ to logic ”1”; this disables both pull-
down paths and causes a cell match regardless of the values of the inputs. A logic “1” is stored by
programming D “ 1 and D̄ “ 0. To store a logic “0” we program D=0 and D̄=1. In addition to storing
an “X”, the cell allows searching for an “X” by setting both SL and S̄L to logic “0”. This acts as an
external ”don’t care” that causes a match regardless of the stored bit. Table 4.1 shows the relationship
between the values that are stored and the values need to be read or written.

Stored Bits Search Values
State Stored D D D D
Logic ”0” 0 1 0 1
Logic ”1” 1 0 1 0

Don’t Care ”X” 1 1 0 0

Table 4.1: The NOR CAM values for storing and reading data. Note that, even though D and D̄ are not complementary, the
complementary notation is preserved for consistency with the previous description of the binary cell architecture.

In cases where ternary operation is needed but only binary CAMs are available, it is possible to emulate
the ternary operation by using two binary cells per ternary symbol [67].

In order to modify the ternary NOR cell to accommodate the ternary operation (Figure 4.3a), it has
been proposed implementing the pull-down transistors using pMOS devices and complementing the
logic levels of the search lines and match lines accordingly [68]. In a similar fashion, a NAND cell can
be modified for ternary storage by adding storage for a mask bit at node M, as depicted in 4.3 [69], [70].
When storing an “X”, the mask bit is set to “1” which forces the transistor to open , regardless of the
value of D resulting to an always matching cell. In addition to storing an “X”, the cell allows searching
for an “X” by setting both SL and S̄L to logic “1”. Table 4.2 lists the stored encoding and search-bit
encoding for the ternary NAND cell.

(a) (b)

Figure 4.3: TCAM cells - (a) NOR-type, (b) NAND-type

Stored Bits Search Values

State Stored D M SL SL
Logic ”0” 0 0 0 1
Logic ”1” 1 0 1 0

Don’t Care ”X” 0 1 1 1
Don’t Care ”X” 1 1 1 1

Table 4.2: The NAND CAM values for storing and reading data.
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4.1.2. Matching Line Sensing Schemes

This part is devoted to an important part of the whole CAM concept which is the sensing schemes
used on the matching lines, which are responsible for registering the actual match or mismatch of
the CAM wordline. The most important scheme is the conventional, precharge-high scheme; most of
the other schemes are built upon this with power-saving modifications. The basic operation of this
scheme (circuit shown in Figure 4.4a) can be described as follows: the ML are being precharged to
high through the pMOS precharge transistors. Then, the NOR cells will pull-down the ML in case of a
miss (the transistors will open, thus create a discharge path), or the ML will be left high in case of a
match. Figure 4.4 shows the signal timings for precharge and read.

(a) Schematic with the precharge circuitry for the precharge-high scheme
(b) Timing diagram showing signal transitions for the

precharge-high scheme

Figure 4.4

In order to perform an analysis on the ML sensing schemes, a simple yet effective model is needed.
There are two different models for the two states: match and mismatch. For the match state a simple
capacitor CML is sufficient, while the model for the mismatch state of the ML should include the same
capacitor, but also connected in parallel with a pull-down resistor RML

m , where m is the number of
mismatched (and thus discharging) cells on the ML. CML comprises the ML wire capacitance, the
NOR-cell diffusion capacitance of the transistors M1 and M2, the diffusion capacitance of the precharge
transistors, and the input capacitance of the MLSA. For mismatches, the equivalent RML resistance
varies with the number of bits that are mismatched in the word; however, for the purpose of analysis we
use the worst-case (largest) resistance, which occurs when there is a 1-bit mismatch (that is m “ 1).

(a)

(b)

Figure 4.5: The equivalent models
for match and mismatch for the
precharge-high sensing scheme.

Based on the simple match line model we have described, it is possi-
ble to deduct the time required to precharge and evaluate the ML. The
precharge time is defined as a 10%-to-90% rise time of the ML. From
the capacitor charging equation we have:

V ptq “ V0 ¨ p1 ´ e´t{τ q (4.1.1)

Hence, the equation giving the charge time is:

tMLpre
“ 2.2ReqpreCML (4.1.2)

The time needed for evaluation depends on the capacitance of the ML
and it is defined as a drop to 50% of the ML precharge voltage:

tMLeval
“ 0.69RMLCML (4.1.3)

The dynamic power consumed by a single mismatching ML is given by the equation 4.1.4 where f is
the frequency of search operations. In the case of a match, the power consumption associated with
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(a) The low-swing sensing scheme proposed in [71]
(b) Sample implementation of the selective-precharge match line

technique

Figure 4.6: Examples of the two sensing schemes discussed

a single ML depends on the previous state of the ML; however, since typically there is only a small
number of matches, we can neglect this power consumption. Consequently, the overall ML power
consumption of a CAM block with w match lines is given by equation 4.1.5

Pmiss “ CMLV
2
DD ¨ f (4.1.4)

PML “ w ¨ Pmiss “ w ¨ CMLV
2
DD ¨ f (4.1.5)

We have already mentioned that there are numerous other sensing schemes, most of them trying
to address the high power issues of the one precharge-high. Here we will briefly address two more
schemes which are interesting not only for their simplicity but also for their effectiveness.

Low-swing schemes are tackling the power consumption issue and potentially the sensing speed by
reducing the ML voltage swing [71], [72]. This reduces the power proportionally to the reduction of the
voltage swing which is governed by the following equation:

PML “ w ¨ CMLVDDVMLswing
¨ f (4.1.6)

A characteristic example of such a sensing scheme comes from [71] where the voltage swing is reduced
by setting the VLOW “ 300mV . The precharge to VLOW is taking place by connecting a tank capacitor
to the ML as per 4.6a. The ML precharge voltage is given by:

VMLpre
“ VDD

Ctank

CML ` Ctank
(4.1.7)

The selective precharge scheme is another sensing scheme used with the main goal to reduce power
consumption. This scheme performs first a small match operation on a few bits before fully activate
the ML [73]. In long, m-bit words, the scheme checks the first n-bits for match and then searches the
remainingm´n bits only for n-bit matches. Assuming a random, uniform data distribution, this matching
scheme can exclude almost 87,5% of the searches from proceeding to the second stage, thus saving
equal percentage of power. The two main disadvantages of this approach are the possible higher
power per bit for the first searches [74] and a data distribution which does not adhere to the random,
uniform pattern we previously assumed. Figure 4.6b shows the proposed structure. It is one of the most
common power saving methods on match lines [68], [75–79] due to its simplicity and effectiveness in
many applications. The first cell of the structure is a NAND-cell, which allows precharge of the rest
only if there is a match with the data stored in it. If there is a mismatch, the precharge transistor is
disconnected from the match line, resulting in reduced power consumption. The rest of the cells are
NOR-type.

4.2. CAMs based on Emerging Memory Technologies
At this point the reader should have a clear view about what a Content-Addressable Memory is, what
are its strengths and weaknesses and how these structures are conventionally designed, using CMOS
logic. Due to their advantages, CAMs are an area of active research, especially within the emerging
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devices field. Several proposals have been made for smaller, faster and more efficient CAM cells,
based on one or more emerging device technologies. Here, a few of them will be introduced, together
with a discussion about their advantages and disadvantages, as well as the solutions that they might
offer to specific problems.

Almost all of the recent efforts aiming to realize MCAMs are based on memory technologies such as
FeFETs and ReRAM [80–83], while in a few cases, floating-gate FLASH cells are being proposed [84].
Some of these cells, compared to the CMOS cells we discussed before, offer dramatic improvements
over area, while the improvements in power consumption and speed can be significant too. Since these
technologies are not yet quite as established and optimised as conventional CMOS, the potential future
advancements are evenmore promising. The so called nvCAM cells (non-volatile CAM), are leveraging
the fact that a single device such as a FeFET or a memristor can store information in a non-volatile
fashion. Despite the advantage of the non-volatility, the improvements on area are also significant,
compared to the traditional SRAM cells used in conventional CAMs.

4.2.1. Resistive CAM cells

ReRAM-based CAM cells are mentioned in [80], [81] and [85]; in the first paper the researchers present
a high-speed memristive Ternary CAM (TCAM) cell build with 9 transistors and 2 ReRAM memristors
(9T-2R). The size of this cell is comparable to these mentioned in the previous paragraph, so there are
no improvements with regards to area. However the is significantly faster even from state-of-the-art
CMOS 16T CAM cells [86], with a search delay in the range of 200ps, compared with the delay of a
few nanoseconds reported in [86]. Figure 4.7 shows the schematic of the cell.

Figure 4.7: A 9T-2R memristive CAM cell

Another ReRAM-based cell worth discussing has been reported on [85]. Themain advantage of this cell
is its area; with only three CMOS transistors and one memristor is more than two times smaller that the
aforementioned ReRAM-based cell. Its search energy is also considerably less: 2.24fJ/bit compared
to 3.69fJ/bit for the previous ReRAM design, although this comes at the cost of significantly increased
search delay: the authors report a search delay of 960ps, comparable to that of the conventional CMOS
designs. The schematic of the CAM cell is shown in Figure 4.8.
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Figure 4.8: A 3T1R memristive CAM cell

4.2.2. FeFET-based CAM cells

When it comes to FeFETs there are three popular CAMdesigns: the 4T-2FeFET [62], the 2FeFET [62], [87]
and the 2FeFET-1T [88]. The above designs promise a much better energy efficiency as compared
to their memristor counterparts and marginally better than the 16T CMOS implementations [62], while
they all require significantly less area (see Figure 4.9). In addition to these designs, a few others have
been proposed; the TC-MEM design proposed in [89] extends the 2-FeFET cell so it can be accessed
either by content or by address (Figure 4.9-d), while the authors of [90] introduced a complementary
FeFET CAM design utilizing a pair of p- and n- FeFET devices and reporting significantly reduced
search latency and failure probability. Another novel design was also proposed in [91], which uses two
n-FeFET devices connected in serial topology; the authors reported promising results with regards to
search energy, compared to other designs. A summary of the basic metrics of the most popular Fe-
FET designs is provided in Table 4.3. This table also provides comparison with CMOS and memristive
designs. Despite the depth of the literature review, it was impossible to find accurate power and delay
information for each and every design, so the table includes only verified work which provided this data.

Reference [74] [92] [93] [94] [95] [96] [97] [98] [98]

CAM Type TCAM TCAM TCAM TCAM TCAM BCAM BCAM TCAM TCAM
Technology CMOS ReRAM ReRAM FeFET CMOS CMOS CMOS FeFET FeFET
Transistors/cell 16T 2T-2R 3T-1R 2F 14T 10T 10T 2F-1T 4F-2T (Hybrid)
Process node 45nm 90nm 90nm 45nm 45nm 45nm 45nm 45nm 45nm
Sensing scheme Precharge Precharge Precharge Precharge Non-precharge Non-precharge Non-precharge Precharge Precharge
Search delay [ns] 0.58 0.35 0.96 0.34 20 1.25 N/A 0.25 1.23
Search energy
[fJ/bit/search] 0.59 0.55 0.51 0.35 0.18 2.1 0.66 0.195 0.0026

Table 4.3: Comparison summary of CAM cell designs
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Figure 4.9: Four different designs of FeFET-based CAM cells.

4.3. Analog and Multi-level CAMs
Two different types of CAMs with enormous potential in many different applications are analog CAMs
and multi-level CAMs. Starting with the simplest concept, multilevel CAMs are CAMs that are capable
of storing and searching multi-bit values on the same cell. While this is impossible for SRAM-based
implementations, it is feasible for those based on emerging memories. Multi-level storage is a well-
understood feature of certain memory technologies and it has been reported numerous times in the
bibliography, both for emerging devices such as ReRAM [99, 100], FeFETs [83, 88, 91] and STT (Spin
Torque Transfer devices) [101], as well as for conventional technologies like FLASH [84]. Works like [83]
have reported FeFET-based CAMs with a storage capability of up to eight levels (3-bit cell). These cells
can be used either for high density storage, or for certain types of operations, like nearest-neighbour
search operations, due to the difference in the discharge time. This type of in-memory processing is
used mostly in the fields of machine learning and neural networks.

Analog CAMs (ACAMs) have been used as TCAM alternatives with increased data density, reduced
operational energy and area, for in-memory processing circuits [81]. An ACAM cell that stores multiple,
narrow, non-overlapping ranges, can be viewed as a high-density digital CAM referred here as Multi-
bit Content Addressable Memories (MCAM), with each range signifying a distinct state. The primary
disparity between MCAMs and ACAMs lies in their search capabilities: every MCAM cell exclusively
seeks within a restricted set of input values, each corresponding to a state, while ACAMs search across
an infinite range of inputs. In MCAMs, the stored ranges maintain a one-to-one correlation with the
inputs. Therefore, if there are four narrow, non-overlapping ranges and specific inputs, the ACAM
would manifest as a 4-state or 2-bit MCAM. Consequently, MCAM can be viewed as a discretised and
robust case of ACAM [83]. Figure 4.10 [102] shows the correlation between these two types. The
majority of the FeFET cells we discussed previously are both TCAM/MCAM cells.
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(a) Representation of a digital CAM. Each cell holds only one
value and the input is being evaluated against that.

(b) Representation of an analog CAM. Each cell holds a value
range and the input is being evaluated against that.

Figure 4.10



5
The FCAM Row Decoder

In this chapter we will describe in full detail the FCAM Row decoder. We will make use of the topics
discussed in the previous chapter and we will further extend them towards the direction of FeFET-based
CAM cells, the peripheral circuitry used, and the challenges in designing such structures.

5.1. Concept and motivation
We have already discussed in Chapter 3 about address decoders and their importance on memory
architectures. Depending on the application, different types of memories could use different types of
decoders based on cost, area or delay considerations. Although there is no public knowledge about the
types of decoders used in state-of-the-art memory products, it could be deducted that using a dynamic
NAND decoder would be rational due to its speed and size (the pitch in thin-cell SRAM arrays offers
little real estate for large decoding stages). Dynamic NAND decoders are customised for each circuit
and each of their decoding lines is hardwired to one of the memory wordlines. Using a structure like
this, despite its effectiveness, can also lead to serious challenges; testing it is difficult and requires
complicated algorithms, while fixing any possible faults it is considered as virtually impossible [1].

The idea of an FCAM decoder arises from two observations: the first one being that FeFET-based
CAM cells (FCAM) are significantly smaller than their counterparts, regardless of technology. It has
been shown at least in two separate works that it is possible to have fully functional TCAM cells with
only two FeFETs, connected either in series or in parallel. The second observation comes from the
basic principle of CAM cells: a CAM cell outputs only the result of a search operation. The implication
of this observation is immediate; a CAM cell fulfills the function of a decoder, since it receives a long,
complex signal as input and produces a simple and short signal as an output. By leveraging these two
facts, it is possible to store address data in a CAM array, which then can be queried in exactly the same
way a regular address decoder does. If the address is found, the CAM array will set the appropriate
match line which simultaneously will act as the driver for the word line of a memory array (like SRAM).

5.1.1. Single-cell Structure and Principles of Operation

After taking into consideration the results from the literature study, it was decided to use a 2-FeFET cell
for implementing the design. The main reasons were the size and the robustness of the cell, as well
as the extend of the research that has been done around it. The basic FCAM cell is shown in 5.2a. It
consists of two n-FeFET transistors connected in parallel. Their drain terminals are connected to the
match line, while their source terminals to a common line which can be connected either to the ground
when reading from the cell, or to a voltage when writing. The ScL plays significant role in the inhibition
bias scheme which will be discussed later.

There are two more components in the depicted cell, a pMOS precharge transistor and an inverter used
as a sense amplifier. These two are not components of a single cell, but rather of the entire row of the
CAM array. As we discussed also in Chapter 4, there are several sensing schemes; here we are using
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Figure 5.1: Area consumed by different implementations of decoders, compared to the decoded address width.

a ”traditional” precharge scheme with a series of two inverters acting as a sense amplifier and driving
the wordlines of the main memory.

A great challenge in building this FCAM decoder was to gain the advantage over the conventional
dynamic NAND decoders in metrics like area, delay and power consumption. Especially when it comes
to area and delay, it can be quite difficult to compete with a well-established design such this. The plot
5.1 shows the size of several decoder implementations, number of transistors, against the width of the
address. In the diagram the single-level FCAM implementation consumes the most area per decoded
bit, which makes it a weak competition against dynamic NAND implementations. In comparison, a 2-bit
FCAM cell is on par with the dynamic NAND implementation, while a 3-bit FCAM can have almost a
30% better area utilization. Thus, it was decided that the FCAM decoder that would be designed and
simulated would be based on a 2-bit (4-level) cell.

To be able to work with a multi-level cell the levels need first to be properly defined. As we discussed in
Chapter 2, FeFETs are leveraging the polarization of the gate’s ferroelectric layer to manipulate the de-
vice’s threshold voltage. Based on the different threshold voltages, different states can be distinguished.
To define these states we need to define four different threshold voltages that will act as boundaries for
these states. Figure 5.2b depicts a map of the states that can be stored in the cell, together with the
threshold voltages that define them. Each state is defined by two threshold voltages, that separate it
from the others, as well as one read voltage (in its centre) which is the voltage that we need to apply
to the inputs, to query the cell for it.
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Figure 5.2

The programming scheme for the cell is quite straight-forward: the right FeFET transistor is programmed
to the defined threshold voltage on the right side of the state to be stored. Then, the left FeFET tran-
sistor is programmed to the analog-inverse of the threshold voltage on the left side of the state. The
analog-inverse of a signal is defined as the one that has the same distance from the centre line as the
original, hence, they are symmetrical. For instance, in the state map shown in figure 5.2b, the analog in-
verse of the 1.450mV threshold is 360mV, while the analog inverse of the S4 reading voltage (1.600mV)
is the reading voltage for S1 (200mV). Reading (or querying) the cell follows the same principle; on the
right side (D terminal) we apply the read voltage for the state we want to query for, while on the left
side (D terminal) we apply the analog inverse of that voltage.

The simplest way to define the boundary Vth is to start with an erased FeFET device, apply pulses on its
gate and fine tune them until the programming pulse give the desired Vth value. However for reasons
that will be explained in chapter 6 the results were not the ones we would expect and it created serious
issues during the functional simulations. Eventually, the states were defined by enforcing different Vth

values and evaluating the I-V characteristics of the device for these values (Figure 5.3).

Figure 5.3: The I-V characteristics of the FeFET for the four V th used to define the four CAM states.
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5.1.2. Scaling to an array

As we have already mentioned, we chose to base our design on the ultra-compact 2FeFET MCAM cell.
This compact design however, comes at the cost of increased complexity for the writing and reading
scheme, as well as parasitics from neighbouring cells. In order to deal with these challenges, we im-
plemented a programming scheme similar to those proposed in [83], [94] and [103]. The programming
scheme is based on analog-inverse voltages applied on each of the FeFETs. The map of the different
states is shown in Figure 5.2b.

A simple 2ˆ3 FCAM array is depicted in Figure 5.4 showing the array organization. Bitlines are shared
among cells in the same column, while match lines and source lines (ML and ScL) are shared by all
cells in the same row. All match lines are precharged and retain their charges in case of a match.
However, if a mismatch occurs, at least one of the FeFETs in one of the CAM cells from that row will
open, leading to a discharge of the corresponding ML resulting in a ’0’ output.
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Figure 5.4: The high-level architecture of the 2 ˆ 3 FCAM array.

5.1.3. Program/Read Scheme

The program scheme remains the same as the one described a few paragraphs before, regarding
the single cell. However, despite this scheme working well for a single cell, applying it to an array
introduces certain difficulties. On each column, the gates of the FeFETs are connected to the same
D and D̄ bitlines. This creates problems during subsequent program (or erase) of a cell, since the
write voltage will be applied to every other cell on the same column. To mitigate this, it is necessary to
implement an inhibition bias scheme with which a VW {2 voltage is applied on the ScL lines of the cells
not being programmed. The same inhibition bias scheme has been used in the aforementioned works
and is derived by the results reported at [103].



6
Simulation and Results

In this chapter we will discuss the experimental methodology and simulations and present the results
in detail. The results will be discussed and eventually we will be able to answer the research questions
we defined in the introduction.

6.1. Experimental Methodology
For such a complex system an iterative, incremental procedure was the best course to follow. For this
reason we started by implementing a single FCAM cell, which then was progressively scaled up to
an array of cells. The size of the array might be considered small, but it is sufficient to assess certain
characteristics of the design such as its feasibility and testability, as well as metrics like speed and area.
For these reasons we will provide data for two different cases. The first case will be an assessment at
a cell level, while the second case will take place on the array level.

In all cases the methodology was straight-forward and followed the following steps:

• Complete an initial design
• Test functionality of the design by using a predetermined testbench
• Introduce faults
• Gather and evaluate data
• Compare experimental data and suggest mitigation techniques

6.2. Experimental Platform and FeFET Model
The simulations were conducted with Cadence Spectre, using the FeFET model described in [34]. The
model is based on the Preisach approach and it is a compact model which can be readily used in circuit
simulations. We have been provided two versions of the model, one based on the PTM 14nm FinFET
process and the other based on the PTM 45nm planar process. We used the 14nm process for both
our FCAM cells and the sensing circuitry. The precharge pMOS was designed with the 45nm TSMC
process and was used throughout the entire sequence of experiments. Admittedly, this was a misstep,
since it disturbs the homogeneity of the design; however, after careful consideration, we decided that
it shouldn’t affect the reliability of our results and the effects from using a larger precharge transistor
would likely be negligible.

Another aspect of the design is the dimensions of the transistors (both FeFETs and conventional
CMOS).The FeFET dimensions were set to 75 ˆ 30 nm, for theW ˆ L. The width reported here is the
effective width Weff which is calculated based on the dimensions of the Fin according to the equation:

Weff “ 2 ˆ FinHeight ` FinWidth (6.2.1)
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The sensing circuitry consists of two inverters connected in series, with each of their transistors sized
80 ˆ 30 nm. The supply voltage used in the circuit was 0.8V.

In the set of simulations that were run on the array design, it was attempted to model the line capac-
itance by calculating the capacitance of a single cell using the Elmore delay model [104], and then
adding the wire capacitance of the transmission line. The data for the last one was retrieved from the
TSMC documentation (since no other resource was available) and was calculated at 0.38fF , while the
capacitance for eachmemory cell, when amismatch has occurred, is 0.25fF . Based on our calculations,
the total capacitance of the ML should not be more than a couple fF. In practice, that was impossible
to result in a working circuit. The reason is that due to the low capacitance, even the smallest leakage
current was sufficient to discharge the ML and produce erroneous results.

With regards to the inputs, all FeFET programming pulses had a constant duration of 200ns, while the
duration of the read pulses was 2.5ns. Finally, figure 6.1 depicts the circuit schematic of the cell, while
figure 6.2, depicts the circuit schematic of the simulated array.

Figure 6.1: Schematic of a single FCAM cell with the sense amplifier (SA).
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Figure 6.2: The circuit schematic of the 2 ˆ 3 FeFET decoder. The 2-inverter SA could also be seen as well as one of the
simulated resistive defects.

6.3. Simulating the Defects
One of the most important parts of the experimental process was simulating the defects. For this work
it was decided that we will focus on resistive defects, thus leaving capacitive or other types of defects
out of scope. For the resistive defects, we focused on two types: open defects and bridging defects.
Both of these categories were first simulated on the single cell and then proceeded to simulate on the
array. The defects were simulated one at a time, considering the effect of only one of them. Multiple
defects with confounded effects were not simulated.

Figure 6.3 shows the schematic of the modelled defective FCAM cell. In total, six resistors emulated the
six possible failure points of the cell. To accelerate the simulation/evaluation iterations and be able to
run multiple simulations in parallel, we wrote a netlist generator which was able to produce the Spectre
netlist code for the cell using custom parameters. Each one of these parameters would change a small
part of the circuit, producing netlist files with slightly different values for resistors, or other components.
We tested 20 different values for each one of the defect emulating resistors, with the values were
generated in an exponential way starting from 1 Ω (practically no defect) up to 1 MΩ. Eventually, 120
simulations were run for the open defects and 40 more simulations for the bridge defects.

We followed the same recipe for conducting the array simulations, testing 20 different values per defect
for 7 partia-open defect sites. This resulted in a total of 140 simulations on partial-open defects, while
we ran 80 more on 4 sites of bridge defects.

To assess the functionality of the cell and the effect the faults have to it, we devised a simple testbench
for the simulation. The testbench consists of 4 cell writes, each one followed by 4 cell reads. Each one
of the write operations stores one of the four states in the cell, which is then immediately followed by 4
queries. Consequently, there will be only one match which will result to the ML staying high, while the
rest of the queries will cause a mismatch and thus, the ML will discharge. These operations are being
done sequentially, so, first the cell is erased (resetted), using a -5V pulse. Then, the S1 state is stored,
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Figure 6.3: Schematic of a single, defective FCAM cell. Each resistor simulates one possible open defect.

Figure 6.4: Schematic of another defective FCAM cell. Each resistor simulates one possible bridge defect.
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Figure 6.5: Pulse plot during simulation. The first two plots are the write/read pulses, while the last one is the output from the
SA. The negative pulses are erase operations, followed by a relatively high positive pulse which programs the cell. The

subsequent short pulses are the read operations. Notice the differential signals between the input terminals.

which is followed by 4 queries: S1, S2, S3, S4. This sequence of operations is repeated for the other 3
states: erase - write - query (read). This testbench gives us detailed information about the behaviour
of the cell under every possible write/read scenario. In total 24 operations are taking place: 4 erases,
4 writes and 16 reads. Figure 6.5 shows these pulses during the course of one simulation round.

6.4. Presentation of the Results
This section will present the results of the simulations, which then will be discussed and evaluated.
Starting with the single-cell simulations, figures 6.6, 6.7 and 6.8 show the results from the bridge defect
simulations (please refer to Appendix B for the plots from the other defect sites). Each one of the dots
represents one simulation, with a different value for the resistor emulating the defect. Each of these
plots correspond to only one point of defect, in the resistors R0 to R5, respectively. Figure 6.9 and B.4
refer to bridge defects as shown in figure 6.4.
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Figure 6.6: Voltage and current plots for the defect point on R0.

Figure 6.7: Voltage and current plots for the defect point on R3.
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Figure 6.8: Voltage and current plots for the defect point on R5.

Figure 6.9: Voltage and current plots for the defect point on R6.
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Figure 6.10: Schematic overview of the testbench used in the array simulations.

Similar simulations were run on the array level. The testbench we used to evaluate the functionality
had to be different due to the increased complexity of the simulated circuit. For this set of simulations,
we structured the testbench as follows: a pair of similar states will be stored on each row, i.e S1 ´ S1

in the first row, S2 ´ S2 on the second, etc. Then, for each row, we request 10 read operations, going
through almost all the combinations, avoiding however the symmetric ones, i.e. we will not read S1´S3

and then again S3 ´S1; because both cells store the same state, these two reads would yield the same
results. Figure 6.10 shows the design of the testbench and figure 6.11 shows the results of a simulation
run with this testbench. With regards to the simulation of defects, figures B.1 - B.4, show the results
from these runs.

Figure 6.11: The simulation output for each of the three match lines of the array. The first row produces a match for the first
query (S1 ´ S1), the second row gives a match for the fifth query (S2 ´ S2) and the third row for the eighth query (S3 ´ S3)
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Figure 6.12: Voltage and current plots for the partial-open array defect point on R1.

Figure 6.13: Voltage and current plots for the partial-open array defect point on R4 (match line).
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Figure 6.14: Voltage and current plots for the partial-open array defect point on R6 (source line).

Figure 6.15: Voltage and current plots for the array bridge defect shown in 6.2 (between bitline - source line).
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Figure 6.16: Voltage and current plots for the array bridge defect between bitline - match line

Figure 6.17: Voltage and current plots for the array bridge defect between bitline - bitline
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Figure 6.18: Voltage and current plots for the array bridge defect between bitline - source line

6.5. Discussion and Evaluation
In this section we will discuss the results presented in the plots, together with other metrics such as
area and delay. Whenever possible, our design will be compared against the state of the art. We will
be referring to the fault sites by using the resistor numbers (e.g. R1, R4, R6, etc.).

6.5.1. Evaluating the single-cell simulation results

Figure 6.3 shows the defect sites for a single cell where each resistor represents a resistive defect. We
call these defects partial-opens. For the single cell the results were clear from the beginning: as the
defects were getting progressively more serious (i.e. larger resistor values), the impact was greater.
That impact here was manifested in false-matches, where a query erroneously produces a match result,
while it should result in a mismatch. Defects in sites R0 to R3 (figures 6.6 to 6.7) are disrupting either
the connection of the drain to the match line, or the connection of the source to the source line. Both of
them can affect the way the queries are being interpreted since they disrupt the discharge path. The
defects eventually result in service degradation when their value exceeds 8 ´ 10kΩ. Before that point,
the FCAM cell shows significant fault tolerance. In many cases, like in those of the defect sites R0 and
R1, this value can be much higher in the range of 40 ´ 50kΩ.

With regards to the partial-open defects that affect the gates of the FeFETs (figures B.3 and 6.8), the
results show that are not affecting the functionality of the cell in any possible way. Unless there is a
complete open defect (which will prohibit any application of voltage on the gate) the cells continue to
work without problems.

The last faults we simulated for the single cell were the bridge faults, as they are shown in figures
6.9 and B.4. These bridge faults are essentially short-circuits, either between the gate and drain (and
consequently the match line), or between the gate and the source (thus between the gate and source
line). The results here are also clear when looking to the voltage plots. There is an overall disruption for
low resistance values, which leads all of the queries to return a mismatch as a result. As the resistance
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value increases, the effect of the short begins to fade and for resistor values above 500kΩ the cell
recovers, and returns to normal functionality.

6.5.2. Evaluating the array simulation results

The results from the array simulations, as anticipated, showcase a much more complex and diverse
nature. Figure 6.19 shows the array together with all the resistive, partial-open defects. We decided
to introduce resistive defects to only one row, and only one bitline. The reason for this is, that, due to
the symmetry of the structure, any disruptions cause by a defect in one row or bitline, they could be
generalised to the rest.

Figure 6.19: The array structure, showing the partial-open, resistive defects (marked with red squares)

Bitline open faults
The first three plot sets include the results from the simulations on three different defect sites: R1, R2,
and R3. The plots depict generally anticipated results, especially if we consider the similar results from
the single-cell simulations; resistive defects on the lines driving the FeFET gates do not constitute a
serious problem unless they are completely open.

Looking at the corresponding plots, there are a few peculiarities that must be discussed: the first row
shows a clear distinction between the matched and mismatched states. That be, S1´S1 state is a clear
match (output of sense amplifiers is a logic-high voltage) and everything else is a mismatch (voltage
dropped to zero). For the second row this is not exactly the same; although there is a match for the
query S2 ´ S2, there is a second, erroneous match for the query S1 ´ S2. After careful review of the
results, the simulation itself and the data processing method, it was clear that the cause of the problem
was sampling the signal at a wrong time. Figure 6.20 depicts that. What can also be deducted from
this plot though is, that, there is a deeper reason for this behaviour, since the discharge of the second
ML is quite delayed and short in duration.
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A theory that could explain this abnormality has two parts; the first one is that, due to the physical prox-
imity between the stored states S2 ´S2 and the query S1 ´S2, ML cannot discharge fast enough, while
the second one is that the ML capacitance might need to be lowered. As we mentioned in the beginning
of the chapter, the ML capacitance should not be more than a few femto Farads. We simulated this
capacitance by connecting a capacitor in parallel to the ML. The issue with this was, that, very small
values for that capacitance were causing problems by discharging the ML even when the FeFETs were
barely ON.

We attempted to mitigate this issue by reducing the capacitance value, as well as the read pulse dura-
tion, with no success. For reasons unknown yet to us, the simulations were failing for capacitances less
than 35fF either by not producing a converged solution, or by running infinitely, stuck at extremely small
step sizes (in the range of femto seconds). Eventually, we decided that we will accept the simulation
data and take this fluke into account during the interpretation of the results. Taking into account the
short discharge depicted in 6.20, we will consider that the S1 ´ S2 query produces a proper mismatch
in the second row.

The same abnormality takes place in the third row, this time with the S3 ´ S4 state; the signal sam-
pling takes place closer to the actual pulse and thus its value is closer to zero. Nevertheless, as the
experiments proceed and their parameters change, the ML discharge might take place slighlty different
and this is enough to throw out any attempt for accurate sampling. Again, since it was not possible to
devise a solution, we can consider that the ML is properly discharging. A last remark about these and
the following plots would be that some experiments failed completely to produce results and thus, they
are missing from the plots. We believe that the culprit for this behaviour lies in the FeFET model it is
being used. We will address this in further detail at a later section.

Figure 6.20: The plot shows the voltage drop during a mismatch. Rows 1 and 3 show what would be considered, normal,
discharge pulse, following the duration of the input. The discharge pulse of the row 2 is much shorter and delayed, which

created issues during the sampling of the signals. The marker (dashed vertical line), shows exactly where the sampling point is.

6.5.3. Match line open faults

We introduced two more resistive faults in the match line of one row of the array. The faults were
put next to each one of the CAM cells, so we could observe difference of behaviour depending on
the position of the fault. The results are showing some degradation of functionality affecting at least
two queries (S3 ´ S4 and S4 ´ S4) when the defect is closer to the sense amplifier and severe loss of
functionality when the defect is located on the R5 site. In both cases, the erroneous functionality begins
to manifest when the severity of the defect exceeds 1kΩ while for one case it starts manifesting itself
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after only 100Ω. Despite the missing points for some experiments, it is easy to identify a pattern which
help us interpolate the missing values (figures 6.13 and B.7).

6.5.4. Source line open faults

Figures 6.14 and B.8 show the results from simulating the last two partial-open, resistive defects on
the array. The defect sites were put on the source line of the third row, next to each one of the FCAM
cells, in a fashion similar to the match line faults (see figure 6.19). While the fault on the R6 site
cause some degradation in functionality by disrupting a couple of the queries, the second defect - R7,
disrupted 100% of the queries for values over 10kΩ. This is of course, expected, since the second
defect prevents both cells from creating a current path and discharge the ML.

6.5.5. Array bridge defects

In total we tried four different sites for bridge defects. We concluded that simulating these would offer
enough insight and a more general overview of how bridge defects affect the functionality of the array.
Figure 6.21 shows the sites of these defects.

The results show that bridge faults between key lines of the array result in major functional disruptions
of the array. Figures 6.15 and 6.16 show bridge faults between a bitline and source line / match line,
respectively. Despite the faults occuring only on one cell of the first row, it’s impact is significant through-
out the array. Since these lines are shared across cells, the contents and behaviour of numerous cells
can be disturbed by a defect in a seemingly unrelated site.
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Figure 6.21: An overview of the sites of the bridge defects we simulated on the array.

The same situation arises in the case of bridge defects between neighbouring bitline and match line as
well as between neighbouring bitlines. Figures 6.17 and 6.18 depict this reality. Despite the severity
of these faults it is easier to detect due to their immediate manifestation and the fact that they hinder
almost every attempt to read correctly from a cell.

6.5.6. Testing for defects

The results from the simulations provide enough information to understand the nature of some of the
defects of the FCAM decoder. What is more important now though, is finding a way to test for these
defects, so they could be detected and mitigated on time.
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Defect site Tests
RdefA {(WS2, RS1)}
RdefB {(WS3, RS4)}
RdefC {(WS3, RS4)}
RdefD {(WS2, RS1)}

Table 6.1: An example of a march test used to detect faults in FCAM single cells.

Detecting faulty FCAM cells is easy requiring a short march test, consisting of a single, two-operation,
march element per defect. A fail in any of these tests can immediately flag the cell under test as
defective and corrective actions, e.g., row repair when spare rows are available, can be taken. Table
B.3 lists the tests for every defect considered in our study. The first operation writes a certain state to
the cell, e.g., WS3, and the second operation queries another state, e.g., RS1. The reason for reading
back a different state than the one written, is that partial open faults are affecting the cell’s ability to
properly discharge the matching line (ML) in case of a mismatch, thus leading to ”false-match” errors.
By querying a state different from the one written, we ensure that a match indicates the cell is definitely
defective.

Figure 6.22a shows the ranges within which the FCAM cell operates correctly (the light areas on the
left), and thus a partially open defect will not disturb the correct cell operation. Moreover, it also shows
the areas where a defect will cause all of the reading operations to fail (the dark areas on the right). The
dashed area in the middle shows the range where a defect may or may not cause incorrect operation
depending on the specific read operation used. Obviously we have to look for the ’most sensitive’ read
operation that will ensure detection of defects in the two concatenated faulty areas on the right side.
Please note the FCAM design tolerance to partially open defects. Values from zero up to few kilo Ohms
will not have any impact on its correct operation.

(a) (b)

Figure 6.22: Detectability ranges for cell and array faults

Array faults can be detected in a similar manner. Figure 6.22b shows the fault detectability range for
the resistive faults of the array in the sites R6 and R7. Despite the simplicity of the testing procedure,
careful consideration is needed when choosing which query cases will test against. For instance, the
same test cases that will reliably detect a fault in the R7 fault case, will not produce reliable - if any -
results, in detecting resistive faults like on in the R6 site.

6.5.7. Comparison to conventional decoder designs

Evaluating the decoder delay included determining the total capacitance of the decoder row. As it was
mentioned before we set this value to 35 fF. Under these above conditions, our simulations resulted in
a propagation delay of approximately 870 ps.
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Figure 6.23: Under-utilization of 2- and 3-bit FCAM cells with regards to the address length.

Compared to related work as depicted in Table 6.2 [105] [106] this implementation performs 1.68ˆ

faster than the fastest, hybrid logic implementation and up to 2.6ˆ faster than the slowest static im-
plementation. With regards to area, this 2-bit/cell solution performs slightly better than the static AND
logic based CMOS decoder.

A downside of using amulti-bit approach for address decoding is that the address must be aligned to the
number of the bits each cell is able to store. When this is not the case, under-utilization of the hardware
occurs, which might put the proposed CAM solution at a disadvantage against other solutions. This
reality is reflected in Figure 6.23, where the percentage of row under-utilization is shown, in relation
to the address length. For shorter addresses (ď 8 bits) the under-utilization can be significant; as the
address width increases, any under-utilised cells have lesser impact. On the plot we are considering
2-bit and 3-bit cells; the 2-bit FCAM decoder is more efficiently used with even-sized addresses, while
the 3-bit decoder is more efficient when the address width is a multiple of 3.

Design (5-to-32 decoder) Transistor Count Delay (ns)
Static CMOS (AND Logic) 308 2.25
Static CMOS (NOR Logic) 220 2.16

Pseudo-nMOS Logic 176 1.69
Mixed Logic [106] 154 1.58
Hybrid Logic 132 1.46

FeFET CAM (2-bits / cell) 224 0.87

Table 6.2: Comparison of the transistor count and delay of different implementations.



7
Conclusion

This chapter provides a summary with all the achievements of this dissertation and highlights some
potential future research directions

7.1. Summary
Chapter 1 of this thesis introduced the concept and the main research questions that would drive our
research on novel memory address decoders. We highlighted the importance of emerging memory
technologies not only in fields like In-Memory Computing, where the research is currently intense, but
also in the attempt of solving problems pertain to ”conventional” Computer Architecture. One of these
problems was identified in the field of memory address decoders; although hardwired, dynamic NAND
decoders are widely used in random access memories for decoding parts of the address - due to their
speed and simplicity - their testing remains complex and cumbersome. Content-addressable memories
can provide similar decoding functionality, however, the current CMOS technology restricts the usage
of CAMs only to specialised applications, due to their high cost, high power consumption and large
size. Emerging memory technologies like FeFETs, have managed to make a breakthrough in the field
of CAMs by enabling the manufacturing of smaller, cheaper and more energy efficient cells. In the light
of these advancements, using a CAM array for its decoding functionality is now within reach and can
provide significant advantages over the established CMOS technology.

Chapter 2 provided the background on FeFETs. In this chapter we discussed the physics the materials
and the applications of FeFETs. Key concepts were explained, as well as a general introduction to the
possibilities of this emerging technology.

Chapter 3 provided an overview of address decoders. Several different types were discussed, including
static, dynamic and column decoders. Also key concepts were introduced like decoder stages and
predecoding.

Chapter 4 was an extensive overview of Content-Addressable memories. Starting from established
designs and technology (like CMOS), we discussed designs and applications. The chapter also intro-
duced the new generation of CAM cells built with emerging memory technologies, showcaseing their
advantages over previous designs.

Chapter 5 introduced and discussed the FCAM row decoder. Combining the insight from the previ-
ous chapters, we presented the idea of a memory address decoder based on CAMs built with FeFET
devices.

Chapter 6 presented the experimental platform and the simulation results. In this chapter we also
discussed the results and the challenges of the project and we provided the solution for testing this
new type of decoder based on simple march tests. We were able to also compare certain metrics of
the design, with other state-of-the-art conventional decoder designs. Our simulation results show an
improved delay against state of the art designs, by at least 1.68ˆ, while the transistor count remains

50
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on par with those implementations. We also demonstrated that a cell which is able to store more than
four levels can provide significant area advantage over conventional designs.

7.2. Future Work
This thesis was built upon an idea which was as novel as largely unexplored. On top of that, the area
of FeFETs is still under intense research, with new materials and structures being constantly proposed,
while older ones are being revised and improved. Hence, what we propose in this thesis is far from
perfect or complete. We would mostly describe it as one small brick out of an entire building with
countless parameters and possibilities that must be further researched. For this reason, in this section
we provide a list of directions that have research interest and can act as points of further development.

We have showed that the testability of this decoder is a significant advantage over competing solutions.
In addition, the FCAM-based address decoder showed a notable resiliency in mild defects. However,
we have not exhausted all possible kinds of defects - such as capacitive defects - and despite simulating
the resistive defects in a small array, further investigation is needed especially with larger arrays and
confounded effects from several defects.

Conventional CAMs are inherently power-hungry circuits, however, this seems to change with emerg-
ing memory technologies, so energy consumption is also a topic that needs to be investigated and
compared with other state-of-the-art designs. At this point, continuous advancements in the fields of
ferroelectric materials should be taken into consideration, since different materials (and the compact
models originating from them) should be reviewed.

Another area for improvement lies in the maximum number of levels a FCAM cell is able to store. We
showcased that a four-level FCAM is possible and there are already reports for an eight-level one. Such
an increase it will further reduce the area needed to store a multi-bit address and will make the FCAM
decoder significantly more area-efficient compared to other designs.

Finally, the structure of the array itself needs to be reviewed and revised, as further lowering the ML
capacitance will consequently improve the overall delay of the decoder. Researching the robustness of
the multi-bit cell with regards to process variation and also assessing the reliability limitations compared
to other technologies is also crucial in establishing the FCAM decoder as an alternative design.
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B
Additional plots and figures

B.1. Partial-open single cell defects

Figure B.1: Voltage and current plots for the single cell, partial-open defect point on R1.
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Figure B.2: Voltage and current plots for the single cell, partial-open defect point on R2.

Figure B.3: Voltage and current plots for the single cell, partial-open defect point on R4.
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Figure B.4: Voltage and current plots for the single cell, bridge defect point on R7.

B.2. Partial-open coupled defects

Figure B.5: Voltage and current plots for the partial-open array defect point on R2.
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Figure B.6: Voltage and current plots for the partial-open array defect point on R3.

Figure B.7: Voltage and current plots for the partial-open array defect point on R5 (match line).
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Figure B.8: Voltage and current plots for the partial-open array defect point on R7 (source line).

B.3. Additional March Tests

Defect site Tests
R6 {(WS1, RS1)}
R7 {(WS1, RS1)}

Table B.1: An example of a March test to detect single-cell bridge defects

Defect site Tests
R4 {(WS3´S3, RS3´S4)}
R5 {(WS3´S3, RS4´S4)}
R6 {(WS3´S3, RS3´S4)}
R7 {(WS3´S3, RS2´S3)}

Table B.2: An example of a March test used to detect partial-open faults in FCAM arrays.

Defect site Tests
R4 {(WS1´S1, RS1´S4)}
R5 {(WS1´S1, RS1´S4)}
R6 {(WS1´S1, RS1´S4)}
R7 {(WS1´S1, RS1´S4)}

Table B.3: An example of a March test used to detect bridge faults in FCAM arrays.
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