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Abstract

Further miniaturization in CMOS technology has faced severe challenges, such as
increased leakage power and reduced circuit reliability, which has caused fundamental
restrictions on advancing efficient computing architecture. These problems can be
addressed by the new emerging devices known as memristors owing to their nanoscale
size and the ability to integrate with the exciting CMQOS technology. Memristors are
passive devices with variable resistance. The resistance value will remain constant when
no electrical field is applied, giving this device a unique behavior by saving its last state.
This unique behavior makes this device very appealing to a wide variety of applications
such as memory, neuromorphic systems, analog circuits, digital circuits, and logic design.
The primary focus of this thesis is the utilization of memristors in based logic circuit
design aiming to serve CMOS transistor scaling limitation problems by exploiting the
integration of memory with the computational capabilities within memristor devices in
various designs. Memristors have the potential to attract modern CMOS design since they
can be fabricated in high density on the top of the silicon layer, which adds new
capabilities to CMOS technology to address the challenges it faces with respect to any

further scaling-down.

viii



ABSTRACT

In this thesis, an area efficient Memristor-based digital circuits were implemented
utilizing the memristive gates in the style of the integral form of the hybrid Memristor-
CMOS and the memristor-only covering a number of conventional arithmetic and
computational building blocks. As an example, a 4-bit Memristive Up-Down counter has
been implemented using the integral form of the hybrid Memristor-CMOS. The proposed
counter is realized using four T Flip-Flops (TFF) connected by AND and OR gates.
There are two digital signals (UP and DOWN) that control the counting direction. The
verification was performed in the Cadence environment and NC-Verilog. The simulation
results have illustrated that the Up-Down counter was successfully able to start or stop
counting at any logical state and resume its operation from any other desired logic state.
The design demonstrates that the hybrid Memristor-CMOS based Up-Down counter
requires fewer number of transistors than in a traditional CMOS based Up-Down counter
with 34 CMOS devices and 110 memristors. Therefore, the design has a small layout area
and shows a reasonable reduction in power consumption and delay. While other Up-
Down counter designs that relied on the pure Memristive method "IMPLY" reported less
area, this design overcomes the issues of delay and complexity produced by the lengthy
operational steps associated with IMPLY-based design. Moreover, this work was
extended in Chapter 6 to provide a comprehensive memristive design for a leaky
integrate-and-fire (LIF) neuron circuit. The unique about this proposal is the involvement
of the memristor devices in every aspect of the design.

The newly discovered Memristor device is finding its way into today's circuit design.
These memristor-based structures hold promise to provide continued growth and will
significantly enhance the speed and power of digital computing beyond Moore scaling

while maintaining compatibility with standard CMOS.
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Chapter 1

Introduction

The Memristor derived from memory-resistor is a two-terminal passive device whose
nonlinear behavior is described by the unique I-V curve. The curve shows that the
Memristor is substantially different from the other fundamental circuit elements since it
can retain the last resistance state of its variable resistance. The resistance value remains
constant when no electrical field is applied, which makes this device an interesting
element for future computing and memory systems. This introductory chapter reviews the

memristor device definition, functionality, applications, and the thesis outline.

1.1 The Memristor Device- A Background

In his preliminary research in nonlinear circuit theory, Leon Chua predicted that a new
element should exist to join the other three passive circuit elements in order to achieve
the symmetrical relationship between voltage (v), current (1), charge (q), and flux (o),
as summarized in Fig. 1.1 [1] The new device would complete the circle by realizing the
missing relationship between the charge and the flux. through what Chua called a

memristance (M) which denotes as.

do = M.dq
At the same time, the rest of the relations have already existed: The resistor (R)links

voltage and current which denotes as.

dv=R.di

The capacitor(C) links voltage and charge which denotes as.

dgq =C.dv

The inductor (L)links current and flux which denotes as.
do =L.di

-1-



INTRODUCTION

Voltage (V) ) Current (A)
Resistor A -
1% i
¢ dv = Rdi
e = ‘\:.@‘-\\L - . o -
g8 ~&” 3|5
S I ,\ 'é =
| S //\é‘ .. © |2
O ""60‘ :
q ? — o
Charge (C): Memristor M i Flux (Wb)

Figure 1.1: The fourth missing fundamental circuit elements [1]

Chua mathematically explored the properties of this new device and observed that the
device could be described as a resistor that exhibits a form of memory. Hence, the term
Memristor[2] appeared for the first time in 1971, or more broadly defined as a
memristive system[3]. However, memristors attracted much attention only after 2008,
when (HP Labs) [4] announced the fabrication of the first working memristor. Earlier
memristor studies to capture the interest of researchers were memory switching,
exploiting the device’s unique characteristics of memory behavior and variable resistance
state presented on the memristor 1-V curve, which can be very appealing to future
computing architecture[5]. Moreover, other remarkable properties of memristors, such as
non-volatile, low power, and high switch speed, make this device a promising substitute
for conventional high-speed memories. However, later memristor works have shown that
the emerging devices are not only for memory design but also can perform traditional

logical functions[6] and provide an architectural solution for future computing systems.
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1.2 Memristor-Based Applications

The new emerging devices, with their exceptional properties and capabilities, have the
potential to transform various fields and find applications in a wide range of areas. Such
as memory storage, logic design, filter design, and neuromorphic computing. Here is a

review of some of the key applications of memristors:

1.2.1 Memory

Memristors have the unique property of being non-volatile, meaning they can retain their
state even without power consumption. This characteristic makes them ideal for memory
applications. Additionally, low power and compatibility with CMOS are the memristor's
main features to attract these devices to be a suitable alternative for traditional memory
technologies such as SRAM and DRAM memories. There are several memories which
have been fabricated based on memristive behavior with different switching mechanisms,
such as Phase-Change-Memory (PCM) [7], Conductive Bridge Memory (CBRAM) [8],
Ferroelectric Memories (FERAM) [9], Resistive Random Access Memory (RRAM) [10]
and Redox-based resistive random access memory ReRAM [11]. Each presents different
characteristics regarding reliability, endurance, memory retention term, programmable
states, and energy efficiency.

However, Both RRAM and ReRAM devices are considered promising candidates for the
next generation of non-volatile memory applications, and they are competing to become
mainstream memory technology. RRAM has a compact structure with an oxide layer
sandwiched between two electrodes that send and receive electrical signals. The
switching characteristics of RRAM devices are strongly associated with the distribution
of oxygen vacancies in the oxide layer. As a result, the device provides a fast-switching
speed, excellent scalability, and compatibility with CMOS fabrication at low
programming voltage[12-13]. While the resistance switching behavior of the ReRAM
device between two resistance states, the low-resistance state (LRS) and the high-
resistance state (HRS) highly depends on the oxide materials, a resistance-changeable

material.
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The change in the resistance is achieved by a voltage pulse above a threshold value. As a
result, ReRAM devices offer high-density storage, high switching speed, and relatively

good endurance at low manufacturing costs.

1.2.2 Neuromorphic Computing

Brain-inspired computing is considered an alternative approach[14-17] to conventional
computing systems Von-Neumann, which faces severe challenges [18] regarding
computing speed and power consumption. Thus, hardware implementation for
neuromorphic systems has been an ambitious research field and very appealing to
computing architecture. Although CMOS offers the platform to realize neuromorphic
systems, the physical implementation of the massive synaptic interconnections among
neurons and the synaptic adaptability requires a large silicon area with considerable
power consumption. Hence, the interest to develop a compact adaptable device obeying
biological learning rules to implement synaptic connections has motivated the
investigation on alternative nanotechnologies. Memristors can attract the area of
neuromorphic computing as they can adapt and change their behavior over time in
response to different stimulation patterns similar to the human brain[19]. Moreover,
memristors can reproduce Spike Time Dependent Plasticity Mechanism observed in
biological neurons (STDP) [20].

1.2.3 Memristive Logic Design
Memristor-based circuits open new pathways for exploring future memory and
computing systems. This is because memristors can perform logic besides their unique
memory behavior. Hence, memristor-based circuits offer the implementation of logic and
memory in one platform, which can be applied to in-memory computing systems. One
significant advantage of memristors' involvement in the architecture of in-memory
computing is the ability to compute logic and save the data in one platform. This will

satisfy this architecture’s need for small hardware with powerful data processing
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capability. Thus, there has been intensive research covering the field of circuit design
involving memristor devices[21]. The Memristor-based logic design can be classified
into analog-based and digital-based logic. In the environment of analog circuit design,
memristive analog arithmetic circuits can be implemented utilizing the memristor's
memory behavior[22]. Memristance values can be configured by the memristor's internal
resistance states. Memristor's variable resistance will change upon an applied electrical
field. While in the digital environment, memristors can perform conventional logical
functions in two different approaches based on the computation of the logical states. The
first method is resistance- dependent, the logical states are evaluated based on the
memristance of the Memristor. Memristance values can swing between two resistance
states. High Resistance State Rurs represents logic ¢ 0°, and Low Resistance State Rirs
represents logic © 1°. The second method is voltage- dependent [23]. Here the logical state
of this method is determined according to the output voltage level. Thus, low and high

voltage represent the logical states (* 0’and ‘1), respectively.

1.3 Digital Architecture with Memristor

A rapid interest in Memristive logic design has paved the road for a broader range of
memristor-based circuits implementation, covering a large number and wide scope of
conventional arithmetic and computational building blocks. The Memristor-based logic
design is an ambitious step toward future VLSI technology strives to serve CMOS further
scaling down.

Only-Memristor based method is one of the Memristor-based logic designs utilizing only
memristor devices to construct all logic gates. The value of the resistance of the output
memristor defines the logical states (‘0’ and ‘1’). The resistance of the Memristor is
bounded by a minimum resistance Ron and a maximum resistance Rorr. Material
Implication Logic (IMPLY) [24] and Memristor Aided Logic (MAGIC) [25] are well-
known logics in the pure memristive style. The IMPLY -based logic structure is shown in
Fig. 1.2. It has two memristors connected to the ground through a resistor. The output is
copied to one of the Memristors in the final computation step, exploiting the feature of
the non-volatile offered by the Memristor device to use the Memristor as input or output

as required.
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Figure 1.2: IMPLY logic gate (a) Schematic of Memristor-based. (b)truth table.

This logic is sequential. Hence, a multi-level voltage is required to achieve the
computational steps. IMPLY logic requires a lengthy sequence of stateful logic
operations to synthesize a Boolean function. Thus, the number of computational steps
required for n-input logic gate is equal to 2"* ™1 [26 ].This sequential nature causes the
logic to suffer from extensive delay. The other drawback facing this logic is the
complicated control circuitry required for READ / WRITE operation. While the logical
structure of MAGIC requires two memristors for the inputs and another separate
memristor for the output. MAGIC can construct the entire Boolean traditional gates such
as AND, NAND, OR, and NOR as shown in Fig.1.3. ,with two sequential steps,
initialization step and computational step. The initialization step is achieved by writing a
known logic state for every Memristor separately [27]. The two sequential steps require
only one voltage level to perform the logic. However, cascading two or more logic
circuits with MAGIC is challenging. Also, in some input combinations, the voltage
across the output memristor is insufficient to change the logical state. Hence, the output
memristor remains at the initialized state during the performing of logic operation and

causes the loss of the input for the next operation.
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Figure 1.3: Schematic of Memristor-based MAGIC logic gate.
(@) AND. (b) NAND (c) OR. (d) NOR.

Memristor Ratioed Logic (MRL) [28] is another memristor-based logic design method. In
this method, Memristor devices and CMOS transistors can be combined in an integrated
platform. By fabricating memristors devices in the metal layers inside the CMOS die,
since CMOS-based dies are composed of a single layer of CMOS transistors with
multiple metal layers stacked on top. The metal layers are etched to compose the wires
that route the connections between the transistors on the CMOS layers[29]. Fig.1.4. [29]
shows the integrated platform of CMOS-Memristor, which provides MRL logic with the
capability to construct all logical gates by utilizing Memristors and stacking them
between the upper layers of the CMOS inverter [30]. MRL-based AND gate and OR gate
implementation requires only two memristors. V1 and V2 denote the voltages applied to
both memristors, which change their resistance state based on the voltage level. Vour
denotes the output voltage of the logic circuit, which is determined by the voltage divider
across both memristive devices. The implementation of MRL- based NAND and NOR
gates are similar to MRL-based AND and OR gates, except both NAND and NOR need a
CMOS inverter to facilitate the circuits with the interface and control operation [31],
which eliminates the effect of signal degradation associated with MRL-based AND and
OR gates.
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Figure 1.4: The integration of memristors on top of CMOS transistors. The memristors are
located between metal layers 3 and 4, and 4 and 5[29]
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Figure 1.5: Schematic of MRL based logic gates
(@) AND, (b) NAND, (c) OR and (d) NOR

The schematic circuit for MRL-based basic gates AND, OR, NAND, and NOR are
displayed in Fig.1.5. MRL logic does not require additional voltage supplies, with only
one computational step required since memristors function as computational elements

and do not store data.
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Moreover ,all circuit testing and simulations of memristor-based digital circuits covered
in this dissertation were simulated in the Cadence Virtuoso environment utilizing
different memristor Verilog-A models due to the lack of real physical memristor device
layout tools. Hence, choosing an accurate memristor model that simplifies the
implementation of memristor-based digital circuits is crucial. Verilog-A models for
memristor devices presented in appendix A and appendix B were utilized to provide the

desired memristive behavior for the proposed digital circuits.

1.4 Memristive logic design challenges

Implementing logic with Memristor is a new vision for digital logic architecture.
However, several challenges associated with Memristor-based circuit design can impose
restrictions on the performance and the reliability of memristive digital architecture. One
of the first obstacles hindering the logical design with memristors is the non-ideal
characteristics exhibited by Memristors. These non-idealities characteristics, such as non-
linear resistance switching and limited endurance over time, can impact the reliability and
accuracy of any Memristor-based logic circuit design. Although memristive behavior has
been observed in various materials, including TiO> [35], HfO; [36], Al2O3 [37], Nb2Os
[38], SrTiO3 [39], identifying and developing suitable materials that exhibit the desired
memristive behavior is crucial. The material should demonstrate stable resistance
switching characteristics. Also, the issue of sneak path current [40] severely affects
information storage, computation, and data processing in the crossbar structure [41]. The
structure attracts IMPLY and MAGIC-based logic, which allows the integration of a
large number of memristors in a small area and enables high storage capacity and
computational capabilities.

A sneak path current is the undesired current flowing through the path, which is typically
the path of least resistance due to the non-linear resistance behavior of the individual
memristors within the crossbar array.

The resistance of a memristor can change dynamically based on the amount and direction
of charge that has passed through it. This change of resistance influences the path that the

current takes as it flows through the crossbar array.
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The sneak path current leads to an error in reading / writing the resistance state of
memristors. Also, it induces a high amount of energy consumption inside the crossbar
array. Integration with existing CMOS technology is another problem that arises in the
crossbar structure. This integration requires addressing compatibility issues, developing
suitable fabrication processes, and designing circuit architectures. Also, Memristor based
circuit designs are subject to signal degradation mechanisms that can impact their
performance over time due to various factors related to memristors, such as
electromigration, thermal stress, or chemical reactions.

In fact, the degradation processes can result in changes to the device's resistance
characteristics, leading to performance degradation. The degradation effect is pronounced
in the voltage-based logic design MRL when Memristor is unable to drive the following
gate stage. Adding a CMOS inverter can remedy this issue by amplifying the output to

restore the signal. However, this remedy comes at the price of power consumption [42].

1.5 The Thesis Motivation

The unique characteristics of the new emerging devices make them a compelling area of
research and development for future memory and computing technologies. Also,
memristors can solve CMOS's fundamental limitations of further scaling down by
integrating the memristor devices with CMOS transistors. The integration of memristor
devices with conventional CMOS is an auspicious tool for implementing digital
architecture since Memristors can be loaded and stacked between the upper layers of the

CMOS layers in high circuit density to construct all logical gates.

1.6 The Thesis Objective

In this research, memristors' capabilities and limitations are studied and analyzed. Hence,
several models of memristors were utilized to implement various memristor-based
circuits for different applications. The integration of memristors with CMOS as well as
only-memristors methods, are explored for logic circuits design beyond Moore's

approach.

-10 -
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1.7 The Thesis Outline and summary of contributions

This thesis is organized as a collection of published or submitted papers. All of the

papers describe research results obtained during this PhD study.

Chapter 2 presents a compact, low power design of a hybrid Memristor-CMOS
based Finite Impulse Response (FIR) Filter with reasonable performance compared to the
CMOS-based design. The proposed design has been described using Verilog High
Description Language (HDL) and tested with Cadence design systems, NC-Verilog, and
MATLAB. The significant aspect of this proposed architecture was the standard cells
memristive library design, which contains all characterized cells employed in the FIR
filter. This library is utilized by Synopsys compiler to produce memristive netlist gates.
The simulation results have shown that the behavioral model of the design can
distinguish between all input signals and passes only signals with the desired frequency.
The proposed hybrid Memristor- CMOS based FIR is shown to be more efficient in terms

of area, consumed power, and delay.

Chapter 3 proposes a fast, low area, and low power for the Up-Down counter.
Hence, a hybrid Memristor-CMOS platform MRL was utilized to implement a 4-bit Up-
Down counter with 34 MOSFETs and 110 memristors. The proposed counter employs
fewer numbers of transistors than the conventional CMOS counter and shows a
reasonable reduction in power consumption and delay. Although the IMPLY - based Up-
Down counter reported less area. The MRL-based Up-Down counter overcomes the
issues of delay and complexity produced by the lengthy operational steps associated with
the IMPLY-based counter. The simulation results have illustrated that the Up-Down
counter was successfully able to start or stop counting at any logical state and resume its

operation from any other desired logic state, which proven the design and functionality.

-11 -
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Chapter 4 presents a design for the building blocks of XAX- module, a core
element used as digital circuit for elliptic curve cryptography based on the MRL scheme.
The memristor device of Pt /TaOx/Ta has been used to provide the design with the
Memristive behavior. The design of MRL- based XAX-module comprises simple blocks
of the DFF circuit together with the XOR-AND-XOR function. The MRL- based DFF is
the main component in the module in terms of device numbers. The MRL- based DFF
utilizes 16 Memristor devices and 14 MOSFETS, while the XOR-AND-XOR function is
another block that participates in the XAX-module with 12 memristor devices and 4
MOSFETSs. In comparison, the same CMOS-based design employs 24 MOSFET devices.
This work proves that utilizing MRL- based gates in the blocks that made up the XAX
structure implies a significant reduction in the number of transistors. The Memristors can
be fabricated on the upper layers of CMOS inverter. This Combination has led to almost
15% in area saving compared to the same CMOS-based-XAX module. This is mainly
because the layout area estimate of the design was carried out based on the size of CMOS
inverter occupied by each cell. From the performance point of view, the design power
consumption and delay were also examined and compared against other CMOS-based
designs. The design was implemented and verified in Cadence Virtuoso at each stage to

confirm its functionality.

Chapter 5 proposes a fast and efficient area Memristor-only-based full adder and a
hybrid CMOS/Memristor-based full adder. In the Memristor-only style, the MAGIC logic
is favorited over IMPLY logic in the implementation of the full adder due to the reduced
area layout offered by the MAGIC approach thanks to the simplicity of mapping MAGIC
gates to the crossbar array, whereas mapping IMPLY gates require a resistor before any
row which increases the design area. Also, IMPLY requires more voltage sources than
MAGIC to perform the logic computations. MAGIC-based full adder design utilizes only
25 memristors, while the hybrid CMOS /Memristor full adder requires 18 Memristor
devices and 4 MOSFETs. Consequently, both designs occupy a small area as compared
to the CMOS- based design. However, the MAGIC-based full adder is more area efficient
than the MRL-based full adder. While the MRL- based full adder is a considerably low-

cost design since it is CMOS compatible and requires only one voltage level. Moreover,
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the proposed MAGIC-based full adder has fewer computational steps in comparison to
the same IMPLY-based design, another pure memristor method. The Memristor device of
VTEMA and Pt / TaOx / Ta have been successfully used to provide the design with the

Memristive behavior while simulations confirm the proposed full adder functionality.

Chapter 6 provides a design for a leaky integrate-and-fire (LIF) neuron circuit with
memristive behavior. The proposed architecture is based on the hybrid CMOS/Memristor
gates, which enable integration with existing CMOS-based neurons to support large-scale
neuromorphic systems. The exception of this proposal is the involvement of the
memristor devices in every aspect of the design. The design was divided into three parts:
A synaptic block with a memristive up-counter, a core neuron circuit with an MRL-based
up-down counter previously explained in Chapter 3, and a comparator to generate a spike
when the membrane potential exceeds the threshold value. The LIF neuron circuit is area-
efficient due to the MRL-based gates employed in the proposed. The design was

implemented and verified in Cadence Virtuoso at each stage to confirm its functionality.

Chapter 7 presents thesis conclusion and future Work.

-13 -
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Chapter 2

Hybrid Memristor-CMQOS Based Finite

Impulse Response Filter Design

2.1 Introduction

The development of CMOS transistors shows major concerns, such as increased leakage
power, reduced reliability, and high fabrication cost [1]. These factors have affected chip
manufacturing procedure and functionality severely. Therefore, the demand for new
devices is increasing. Memristor is considered as one of the key elements in memory and
information processing design [2], [3] due to its small size, long-term data storage, low
power, and CMOS compatibility. Recently, several methods in a logic design employing
Memristors have been reported [4]-[7]. Material Implication Logic (IMPLY) [4], [5] is
aimed to design logic gates with Memristors only. However, the involvement of a high
number of computational steps and the need for READ/WRITE circuit are obstacles
facing this logic. Memristor Aided Logic (MAGIC) [6] is another pure Memristive logic
method similar to IMPLY logic. This logic requires two steps “initialization procedure
prior to a computational step”. However, cascading two or more logic circuits with
MAGIC is difficult to implement. Memristor Ratioed Logic (MRL) [7] method is hybrid
CMOS-Memristor circuit that has logical states (‘0° and ‘1’) represented based on the
level of the output voltage. This method is suitable for most logic designs because of
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CMOS comepatibility, which offers less area and power consumption compared to
conventional CMOS. There are several memristor based arithmetic and computational
Circuits described in [8] and [10] using MRL; however, the area of filter design using
Memristors has received less attention. In [8] Memristors have been used in the LC filter
as a damping component. In [9] Memristor devices were used to provide weights for 6-
tap FIR filter. In this chapter, Memristor based RRAM device has been employed to
implement hybrid Memristor-CMOS based FIR filter. Unlike earlier memristor design
[9], the proposed approach utilizes the designed cell library. The cell library proposed
characterizes basic Memristive logic gates based on MRL method. The rest of this
chapter is organized as follows. An introduction to the Memristor model is described in
Section 2.1. In section 2.2. The design approach and device modeling are explained. In
section 2.3. FIR filter design is presented, Section 2.4. A case study of the DFF circuit
was presented to show the utility of cell library designed. In Section 2.5. The verification
of the proposed filter is explained. In section 2.6. Simulation results and comparison with
CMOS based FIR is provided. Finally, remarks and conclusions are proposed in section
2.7.

2.2 Design approach and device modelling

2.2.1 Memristor ratioed logic design
Memristor Ratioed Logic MRL design is based on the integration of CMOS technology
with Memristor to implement varieties of logic gates. Pure Memristive design can be
used to design AND/OR gates, while NAND and NOR can be designed by connecting
the output of AND/OR Memristive gates to CMOS inverter. This arrangement is not only
to obtain NAND and NOR gates but also overcomes the signal degradation problem.
MRL method is a voltage-based model, hence the logical state of MRL is defined by the
output voltage level, where, voltage level represents the high state “1” and the low state

“0” by the high voltage and the low voltage respectively.
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Table 2.1: RRAM Memristor parameters for simulation

Parameter Ie(A) Go(m) L(mm) | Gmax(nm) | Gmin (nm)

Value 6.14¢ 2.75¢10 5 6e1? 3.14e1

2.2.2 Device modeling
Metal oxide-based resistive switching memories RRAMs are intended for use in wide
range application of nonvolatile memory. In this chapter, the Memristor based RRAM
model [11], has been employed to implement the Memristive behavior of the devices in
which resistance varies depending on the value, direction, and duration of the applied
voltage. The device resistance is altering between Low Resistance State (LRS) and the
High Resistance State (HRS). The current is dependent on the oxide layer state while the
rate of vacancy generation (E,,4) /recombination (E,,) has a direct impact on the oxide
layer state. A Memristor based RRAM is simulated in Cadence Virtuoso. The utilized
parameters for the model are specified in Table 2.1. Where 1., g, go, are hopping current
density, gap length, which can either be minimum value gmin Or maximum value Qgmax

based on the applied voltage and window resistance coefficient.

2.3 Finite impulse response filter design

Finite Impulse Response FIR filter is a core element in most applications of signal and
image processing [12]. In these applications, low power, an area efficient, and high speed
are required when designing these filters. Several stages are involved in the design and
implementation of FIR filters based on the number of required coefficients. In this
chapter, a low pass FIR filter with 15 coefficients is considered. Therefore, the designed

filter has 15 stages. The characteristic of this filter is shown in eq 2.1

Y[n] = boX[n] + b;X[n — 1] + -+ bp X[n — k] (2.1)
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Figure 2.1: Flow chart displaying design flow based on Synopsys EDA tool for proposed FIR

filter. (a) netlist CMOS Base (b) netlist memristive Base, (C) design layout.
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Several procedures are involved in the implementation of the proposed filter as shown in
Fig. 2.1. The design starts by describing the specification of the filter using Verilog High-
Definition Language (HDL). The hardware description should be successfully verified
and tested by NC-Verilog Cadence simulator using a well-designed test bench. Next,
Synopsys design compiler goes through the descriptive Register - Transfer Level (RTL)
in order to convert it to CMOS based gate netlist. This conversion is achieved from the
characterized gates data provided by the CMOS standard cell library. Consequently, the
gate netlist is verified and tested with the same test bench. Besides, the generated CMOS
gate netlist is extracted to obtain all gates involved in the design. Finally, the Memristive
gates which have been implemented and tested using MRL method were characterized to
build standard Memristive cell library to be utilized by Synopsys compiler to generate the
Memristive gates netlist . The synthesized FIR memristor based netlist gates should be
verified and tested again with the test bench.

2.4 Case Study

The core of this work is to create a standard cell library for Memristive gates based MRL
design. This procedure is very sensitive since it requires implementing and validating all
gates in the design. As an example, a sequential D-Flip Flop (DFF) circuit shown in
Fig.2.2 has been chosen to describe all steps involved in the design procedure. DFF has
been implemented in the Cadence schematic level, verified in the behavioral level with
NC-Verilog, and characterized its Memristive logic gates by Cadence tools. All
characterized gates data is fed to the standard library.

This library contains information about the input capacitance of each pin of DFF, output
net capacitance, transition time, values of rise /fall delay and power consumption. The
synthesis tools rely on capacitance values to compute delay and dynamic power.
Therefore, it is vital to calculate the capacitance values for each pin “ input /output ”
where C is calculated based on eq (2.2)

i t

C=—["it)dt 2.2)

~ vbpp’t1

-22 -



HYBRID MEMRISTOR-CMOS BASED FIR FILTER DESIGN

D
=y Q|out
clk
D
out
]
Q
D-Latch %
m out
(a) >+—p oQ—p Qp1<3
D D-Latch D-Latch out
- > Q
clk L‘
o
D-Flipflop
(€)

D-Latch

(b)

Figure 2.2: (a) D-latch schematic circuit. (b) MRL based D-latch.
(c) Implemented Memristor based DFF

Here i(t) is the current passing through DFF. Since capacitance values are determined, the
synthesis compiler can carry out the power consumption based on the energy values
provided by the library. All energy values are kept in the library table after measuring
DFF consumed energy. Eq (2.3) is used to calculate dynamic power consumption of the

designed circuit.

PD = aCfVpp (2.3)

Here o, C, and f, are switching activity factor, capacitance, and design frequency
respectively. In addition, the DFF propagation delay is computed by measuring the time
interval between the input slew and output slew. The slew for DFF alteration times is
defined as the time when signal rises from 30% to 70% and falls from 70% to 30% of its
Vop. While DFF area approximation is linked directly to the size of CMQOS inverter in
every cell. Designed Memristive DFF based MRL has 16 memristors and 14 MOSFET.

-23-



HYBRID MEMRISTOR-CMOS BASED FIR FILTER DESIGN

g
[=

i

V)

0.0
4.0
£
=
0.0
4.0
£
=
0.0 — e e e e e
20 40 60 80
time (ns)
(@)
4.0~ Data
£
=
0.0
4.0
<
=
0.0
4.04 Qn
€ ]
& ]
0.0
4.04Q1
e ;
& 3
0 23.0 50.0 73.0 100
time (ns)
(b)
Figure 2.3: Simulation results in schematic level.(a) MRL-based D-Latch.(b) MRL-
based DFF.

Therefore, memristors are loaded on inverters between the upper layer of CMOS metal.
Fig.2.3 shows both MRL based D-latch and DFF simulation results in the schematic
level.
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Figure 2.4: (a) Organization of the proposed FIR.
(b) Verification flowchart for proposed FIR
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2.5 Design Verification

The verification of the proposed filter is achieved by making a comparison between the
Memristive based filter output signals and the expected output signal which has been
generated in MATLAB by the designed Verilog test bench. This mechanism of
verification can be illustrated as shown in fig.2.4. It involves primarily several modules
which are: <Modulel>, <Module 2>, <Module 3> and <Module 4>. <Module 1> and
<Module 4> are responsible for loading input signals “8 bits every cycle” and write the
filtered signals in the output file “hex decimal format” respectively. Whereas, <Module
2> is responsible for storing data temporarily and sending out undesired frequencies. And
<Module 3> is an address generator uses flags to make all the design modules
synchronized under one main clock “CLK” which is lead to a great impact on speed
enhancement and power consumption. Thus, signals flow throughout the modules are
explained as flow. <Module 1> input signals received and stored temporarily in register,
and then signals are sent serially every clock cycle to <Module 2> where signals are
stored again in another register, also <Module 2> communicates with <Module 3> in
order to use the generated addresses to find the desired signals and pass it serially to
<Module 4> as a final stage. At the end, the desired signals are written in the form of the

array corresponding to the filtered signals.

2.6 Experimental Results

Designing the hybrid Memristor-CMOS based FIR has been executed through different
stages, from implementing the filter in the schematic level to test and verify the filter
behavior in Cadence “TSMC 180 nm cell library”. The design utilized a Memristor based
RRAM device. All related parameters for the device provided in Table 2.1, were
employed to implement the Memristive behavior of the device. The filtering process of
the proposed filter was verified by using a well-designed test bench, the implemented FIR
filter was simulated and tested in the NC-Verilog Cadence simulator. The Verilog
language can read/write files from a storage environment, making it possible to design a
test bench to read data from a storage device, generate stimulus signals for the Verilog
test module, and write the results to a storage device. Thus, the designed test bench for
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the FIR filter is based on the aid provided by MATLAB. The test bench reads the input
signals generated in MATLAB with different frequencies from the file "sig.dat”, and then
the output signal from the filter is stored on the file "out_signal_v.dat" to be later read in
MTLAB. The filter has been designed with a cutoff frequency of 0.5 I, where IT equals
Fs/2 and Fs is the sampling frequency which is equal to 5000Hz. Therefore, the resulting
signal from the file "out_signal_v.dat" shown in Fig.2.5. confirms that the FIR filter can
distinguish between all input signals and filter out the two signals of 600Hz,1000Hz
which lay within the pass band rejoin.

o
oS
o

A
(=]
o

Signal Amplitude
[
[=1
1=}

100} . 100+ J
oL I
500 1000 1500 2000 2500 500 1000 1500 2000 2500
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Figure 2.5:(a) Input signals in frequency domain at 600Hz,1000Hz,1600Hz and 2000Hz.
(b) Filter output signal in frequency domain at 600Hz and 1000Hz.
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Table 2.2: The characterized cells employed in the design

Gate Description Equation
AND2X1 Provides the logic AND for two inputs Y=(AB)
OR2X1 Provides the logic OR for two inputs Y = A+B
XOR2X1 Provides the IogiciEgS::sive OR for three Y=A®B®C
INVX Provide logical inversion of single input Y=A
ADDFX2 | Provide arithmetic sum S and carry out C C j (=A('29698)B CEE 8\ B)
DFFHQX1 positive edge triggft,igepd static D type flip Case study
NOR2X1 Provide logical NOR Y=(A+B)
NAND2X1 | provides the logical NAND of two inputs Y=(A.B)

Table 2.3: Synthesis results of memristor based DFF

Design | Area(um?) | Power(uw) | Delay (ns)
CMOS 459.04 83.60 0.37
Memristor 379.20 41.29 0.16

Table 2.4: Synthesis results of memristor based FIR filter

Design Area(um-?) Pov\\//\(;r(m Delay (ns)
)
CMOS 95813.62787 3.3099 0.36
Memristor | 10973.69952 0.8776 0.31
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One significant aspect of this proposed architecture was the design of the standard cells
Memristive library which contains all characterized cells employed in the design are
displayed in Table 2.2, such cells are OR, NOR, AND, NAND, DFF and variety of other
cells with specified Boolean function.

In this chapter, a case study of the DFF circuit was presented to show the
accomplishment of cells characterization process. Synopses synthesis tool utilizes the
built library based memristor to deliver the DFF netlist and provide measurements such
as power consumption, area, and delay as shown in Table 2.3. The results have proven
that Memristive DFF with 16 memristors and 14 MOSFET has less area compared to
DFF based CMOS. The design memristor base FIR appears to be compact compared to
CMOS base FIR. Consumed power and delay are comparably reduced as well, as shown
in Table. 2.4.

2.7 Conclusion

In this chapter, a hybrid memristor-CMOS based FIR filter design has been proposed
with Memristive RRAM devices. The proposed filter has been verified and tested at
different stages of the design in Cadence “TSMC 180 nm cell library”, NC-Verilog, and
MATLAB. Although other modern technologies of the “TSMC cell library” were
available, we selected the Cadence “TSMC 180 nm cell library” for research purposes
and for academia to study the FIR filter design and prove the concept of the memristor
base- digital design . The simulation results have indicated that the filter was effectively
able to distinguish between all input signals, allowing only the desired signals to pass

through the passband region and rejecting any signal beyond the stopband frequency.
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Chapter 3

Hybrid Memristor-CMQOS Based Up-

Down Counter Design

3.1 Introduction

Further miniaturization in CMOS technology has faced serious challenges such as
increase in leakage power and reduction of circuit reliability [1]. This has caused
fundamental restrictions on advancement of efficient computing systems architecture [2].
Memristor is a new emerging resistive device [3] that can considerably enhance the
performance of future computing systems [4] due to its high-density and on-chip
fabrication capability as well as non-volatile memories [5]. Therefore, a rapid increase in
the Memristor-based designs using various logic design approaches have been presented
in recent years [6], [7-9]. The Memristor Ratioed Logic (MRL) [6] is a hybrid
Memristor-CMOS circuit which involves the CMOS circuits to provide the interface and
control operation [10]. The logical states of this logic (0’ and ’1”) are defined based on
the output voltage level. Material Implication Logic (IMPLY) [7], [8] and Memristor
Aided Logic (MAGIC) [9] are both pure Memristive logic methods aimed for crossbar
design. The logical states for both designs are dependent on the Memristance of the
output Memristor. That requires more than one voltage level in IMPLY logic and several
additional devices for input and output of the MAGIC logic which makes changing the

logical states for both designs difficult to implement [11].
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Figure 3.1:The memristive behavior confirm by Pt/TaOx/Ta device 1-V curve, when current
flows through the device from the bar side, the resistance of the device decreases “SET
process”. Current enters from the non-bar side the device resistance increases “RESET

process”.

In this chapter, a 4-bit Up-Down counter is designed using MRL method and simulated in
Cadence. A comparison between our design and the CMOS-based Up-Down counter
shows less occupied area and a considerable improvement in consumed power and delay.
The rest of this chapter is structured as follows: Section 3.2. Provides a brief introduction
to the Redox-based Memristor device and its modeling. As well as explained the
Memristor Ratioed Logic design (MRL) method in detail. Section 3.3. Describes the
implementation of the proposed 4-bit Memristive Up-Down counter. In Section 3.4. A
simulation results and comparison with CMOS based Up-Down counter is provided.

Finally, remarks and conclusion are presented in section 3.5.
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Table 3.1: Pt/Ta0Ox/Ta Memristor parameters for simulation

Parameter Ldisc LTan Nmin Nmax C3l A
(nm) (nm) (m?) (m?) (Am/V) | (nm?)
Value 04 11 05 05 6e12 3.14e*

Vi '] E I Vi
ouTt

D ouTt

D ouTt

Figure 3.2:The hybrid memristor-CMOS logic gates
(a) AND, (b) NAND, (c) OR and (d) NOR

3.2 Device Modelling and Design Method

3.2.1 Device Modeling
The device Pt/TaOx/Ta is a Redox-based Resistive Random- Access Memory (ReRAM),
provides the Memristive behavior for the proposed design based on the oxide materials
(TaOx), which exhibits an alteration in the resistance state due to the changes in the
oxygen vacancy density as a consequence of oxygen atoms redistribution when the
voltage applies across the device. The Verilog-A model for the ReRAM device used in
the design is presented in [12]. The parameters shown in Table 3.1 are utilized to
simulate the device in Cadence . The I-V curve shown in Fig.3.1 indicates the realistic
Memristive behavior of the device whilst the device resistance state is altered between
low resistance state (LRS) and high resistance state (HRS) corresponding to the logic

states (’0” and ’1°) respectively.
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Figure 3.3: The circuit schematic of the memristor based TFF
() TFF logic circuit (b) MRL-based TFF circuit

The device resistance is dependent on the density of the oxygen vacancy known also as

the device state variable N

N _ ! L) 2-1)
dt [E ZVOALdI'SC]. fome

A is the device cross-sectional area, E is the elementary charge, Zvo is the charge number

of the oxygen Vacancies and lionic IS the ionic current.

3.2.2 Memristor Ratioed Logic Method
The MRL logic design is CMOS compatible [13]. Memristor device and CMOS
technology can work together side by side to form all logical gates, giving the hybrid
design the advantage over the conventional CMOS design to meet ever-growing demands

for fast computing and additional storage.
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Table 3.2 : Number of devices utilized in different TFF design

Modified MRL_ based
TFF Design TGB CMOS GDI TFF
[20] [20]
[ 20]

MOSFET 26 24 22 16
Memristor - - - 22

Delay (Ps) 79.1 60.6 50.2 34.1
Power (UW) 55.3 42.7 17.5 12.3

T
0 20

T
40
time (ns)

T
60

80

Figure 3.4: The simulations result for the MRL-based TFF

The logical state for the MRL method and CMOS technology are identified in the same

way based on the level of the output voltage. Thus, low voltage and high voltage denote

the logical states (’0’ and ’1’) respectively. In other words, this method is more appealing

to current CMOS technology than other pure Memristive logic such as IMPLY and

MAGIC methods, since the logical state in pure Memristive logic design is identified
based on the output Memristance. However, the hybrid Memristor-CMOS method (MRL)

suffers from signal degradation when implementing the AND and OR gates [14]. Fig.3.2.
displays the implementation of AND, NAND, OR and NOR gates using the MRL

method.
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Figure 3.5: Circuit schematic of the implemented 4-bit memristor-based Up/Down Counter

3.3 Memristive Up-Down Counter

Counters are sequential circuits involved in most digital applications from basic digital
clocks to various arithmetic operations. Several Up-Down counter circuits based on
CMOS technology have been published [15,16,17]. However, fewer designs employ the
Memristors devices as reported in [18]. In this chapter, a Memristive 4-bit Up-Down
counter is designed based on the hybrid Memristor-CMOS method. The proposed design
has been implemented by the use of four T flip-flops (TFF) connected with digital AND,
OR gates. To T1 T2 Tz and Qo Q1 Q2 Q3 are the input data and states output for all four
TFF consecutively. A clock signal CLK is used to trigger all TFF simultaneously. A

mode control consists of two input signals UP, DOWN to perform the required
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computations for up or down counting. The Memristive TFF circuit employs D flip-flop
(DFF) and 2-input XOR gate [19] as shown in Fig .3.3 (a). The DFF is an edge-triggered
circuit consisting of two D-latches connected in series with master-slave configuration to
prevent any invalid input states possibility. The hybrid Memristor-CMOS logic gates
AND, OR and NOR are utilized and connected based on the proposed schematic as
shown in Fig .3.3 (b). The DFF involves 16 Memristors and 14 MOSFETs while the
XOR gate requires 6 Memristors and 2 MOSFETs. Hence, the TFF consists of 22
memristors and 16 MOSFETS. The validation of the Memristive TFF has been confirmed

by the simulation results in Fig.3.4.

3.4 Experimental Results

The design of hybrid Memristor-CMOS based Up-Down Counter has been achieved by
implementing the counter shown in Fig 3.5 in the schematic level and verified the design
in the behavior level in Cadence. The ReRAM device is used in this design to implement
the Memristive behavior of the device based on the parameters presented in Table 3.1.
The TFF is an essential element in the design since it assesses the counter in regard to
area, delay, and power consumption. Table 3.2 presents the number of devices utilized in
different TFF designs. Clearly the Memristive TFF consumes less area in comparison
with different CMOS-based designs [20]. The simulation results for the Memristive
counter in Fig. 3.6. illustrate that the output states of the four memristive TFF are capable
of producing 4-bit sequence of QoQ1Q2Q3 once TFFs are triggered. This binary sequence
repeats itself every 16 clock pulses. Thus, Memristive TFFs are counting in sequence.
The MRL based counter is able to make changes to its count direction whether up or
down at any point within their counting sequence. This is achieved by using an additional
input signal (Control Mode) which specifies the direction of the counting, either Up or
Down as follows:

Up= 0, DOWN= 0: No change mode.

UP= 0, DOWN-=1: Down counting mode.

UP= 1, DOWN= 0: Up counting mode.

UP=1, DOWN= 1: Up counting mode
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Figure 3.6: The simulations result for the MRL-based
Up/Down Counter

The proposed counter considering the area in a number of transistors for 4-bit counter
composes of 110 Memristors and 34 MOSFETS, which is less than half of the devices
reported in [15,16,17]. The Memristors are loaded on the inverters between the upper
layers of CMOS metal. This arrangement makes the hybrid Memristor-CMOS design
more compact and occupies less area compared to CMOS based design. While this is not
the case when our design is compared to the IMPLY -based Up-Down counter as the area
reported in [18] is smaller. However, our design shows a decent speed, and it is
considerably faster than IMPLY-based Up-Down counter as a result of the sequential
nature associated with IMPLY method. The IMPLY-based Up-Down counter requires 52
computational steps [18]. The experimental results have shown that, the hybrid
Memristor- CMOS based Up-Down counter has a delay of 779.8 ps. Moreover, the
proposed Memristive counter consumes only 51.1 pw while CMOS-based up-down

counter [17] consumed 3.85 mw.
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3.5 Conclusion

In this chapter, a 4-bit Memristive Up-Down counter has been implemented using
ReRAM devices based on the MRL design. The proposed counter has been verified and
tested at different stages of the design in the Cadence environment and NC-Verilog. The
simulation results have illustrated that the Up-Down counter was successfully able to
start or stop counting at any logical state and resume its operation from any other desired
logic state. The design demonstrates that a hybrid Memristor-CMOS based Up-Down
counter requires fewer number of transistors than in traditional CMOS based Up-Down
counter. Therefore, a less occupied layout area is resulted from the design which is led to
a notable reduction in consumed power. Moreover, the design shows a reasonable
computation time comparing not only to CMOS based design but also to IMLY based

Up-Down counter.
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Chapter 4

A Memristive Based Design of a Core
Digital Circuit for Elliptic Curve
Cryptography

4.1 Introduction

Memristor devices have attracted much attention since Leon Chua first introduced them
[1]. The new emerging device is two-terminal elements [2] with variable resistance. The
resistance can change or save its last state based on the current flowing through the
Memristor. This unique behavior makes this device very appealing, not only to memory
design [3], but also to many other applications such as analog circuit design [4], signal
processing [5], neural networks [6] and logic design [7], alongside all other Memristor-
based applications. The Memristor-based logic design is an ambitious step towards future
VLSI technology. Hence, there has been intensive research covering the field of logical
design involving Memristor devices. Only-Memristor based method is one of the
Memristor-based logic designs as the logical states (‘0° and ‘1°) are defined by the value
of the resistance of the output Memristor known as Memristance ‘M’. Memristance
values can swing between two resistance states. High Resistance State Rorr and Low

Resistance State Ron based on the magnitude, direction, and duration of the applied
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voltage. Material Implication Logic (IMPLY) [8] and Memristor Aided Logic (MAGIC)
[9] are well-known logics for only Memristor method. Memristor Ratioed Logic (MRL)
[10] is another memristor-based logic design method. In this method, both Memristor
devices and CMOS transistors can be combined in an integrated platform due to the
similarity in their logical state. Although CMOS is a mature technology, the integrated
structure of CMOS-Memristors will provide CMOS with an opportunity to address the
challenges it faces with respect to any further scaling-down [11]. The MRL logical states
(’0’ and ’1’) are defined by the level of the output voltage. In this chapter, we present a
more efficient design for XAX- Module [12-14] using the Memristor devices.

The building block XAX- Module or a multiple copy of the module is involved in
different multiplier architecture reported in [12-14]. The main improvement in this design
is using the MRL- based gates instead of standard CMOS gates since current CMOS
technology is reaching its limit in term of transistors size. The organization of this
chapter is as follows: Section 4.2. Provides a brief introduction to the Pt/TaOx/Ta
Memristor device and their modelling along with explanation on the design of Memristor
Ratioed Logic (MRL) method. Section 4.3. Includes information about the
implementation of hybrid CMOS- Memristor XAX-Module. In Section 4.4. Simulation
results and discussion on MRL-based XAX-Module. Finally, remarks and conclusions

are presented in Section 4.5.

4.2 Memristor and Design Method

4.2.1 Memristor Modelling
Resistive random-access memory (ReRAM) is commonly used in a wide range of non-
volatile memory applications. In this chapter, the Pt / TaOx / Ta device model is used in
our simulations where the interface of the top electrode Pt and the oxide materials (TaOx)
is considered as a Schottky barrier [15]. The device delivers the Memristive behavior to
the proposed XAX- module based on the resistive switching mechanism. The electronic
resistance Rel of the device changes to reflect the logical state of the Resistive
RAM. High Resistance State Rorr represents logic ‘0’ while the Low Resistance State

Ron represents logic '1°.
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Figure 4.1: Memristor |-V curve for resistive switching memories (ReRAM)
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(4.1)

where, Lpisc is the length of the disc zone in which switching activity takes place, A is the
device cross-sectional area, e is the elementary charge, u_ is the mobility of the electrons
and N is oxygen vacancy in the disc zone. The average oxygen vacancy in the disc zone
is considered as the device state variable N, which can be mathematically formulated as

follows :

dN _ 1
dt [e.ZVO.A.LD,-SC]

- Lion(0) (4.2)

where, Zvo is the charge number of the oxygen vacancies and lion is the ionic current
which is responsible for the change of the state variable. The average current in the disc,
which is sandwiched between the top electrode Pt and the plug zone is determined by

equation 4.3 .
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Table 4.1: Pt/TaOx/Ta parameters for simulation

Parameter Ldisc LTan Nmin Nmax C31 A
(nm) (nm) (m?) (m?) (Am/V) | (nm?)
Value 04 11 05 05 6e1? | 3.14e*

?
Pt
IVSchottky
]  Disc \J

! = I 7]
TaOx I.'I I'. \

Figure 4.2: The equivalent circuit for Pt/TaOx/Ta device[15]

[Schottky = Lion + Ige (4.3)

Where, Irel is the current in the electronic resistance of the disc. The total current as can
be seen in equation 4.4 is presented by two parts. The Schottky current and the areal

leakage current which is the dominant current during the High Resistance State Rorr.

Lot = ISchottky + Lyrear (4.4)

The ReRAM device Verilog-A model used in this design has been described in detail in
[15]. The parameters found in Table 4.1 were applied to simulate the device in Cadence

Virtuoso.
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The I-V curve shown in Fig.4.1 represents the Pt /TaOx /Ta device’s true Memristive

behavior, whilst Fig.4.2 [15] depicts the device equivalent circuit.

4.2.2 Memristor Design Method

Integrating memristor devices with conventional CMOS is a very promising method for
the implementation of digital architecture. The integrated platform is CMOS-compatible,
which provides MRL logic with the capability to construct all logical gates by utilizing
Memristors and stacking them between the upper layers of the CMOS inverter [16].
Unlike other Memristive logic designs, such as IMPLY logic [8] and MAGIC logic [9].
Implementing gates in a pure Memristive style can be challenging because of the
requirement of more than one voltage level with a read/ write circuit in IMPLY logic and
the complication associated with joining over two circuits in MAGIC logic. The
integrated platform MRL was exploited to implement the Memristive behavior for the
proposed design. The logical state of this method is defined based on the level of the
output voltage. Thus, low and high voltages represent the logical states (0’ and ’1°),
respectively. MRL-based AND gate and OR gate implementation requires only two
memristors. Vi1, and V2 denote the voltages applied to both Memristors which change
their resistance state based on the voltage level. Vour denotes the output voltage of the
logic circuit which is determined by the voltage divider across both Memristive devices
as follow:

In MRL- AND gate when V1= 0, V2= 0. Vour, in this case, is presented as:

R
Vour.anp = — O« Vee =0 (4.5)
' Ron + Rorr

While in MRL- OR gate when V1=1, V>= 0 .Vour, in this case, is given by:

Rorr
V, =———XVecz=1 4.6
OUTOR = B Romp €€ (4.6)
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Figure 4.3: The schematic of MRL based basic gates

The schematic circuit for MRL-based basic gates AND, OR, NAND and NOR are
displayed in Fig. 4.3. The MRL- based NAND and NOR gates are similar to MRL-based
AND and OR gates except each one of them needs a CMOS inverter to facilitate the
circuits with the interface and control operation [17] which eliminates the effect of signal
degradation associated with MRL-based AND and OR gates.

4.3 Proposed Circuit

Applying different logical gates based on the MRL method shown in Fig. 4.3 to the
existing CMOS architecture effectively reduces the number of devices and increases the
logic density. In this chapter, a proposal for XAX- Module [12-14] has been presented
based on the MRL-based logic gates. The XAX- module shown in Fig.4.4 consists of one
AND gate, two XOR gates, and three flip-flops. The MRL-based AND requires two
Memristors. The Memristors are combined in series and offered the appropriate
polarities. Whereas, the MRL-based XOR gate requires six Memristors and two
MOSFETSs.
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Figure 4.4: The XAX- module schematic

In addition, the D flip-flop (DFF) circuit used in the module comprises of two D- latch
circuits serially interconnected. A clock signal CLK is connected directly to the first latch
and to the second latch via inverter. This structure is known as master-slave. Fig 4.5
shows the gate level schematic of D-latch. The MRL based- D-latch is implemented
using two MRL based- AND gates and two MRL based- OR gates. The D-latch based on
the MRL method is depicted in Fig 4.6. uses 8 Memristor devices and 6 MOSFETs
making the total number of devices involved in the MRL-based DFF, 16 Memristor
devices and 14 MOSFETSs.

4.4 Results and Comparison

The proposed XAX-module has been implemented based on the hybrid CMOS-
Memristor method. The Cadence Spectre circuit-level simulation has been used to
evaluate the proposed XAX-module. The parameters presented in Table 4.1. are
considered for the Pt / TaOx / Ta device to provide the design with the Memristive
behavior. The design of MRL- based XAX-module is made up of simple blocks of the
DFF circuit together with the XOR-AND-XOR function based on the schematic shown in
Fig. 4.4.
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Figure 4.5: The gate level schematic of D latch Figure 4.6: The MRL-based D-latch schematic

The MRL- based DFF is the main component in the module in terms of devices number.
The MRL- based DFF has been realized based on the schematic diagram shown in Fig.
4.7. The MRL- based DFF is presented in Fig 4.8. utilizes 16 Memristor devices and 14
MOSFETSs. Because of this, the MRL- based DFF consumes less area as compared to
different DFF designs reported in [14] and [18]. The validation of the MRL based- D-
latch and DFF has been confirmed by the simulation results in Fig 4.9. The XOR-AND-
XOR function is another block that participates in the XAX-module. The XOR-AND-
XOR function involves two MRL-based -XOR gates combined with one MRL-based
AND gate. MRL- based AND gate requires only two Memristor devices while MRL-
based XOR gate requires six Memristor devices and two MOSFETs. The MRL-based
XOR gate used in this proposed design is utilizing a fewer number of MOSFET devices
compared to other XOR designs reported in [14] and [19]. Therefore, the total number of
devices in the XOR-AND-XOR function is 14 Memristor devices and 4 MOSFETSs.
Whereas the same CMOS-based design employs 24 MOSFET devices.

In this chapter, it is proven that utilizing MRL- based gates in the blocks that made up the
XAX structure implies a significant reduction in the number of transistors. The
Memristors can be fabricated on the upper layers of CMOS inverter as explained in [20-
21].
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Figure 4.8: The MRL- based DFF schematic

This combination has led to almost 15% in area saving compared to the same CMOS-
based-XAX module presented in [12-13]. This is mainly because of the layout area
estimate of the design was carried out based on the size of CMOS inverter occupied each
cell. From the performance point of view, the designed power consumption and delay
were also examined and compared against other CMOS-based designs of the circuit.
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Figure 4.10: The behavior of the proposed CMOS-Memristor XAX module

The consumed power in the design was calculated by connecting two zero-DC supplies,
one to Vg and the other to the ground. The current flowing in this branch represents the
amount of energy consumed by the design due to the logic transition inside the design.
The current is measured and integrated over every alteration time by Cadence Virtuoso

calculator. Equation 4.7 is used to calculate the design dynamic power consumption.
Ppyn = aCdezd (4.7)

Here, o is the switching activity factor, C is the capacitance value, f is the working

frequency and Vgq is the source voltage.
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Table 4.2: A comparison between numbers of different CMOS

based XAX-Module and proposed design

Design XAXiTZC])dUIe XAXirlngtidule MRL_ based XAX
CMOS 27 27 23
Memristor - - 62
Delay (Ps) 57 83 54
Power (UW) 49.45 41.00 40.32

In addition, the measurement of the propagation delay relies on the transition time at
each cell in the design. Therefore, the delay was calculated by measuring the time
interval between the input slew and output slew. The slew is defined as the time when the
signal rises from 30% to 70% and falls from 70% to 30% of its Vqq4. Table 4.2 presents a
comparison between the proposed design and several different CMOS-based XAX-
modules. The proposed design has shown that it performs much faster and consumes less
power because of the fewer numbers of deployed transistors. The validation of the

module has been confirmed by the simulation results in Fig.4.10.

4.5 Conclusions

The XAX-module using logic-based design suffers from power and area overheads due to
the number of involved MOSFET devices. One way used to reduce these effects is by
considering MRL-based gate in the design. The MRL design indicates that it has the
potential to attract modern CMOS design and could be a practical solution to ever-
growing concerns regarding CMOS transistor downsize. In this chapter, the building
blocks of XAX- module have been implemented based on the hybrid CMOS-Memristor
method. The Memristor device of Pt/ TaOx / Ta has been used to provide the design with

the Memristive behavior.
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The proposed MRL- based XAX-module employs fewer numbers of transistors. Thus,
the design has a small layout area and consumes considerable low power which makes
this design more efficient compared to other CMOS designs. The design was
implemented and verified in Cadence Virtuoso at each stage to confirm its functionality.
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Chapter 5

Memristive-Based Full Adder

5.1 Introduction

Since HP Labs announced the fabrication of the first working memristor in 2008 [1],
researchers and scientists have primarily investigated the use of memristor devices. The
remarkable properties of memristors are their small size, non-volatile, low power
consumption and compatibility with CMOS devices making them a practical alternative
to CMOS in wide variety of applications. Earlier memristor studies to capture the interest
of researchers were the resistive memory switching, exploiting the unique property of the
memristor’s ability to retrieve the last state concerning the resistance value. However,
later memristor works have shown that the emerging devices are not only for memory
design but also can perform conventional logical functions in the style of Material
Implication (IMPLY) [2], Memristor Aided Logic (MAGIC) [3] and Memristor Ratioed
Logic (MRL) [4], which paves the road for a broader range of various memristor-based
circuits implementation, covering a large number and wide scope of conventional

arithmetic and computational building blocks such as multiplier [5-6], counter [7-8], and

-59.-



linear feedback shift register [9] . This chapter presents memristive designs for a full
adder, utilizing the based logic designs of pure memristor and MRL-based logic designs.
In the pure memristive style, the MAGIC logic is favorited over IMPLY logic in the
implementation of the full adder due to the reduced layout area offered by the MAGIC
approach thanks to the simplicity of mapping MAGIC gates to the crossbar array,
whereas mapping IMPLY gates requires a resistor R before any row [10] which increases
the design area. In addition, IMPLY requires more voltage sources than MAGIC to
perform the logic computations. Alternatively, the MRL- based full adder was
implemented based on the Memristor-CMOS Platform. The design does not require
additional voltage supplies and can successfully integrate with other existing CMOS
designs at a low implementation cost. The reset of the chapter is organized as follows:
Section 5.2 provides an overview on the memristor devices and methods of design
including pure memristor based logic and Memristor Ratioed Logic (MRL) method.
Section 5.3 presents the proposed full adder circuit implementation in both styles of
MAGIC and MRL. In Section 5.4, simulation results and discussion revealed. Finally, the
paper is concluded in section 5.5.

5.2 Memristor and Design Method

The term memristor appeared for the first time in 1971[11] to realize the missing
relationship between the charge (q) and the flux () through what Chua called a
memristance (M) which denotes as.

do = M.dq (5.1)

Changing the flux or the charge will lead to a change in the resistance. The memristor can
thus be identified as a two-terminal passive device with variable resistance. The
resistance value will remain constant when no electrical field is applied, giving this

device a unique behavior by saving its last state.
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Figure 5.1: MRL- based logic gates (a) AND, (b) OR
MAGIC- based logic gates (C) OR, (d) AND

5.2.1 Pure Memristor Based Logic

Crossbar structure attracts pure memristor-based logic since data can be processed aside

from any memory device that can be used to hold or send data. IMPLY and MAGIC are

the most well-known logics for pure memristive design. The logical state in the pure

memristive environment is evaluated based on the memristance of the memristor.

Therefore, logic ‘1’ is defined by the Low Resistance State (LRS) Ron, while logic ‘0’ is
determined by the High Resistance State (HRS) Rorr. Both IMPLY and MAGIC can
construct the entire Boolean traditional gates such as AND, NAND, OR, and NOR.
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However, the logical structure of MAGIC requires two memristors for the inputs and
another memristor for the output, as shown in Fig. 5.1 (c)(d).

In contrast, the IMPLY-based logic structure has two memristors connected to the ground
through a resistor. The output is copied to one of the memristors in the final computation
step, exploiting the feature of the non-volatile offered by the memristor to use the
memristor as input or output as required. In addition, both logics require different voltage

levels to obtain the desired output logic.

5.2.2 Memristor Ratioed Logic Design
The MRL is another memristive logic design method that combines CMOS transistors
and memristor devices in one CMOS-Memristor integrated platform to obtain various
logic gates. The integrated platform has a high circuit density since the memristive gats
can be fabricated on the inverter’s top metal layers [12]. MRL-based gates require only
two memristors connected in series to implement AND/OR gates as shown in
Fig.5.1(a)(b). Similarly, the inverting gates NAND/NOR implementation can be
structured with two memristors connected to an additional CMOS inverter, as memristor
devices do not support NOT function [13]. The output voltage level of the integrated
platform denotes the logical state as follows: low voltage and high voltage represent

logical states (‘0° and ‘1’) respectively.

5.3 Full Adder Designs

5.3.1 Pure Memristor Based design
This section proposes a MAGIC design style for the full adder. The idea is to map the
MAGIC-based gates into a crossbar structure since MAGIC-based gates employ only
memristors, leading to a compact design. The full adder is mapped into a crossbar
structure of seven rows and five columns, depicted in Fig. 5.2. The memristors are
connected between every row and column to represent the full adder Boolean expression.

The working principle of this design can be described as follows:
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Figure 5.2: Schematic of proposed MAGIC- based Full adder

1. Each row represents a logic gate with input data stored in two or three memristors
while output data is stored in one memristor in the form of resistance.

2. The memristor serves here as a switch that allows the row and column to be
electrically connected, when the memristor is at low state resistance LRS.

3. To control the computation operations in the design, more than one voltage supplies
Vset, Vieset, Viead and GND  are required.

4. The logic gates in this architecture perform in parallel rows leading to a reduction in

the design Computation time.

The design procedure consists of two sequential steps for the eight cases as follows: The
first step is the initialization step, by writing a known logic state to all memristors. Hence,
all output memristors in columns SUM and CARRY are set to HRS, while input
memristors with the same polarity as the output memristors are set to HRS, and the rest
of M21, M22, M31, M33, M42, and M43 are set to LRS, respectively. The second step is
the computation step, is achieved as follows:
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1. Vseis applied to all rows R1-R7 and both output columns SUM and CARRY to keep
all output memristors at their HRS to compute the logical states of the input
memristors based on the input data to the full adder for every case. In this case (A=1,
B=1, Cin=0). All input memristors kept their current state except the memristors in
columns Cin. M13 and M23 change to LRS, M33 and M43 change to HRS.

2. Prepare the output memristors for the reading process by connecting A, B, and Ci, to
GND and apply %2 Vst , -%2 Vst to V, and output columns SUM and CARRY,
respectively. All output memristors maintain their HRS because the volage across all
of them is only %2 Vst while M55 changes to LRS due to the voltage difference is
equal to Vset.

3. The reading process is accomplished by connecting A, B, Cin to GND and applying
V'ead, @ voltage value below the memristor’s threshold voltage V. Therefore, (SUM
=0) since all voltage on rows R1-R4 are equal to 0 V, while (CARRY=1) is because

the voltage on R5 is equal to Vread.Hence, Vcarry in this case can be calculated as:

B RM65//RM75
VcarRrRY = Vread RM55 + (RM65//RM75)

11§

1 (5.2)

This satisfies the logical operation accomplished by the MAGIC based- full adder for the

case (1,1,0). The same concept is applied to all other seven cases.

5.3.2 CMOS-Memristor platform Based design

This section implements an MRL-based full adder based on integrating CMOS and
memristors in one platform. The design employs two half-adder circuits connected
through two memristors with the appropriate polarities to represent the OR gate. The
half-adder circuit is made by adding the AND gate to the output of the XOR gate. All

gates involved in the design are MRL based.
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Figure 5.3: Schematic of proposed MRL- based Full adder

Hence, the memristive half adder has 2 MOSFETs and 8 memristors, while the MRL-
based full adder includes 4 MOSFETs and 18 memristors. The schematic circuit for an
MRL-based basic full adder is displayed in Fig. 5.3.

5.4 Results and Comparison

Implementation of the proposed full adder has been evaluated in the Cadence Spectrum
Environment; Two memristor devices were used to provide the design with memristive
behavior. The Voltage Threshold Adaptive Memristor (VTEAM) model [14] is chosen
for the simulation of the MAGIC-based full adder due to VTEMA threshold voltage’s
property, which serves the MAGIC-based gates demand for different voltage levels, and
the Pt / TaOx / Ta [15] is a stable model preferred for the integration of Memristor-
CMOS in the MRL-based full adder.
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Figure 5.4: The behavior of the proposed MRL- based Full adder

In the pure memristive style, the full adder was accomplished by mapping four gates of 3-
input MAGIC-based AND, three gates of 2-input MAGIC-based AND, and five gates of
MAGIC-based OR in crossbar structure to realize the output results by the memristors in
the columns of SUM and CARRY. The memristors involved in this proposal are 25
memristors, making this structure a very compact design. Moreover, the design achieved
a decent speed compared to the other MAGIC-based full adder presented in [16] since the
proposal requires only 4 computational steps. In contrast, the full adder presented in [17]

requires 10 computational steps.
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Table 5.1. A comparison between a number of
different full adders in the pure memristive style and proposed design

RSI
Based-Adder Design | MAGIC | IMpLY = CRS | Proposed
[16] [17] IMPLY
[18]
MOSFET - - ) -
Devices
Memristor 28 9 16 25
Voltage Supplies 3 3 6 4
Added Hardware - 1R 1R -
computational steps 16 10 14 4

A comparative analysis of different full adders in the pure memristive style [16-18] is
presented in Table 5.1. While, the design of the full adder in the integrated platform of
CMOS-Memristor includes two half adder circuits connected with an OR gate to compute
the CARRY. The half-adder circuit involves an MRL-based XOR gate and an MRL-
based AND gate. The MRL- based AND requires only 2 memristors, while the MRL-
based XOR requires 6 memristors and 2 MOSFETSs. Hence, the device's total number in
the proposal is 18 memristors and 4 MOSFETSs. This leads to an area reduction of
approximately 50% compared to the design in [19] and 25% compared to the method
presented in [20] due to the fewer MOSFET devices involved in the half-adder's main
element, the MRL-based XOR gate. Also, the MRL- based full adder is considerably
faster than the same design in the pure memristive style since it requires only one
computational step. The simulation results in Fig. 5.4 have confirmed the validation of
the full adder.
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5.5 Conclusion

This paper presents a memristive based-full adder circuit. The adder is implemented on
the memristors-based logic design utilizing only 25 memristors in the MAGIC style and
18 memristors, and 4 MOSFETSs in the MRL style.

Consequently, both designs occupy a small area as compared to the CMOS- based
design. However, the MAGIC-based full adder is more area efficient than the MRL-
based full adder. While the MRL- based full adder is a considerably low-cost design
since it is CMOS compatible and requires only one voltage level. Moreover, the proposed
MAGIC-based full adder has fewer computational steps in comparison to the same
IMPLY-based design, another pure memristor method. The Memristor device of VTEMA
and Pt/ TaOx / Ta have been successfully used to provide the design with the Memristive

behavior while simulations confirm the proposed full adder functionality.
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Chapter 6

LIF Neuron -A Memristive

Realization

6.1 Introduction

Inspired by the human brain, neuromorphic systems have drawn much attention in recent
years due to their massive parallelism, low power consumption, fault tolerance and
capacity for adaptive learning [2-5]. Besides conventional computing systems, Von-
Neumann is facing severe challenges [6], which made brain-inspired computing an
alternative approach to replace conventional computing systems. Thus, hardware
implementation for neuromorphic systems has been an ambitious research field and very
appealing to computing architecture. The Complementary Metal Oxide Semiconductor
(CMOS) technology offers the platform to realize the neuromorphic systems to emulate
the computations inside the human brain, which is required for the implementation of
neuron circuits and electronic synapses. Therefore, several works have been proposed on
many neuron circuits, such as integrate-and-fire (1&F) neuron [7], leaky integrate-and-
fire (LIF) neuron [8] and electronics synapses [9]. Although these CMOS-based circuits
have shown maturity towards emulating and understanding the neuromorphic systems, it
comes at the price of occupying large silicon area with considerable power consumption
due to the high number of transistors involved. With the aim to solve this problem, the
new emerging non-volatile memory (NVM) devices known as memristors could be the
promising candidate for future computing architecture, owing to their nanoscale size and

the ability to integrate with the exciting CMOS technology.
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Moreover, memristors can behave similarly to the human brain in adjusting or changing
their responses to stimulation patterns [10], making them a perfect choice to imitate
biological behavior. There has been intensive research [11-13] covering the area of
neuromorphic systems engaging memristors, whereas memristor devices are used to
implement synapses with crossbar structure. However, it is very difficult to integrate the
pure memristive crossbar structure with CMOS neurons due to the differences in their
logical states. In this chapter, a LIF neuron model has been implemented based on the
hybrid CMOS/Memiristor, taking the advantage of the ability to integrate standard CMOS
with memristor devices and the capability of fabricating memristor devices on top of
CMOS substrate, which can provide additional storage and fast computing. The rest of
this chapter is arranged as follows: Section 6.2 briefly introduces the Memristor Ratioed
Logic (MRL), which is exploited as a design method for the (LIF) neuron. Section 6.3
includes information about implementing hybrid CMOS/ Memristor leaky integrate and
fire (LIF) neuron. In Section 6.4, simulation results and discussion on LIF neuron-based

MRL. Finally, remarks and conclusions are presented in section 6.5.

6.2 Memristive design method

Memristor is a new emerging resistive device that adds new capabilities to CMOS
technology, which can enhance the performance of neuromorphic architectures. The
integrated platform of CMOS/Memristors, also known as Memristor Ratioed Logic MRL
[14], offers the ability to perform all logic gates utilizing memristors and stack them in
between CMOS upper layers [15], which will allow faster computing and additional
storage at reasonable chip area for neuromorphic hardware implementation. MRL logic is
CMOS compatible. Hence, the logical state of this method is based on the output voltage
level. Thus, low and high voltage represent logical states (0’ and ’1°), respectively.
MRL-based AND and OR gates implementation requires only two memristors. While
NAND and NOR gates require a CMOS inverter to be connected to the output of AND
and OR gates to facilitate the circuits with the interface and control operation [16].
Fig.6.1 displays MRL-based AND, NAND, OR and NOR.
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Figure 6.1: The schematic of MRL based logic gates
(@) AND, (b) NAND, (c) OR and (d) NOR

6.3 Hybrid CMOS/ Memristor LIF Neuron

The LIF model is the most popular structure used to emulate the behavior of biological
neurons. The LIF neuron releases a spike when the membrane potential Vimem reaches a
certain threshold Vin. Fig.6.2 depicted the simplest form of LIF model, Viem is the
membrane potential, Rieak is leak path resistance and Cmem IS capacitive path. , linput iS

used to model the input spikes.

dav, 1
Crem —= = — (Vmem — Vreset) Iinput (6.1)
dt Rieak
1
Leak = — RLoar (Vmem — Vreset) (6.2)

If Vpem = Vinresnoia than release spike and set V,,orm = Vieser
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input

leak

Figure 6.2: The. schematic diagram of the leaky integrate-and-
fire model

A proposal for a memristive LIF neuron model has been presented in Fig. 6.3 based on

the MRL method. The design involves several building blocks as follows:

6-3-1 Synapse Block

The neuron receives several input spikes and realizes the synaptic weight of the inputs
respectively. The main element in this block is the 4-bit memristor-based counter. The
up-counter has been implemented using the MRL-based up-down counter [17]. The
MRL-based counter can change its count direction, whether up or down, at any point
within the counting sequence. Hence, up-counting is chosen from the (Control Mode).
The counter starts counting from the initial value until it reaches the synaptic weight,
which is defined by the pulse width. Synaptic with larger values have wider pulses, thus
having more effect on the neuron core. Synaptic weights are sent to the neuron core
block. At the same time, a feedback signal is sent to reset the counter. We assume that

spikes are not arriving to the block at the same time.
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Figure 6.3: The Schematic of the proposed MRL- based LIF neuron

6-3-2 Neuron Core
The integration and leak function are performed in this block. The integration process
commences when a pulse is received from the synapse block. The membrane potential is
realized by a 4-bit memristor-based up-down counter, which was implemented and tested
in Cadence Virtuoso schematic level and previously published in [17].The counter
updates its logical states every time receives a synapse pulse. The counter is incremented
or decremented based on the pulse type received from the synapse block. The parameter
Exc/Inh indicates the type of the input spike, whether excitatory or inhibitory. However,
when no synapse pulse is applied to the neuron core, the leak function takes place by

continuously decrementing the counter.
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6-3-3 Neuron Output

The final stage in the design is to compare the output of the up-down counter “membrane
potential” with a threshold value via a 4-bit memristor-based comparator. A spike is
generated when the membrane potential exceeds the threshold value. Simultaneously, a
feedback signal is sent to the neuron core to reset the membrane potential to its initial

value.

6.4 Experimental Results

The model for LIF neurons has been implemented based on the MRL method. Hence the
memristor devices are employed in the structure depicted in Fig.6.3. The LIF neuron is
made up of a few simple blocks: counters, comparators, and logical gates. The main
element in the design is the memristive counter which was implemented and tested in
Cadence Virtuoso schematic level and previously published in [17].The mechanism of
the LIF neural model can be explained as follows: The up-down counter begins counting
as the input “Stim” from the synapse block entering the counter. The counter starts the up
counting when the parameter Exc/Inh is at logic 1. Otherwise, down counting is
performed. The width of the pulse, which is received from the synapse block, provides
information about the synaptic weights. However, when no synapse pulse is applied to
the neuron core, the counter has no counting activity and the counter’s value starts to
decrease emulating the leak behavior observed in the neuron model definition. Finally, a
comparator is used to detect the threshold level. Fig.6.4. Demonstrates the behavior of
the memristive LIF model in Cadence Virtuoso. In the first period, the synaptic weights
are accumulated which contributes to the membrane potential until the threshold value
(Vin=T7) is reached when the neuron fires. In the second period of the simulation, the
membrane potential starts to decrease its value since there is no input spikes to the up-
down counter “stim= 0" ,“leak behavior”. Fig 6.5 confirms the action optional of the LIF

neuron model.

-76 -



LIF NEURON -A MEMRISTIVE REALIZATION

ol — —

WOV
no
L L)
1

YD

&=
=T

V0
I

=
=

W)

4.0-5tm

W)

e
g1

liF

YY)

0.0 T T T
0 50.0 100 150 200
time (ns)

Figure 6.4: The behavior of the proposed MRL- based LIF neuron

The exceptional about this proposed memristive LIF neuron circuit compared to other
works utilizing memristors [18-19] is the comprehensive involvement of the memristor
devices in every aspect of the design. In [18] the LIF neuron is implemented using an
integrator, comparator with eight switches, and control logic. While in [19] the neuron
circuit comprises an analog demultiplexer, summing amplifier, comparator, and digital
part includes AND, OR gates with DFF. However, both designs have employed

memristor devices only to implement synapses.
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Figure 6.5: The action potential of the memristive LIF neuron model shows
three fire events taking place as the threshold value (Vth=7) is reached and
one short spike due to short current because of no input spikes to inter the up-

down counter “leak behavior commences”.

At the same time, our design shows that both memristive counters in the synapse block
and the neuron core block employ four MRL-based TFF each, connected with other
MRL-based Boolean gates shown in Fig.6.1. The circuit of MRL-based TFF consists of
MRL-based DFF and MRL-based 2-input XOR gate. The memristive TFF shown in
Fig.6.6. utilizes 22 memristor devices and 16 MOSFETSs [17].
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Figure:6.6: The circuit schematic of the memristor based TFF

Table 6.1. Number of all devices in the proposed design of the Memristive LIF neuron

Design Element lf:%-t?r?tvgrn coggl:cer Comparator/ | Comparator/
Synaptic Core
MOSFET 34 32 16 16
Device
Memristor 110 94 66 66

While the comparator was implemented based on the memristor-based MRL logic gates
depicted in Fig.6.7. The number of all devices of the memristive neuron circuit are listed
in Table 6.1. Indicates that the MRL-based design is efficient in terms of layout area
since memristor devices can be fabricated on the upper layers of CMOS transistors [20-
21]. The integral platform of CMOS transistors and Memristor devices has led to almost
50% in area saving [22] compared to the same CMOS-based design; This is because of

the limited utilized number of CMOS transistors in the proposed LIF neuron model.
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Figure:6.7: The circuit schematic of the memristor based 4-bit comparator

6.5 Conclusion

This work utilizes the memristor model presented in Verilog-A [23] to provide the
proposed architecture of leaky integrate-and-fire (LIF) neuron with the memristive
behavior. The proposed architecture is based on the hybrid CMOS/Memristor gates,
which enable integration with existing CMOS-based neurons to support large-scale

neuromorphic systems. The exception of this proposal is the involvement of the
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memristor devices in every aspect of the design since we divided our design into three
parts: A synaptic block with a memristive up-counter , a core neuron circuit with an
MRL-based up-down counter previously published, and a comparator to generate a spike
when the membrane potential exceeds the threshold value. The LIF neuron circuit is area-
efficient due to the MRL based gates employed in the proposed. The design was

implemented and verified in Cadence Virtuoso at each stage to confirm its functionality.
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Conclusion

7.1 A Summary of Conclusions

Overall, the dissertation contributes to the area of memristive logic design by
implementing several conventional arithmetic and computational building block circuits
using memristive-only logic “MAGIC gates” and the integrated platform of Memristors-
CMOS “MRL gates” . Moreover, it provides less area and high-speed memristor-based

digital design with a solution for circuits degradation and fanout.

7.2 Memristor-Based Logic Design

This work reported in this dissertation mainly focused on memristor-based logic design
aiming to address CMOS's challenges concerning further scaling down. Throughout this
course, several comparisons were carried out between the two technologies of
Memristors and CMOS to explore the possibility of adding new capabilities to CMOS
technology to address its challenges and not to compete with CMOS in any way. Though,
CMOS is a mature technology. The Memristors-based logic design indicates that it has
the potential to attract modern CMOS design, and the integral platform of the CMOS
Memristor could be a practical solution to ever-growing concerns regarding CMOS
transistor downsize. Several approaches of memristor-based logic gate styles are
investigated in this research, utilizing, and developing different memristor models to
implement an efficient memristive digital design , given the variety of the work proposed

between chapters and sections. Conclusions have been summarized for each section.
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In Chapter 1. A brief overview of the memristor device definition and historical
background was presented. After that, Memristor device potential applications were
discussed in the next section, in this section; some of the key applications of memristors,
such as memory storage, neuromorphic computing, and logic design, was presented,
followed by an insight into the digital architecture with Memristor and the challenges it
faces its development.

In Chapter 2. A compact, low power design of a hybrid Memristor-CMOS based Finite
Impulse Response (FIR) Filter was presented. The proposed design has been described
using Verilog High Description Language (HDL) and tested with Cadence design
systems, NC-Verilog, and MATLAB. The significant aspect of this proposed architecture
was the standard memristor-based cell library, which contains all characterized cells
employed in the FIR filter. This library is utilized by Synopsys compiler to produce
memristive netlist gates. The simulation results have shown that the behavioral model of
the design can distinguish between all input signals and passes only signals with the
desired frequency. The proposed hybrid Memristor-CMOS based FIR shows a significant
enhancement in terms of area, consumed power, and delay compared to equivalent
CMOS architecture.

In Chapter 3. A fast, low area, and low power for the Up-Down counter was implemented
based on the hybrid Memristor-CMOS platform MRL. The memristive counter employs
fewer numbers of transistors than the conventional CMOS counter with 34 MOSFETS
and 110 memristors. Although the IMPLY-based Up-Down counter reported less area,
the MRL-based Up-Down counter overcomes the issues of delay and complexity
produced by the lengthy operational steps associated with the IMPLY -based counter. The
simulation results have illustrated that the Up-Down counter can successfully start or stop
counting at any logical state and resume its operation from any other desired logic state,
which proves the design and functionality.

In Chapter 4. A compact design for the building blocks of the XAX- module was
presented based on the MRL scheme utilizing the device Pt /TaOx/Ta. The MRL-based
XAX-module design comprises simple blocks of the DFF circuit together with the XOR-
AND-XOR function. The MRL- based DFF is the main component in the module in

terms of device numbers. The MRL- based DFF utilizes 16 Memristor devices and 14

- 86 -



CONCLUSION

MOSFETSs, while the XOR-AND-XOR function is another block that participates in the
XAX module with 12 memristor devices and 4 MOSFETSs. At the same time, the same
CMOS-based design employs 24 MOSFET devices.

This work proves that utilizing MRL- based gates in the blocks that made up the XAX
structure implies a significant reduction in the number of transistors. The Memristors can
be fabricated on the upper layers of CMOS inverter. This Combination has led to almost
15% in area saving compared to the same CMOS-based-XAX module. This is mainly
because the layout area estimate of the design was carried out based on the size of CMOS
inverter occupied by each cell. From the performance point of view, the design power
consumption and delay were also examined and compared against other CMOS-based
designs. The design was implemented and verified in Cadence Virtuoso at each stage to

confirm its functionality.

In Chapter 5, a fast and efficient area Memristor-only-based full adder and a hybrid
CMOS/Memristor-based full adder are proposed. In the Memristor-only style, the
MAGIC logic is favorited over IMPLY logic in the implementation of the full adder due
to the reduced area layout offered by the MAGIC approach thanks to the simplicity of
mapping MAGIC gates to the crossbar array, whereas mapping IMPLY gates require a
resistor before any row which increases the design area. Also, IMPLY requires more
voltage sources than MAGIC to perform the logic computations. MAGIC-based full
adder design utilizes only 25 memristors, while the hybrid CMOS /Memristor full adder
requires 18 Memristor devices and 4 MOSFETs. Consequently, both designs occupy a
small area as compared to the CMOS- based design. However, the MAGIC-based full
adder is more area efficient than the MRL-based full adder. While the MRL- based full
adder is a considerably low-cost design since it is CMOS compatible and requires only
one voltage level. Moreover, the proposed MAGIC-based full adder has fewer
computational steps in comparison to the same IMPLY-based design, another pure
memristor method. The Memristor device of VTEMA and Pt / TaOx / Ta have been
successfully used to provide the design with the Memristive behavior while simulations

confirm the proposed full adder functionality.
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In Chapter 6, memristor devices and CMQOS transistors work together to form a hybrid
CMOS/memristor neuron circuit for leaky integrate-and-fire (LIF) neurons. The proposed
design was implemented using Pt / TaOx / Ta memristor device and simulated in
Cadence Virtuoso. The simulation results demonstrate the design functionality.

The proposed model is small in terms of the area since it utilizes the hybrid
CMOS/memristor gates. This will allow current neuromorphic systems to increase their
density to meet the ever-growing demand.

In Chapter 7, a summary about the dissertation, conclusion and future work is presented.

7.3 Possible Future Works and Extensions

While the proposed works of memristor-based logic design hold great promises for future
VLSI, it is important to note that memristor devices are still in the early stages of
development. Further researchers are needed to continue working on improving the
memristors' reliability, scalability, and integration into existing electronic systems. The
memristive structures proposed through this thesis have many possible extensions in
various applications that can have many positive implications in digital architecture. The
work of XAX- Module in Chapter 4 can be utilized to introduce the newly discovered
device to implement a memristive design for finite field multiplier, while the work of the
Memristor based-full adder circuit in Chapter 5 can be engaged in different
configurations. Also, the memristive circuit for the leaky integrate-and-fire (LIF) neuron
in Chapter 6, has a potential possibility to be extended to other neuromorphic systems

with the opportunities to increase their density.
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Appendix A Verilog A model for VCM- Pt/TaOx/Ta device
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Appendix B  Verilog A model for VTEAM Memristor
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