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English Abstract

The voltage controlled oscillator (VCO) is the oscillator circuit
whose output frequency is controlled by a variable dc control voltage. The
VCO can be used in many applications such as neural stimulation and heart
stimulation. Neural stimulation is one of the most important stimulations
in biomedical engineering because it is used to treat the chronic pain such

as Parkinson's disease.




In this thesis, the voltage controlled oscillator circuit is represented in
two different designs. The first design uses resistors, and the other one uses
memristors and both shapes are practically applied. The first one is a
voltage controlled oscillator circuit by resistors which uses the fixed
resistor and it is designed to work in the low frequency range but the design
needs large silicon area to be fabricated which makes its manufacturing
cost is high. The second one is proposed a new voltage controlled oscillator
using memristors which can be used in low frequency application such as
neural stimulation and requires less area and thus less cost. Finally, the
thesis provides a comparison between VCO based resistors and memristors
for different applications. The comparison helps to recognize the
advantages and disadvantages of each type regarding these applications.
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Summary

The voltage controlled oscillator (VCO) is the oscillator circuit
whose output frequency is controlled by a variable dc control voltage. The
VCO can be used in many applications such as neural stimulation and heart
stimulation. Neural stimulation is one of the most important stimulations
in biomedical engineering because it is used to treat the chronic pain such

as Parkinson's disease.

In this thesis, the voltage controlled oscillator circuit is represented
in two different designs. The first design uses resistors and the other one
uses memristors and both shapes are practically applied. The first one is a
voltage controlled oscillator circuit by resistors which uses the fixed
resistor and it is designed to work in the low frequency range but the design
needs large silicon area to be fabricated which makes its manufacturing
cost is high. The second one is proposed a new voltage controlled oscillator
using memristors which can be used in low frequency application such as
neural stimulation and requires less area and thus less cost. Finally, the
thesis provides a comparison between VCO based resistors and memristors
for different applications. The comparison helps to recognize the

advantages and disadvantages of each type regarding these applications.
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Chapter 1

Introduction

This chapter introduces the statement of the problem. Also, main

objectives and the organization of this thesis.

1.1 Introduction and Motivation

CMOS technology was the most important semiconductor integrated
circuit technology over the last three decades. However, the minimizing
size of CMOS scaling down, which is considered as the important key for
continuous progress in the silicon-based semiconductor industry, suffers
from increasing technological difficulties. Moreover, the scaling down
becomes nearer to the atomic dimension leads to increasing the quantum
mechanical tunneling and other non-linear effects on the device
performance. For example, in the deep submicron, the power consumption
due to the subthreshold and gate leakage currents become a real bottleneck.
Thus, many alternative technologies are being investigated to replace
CMOS technology or to be integrated with it. Among the emerging

technologies, memristor-based technologies are very promising ones.

The memristor is considered as the missing fourth element which is
discovered by Leon Chua. The device is a passive two-terminal electrical
components that relates the magnetic flux ¢ with the electric charge q. The
memristor is described as inherent nonvolatile property and its dependence
on the historic profile of current —voltage. Moreover, the memristor is
considered as a strong candidate element for many applications such as

Biomedical applications, memristor-based memory, and neuromorphic
1



circuits. Neuromorphic circuits are the most important ones that greatly

benefit from memristive properties.

1.2 Problem Statement

One of the most important circuits used in modern communication
systems is the voltage controlled oscillator (VCO). Voltage controlled
oscillator is a type of oscillator where the frequency of the output
oscillations can be controlled by varying the amplitude of an input voltage

signal.

The communication industry evolves, especially in the wireless
domain, there will be greater demand for faster data rates, smaller devices,
and lower power consumption. These demands will push the development

of VCO design beyond today’s limitations.

The sustained growth in micro-fabrication technologies over the past
two decades led to the development of nanometer-scale semiconductor
devices. As the size of a device scales down to that of an electron
wavelength, quantum effects take over and new device concepts are needed

beyond those used classically.

The most promising of such devices are based on quantum effects.
The Resonant Tunneling Diodes (RTDs) and the Memristor. They provide

high switching speed operation in the Terahertz regime.

1.3 Thesis Objectives

The main objective of this thesis is to propose quantum devices -
based VCO circuits using the Memristor device to achieve the best trade-
off among performance, energy, and area. Simulation and design of these
circuits will be carried out using computer aided analysis and design tools.

2



To achieve this main objective, it is broken down into the following

specific objectives:

1.

Survey on the operation principles of the memristor, its modeling,

application, and analysis.

Define the main problems of the current Voltage Controlled

Oscillator circuits.

Study some current techniques to design the Voltage Controlled

Oscillator circuits.

Propose effective Voltage Controlled Oscillator circuits in terms of
the area, the power consumption, and the range of oscillation. These

circuits will be based on the memristor.

Design and analysis of the proposed circuits by using computer
aided design software such as SPICE, Advanced Design System
(ADS) software, or Cadence.

Analysis, and discuss the simulated results.
The proposed circuits are practically applied.

Conclusion the thesis and propose recommendations for future

works.

1.4 Thesis Organization

The thesis is organized as follows:

Chapter 1 presents the introduction and the scope of the thesis.

Chapter 2 reviews the background of the main aspects of the memristor,

VCO and Biomedical. Chapter two provides these aspects which include

3



how the memristor works. Defines the different types of modeling
techniques for memristors, defines how the VCO work and its applications,

and discusses some biomedical applications.

Chapter 3 introduces the design of memristor-based VCO for biomedical
applications, provides the proposed memristor-based VCO circuit,
simulation results, the comparison between the proposed circuit and the

reference circuit.

Chapter 4 discusses the experimental setup and testing of the proposed
circuit, presents the industrial memristor and simulation result. Provides

the experimental results and discussion.

Chapter 5 provides the conclusion and the recommendations for future

work. Finally, the list of references and the appendices are provided.



Chapter 2

Background

The current chapter is divided into two sections. The first section
reviews the background of the main aspects of the memristor. Moreover,
this section presents the history of the memristor and its applications. The
second section provides an overview of the Voltage Controlled Oscillator
and its applications with a special focus on VCO for biomedical

applications.

2.1 Introduction to Memristor

According to circuit theory, before 1971, there are only three
fundamental passive circuit elements: resistor, inductor, and capacitor. In
1971, Professor Leon Chua introduced the fourth element, which is
memristor. Memristive devices can be defined as devices that have

hysteresis zero-crossing current-voltage characteristics [1].

At the same time, the other two proposed devices share the same
concept of the memristor denoted by the memcapacitor and the

meminductor [2].

The name “memristor” stands for memory-resistor. The memristors
acts as the device acts as a resistor with memory and represents the
relationship between the electric charge (q) and the magnetic flux (®) as
shown in Fig.2.1 [1]. The memristor’s parameter is called the memristance
(M), and it is measured in ohms. As the current is the time integration of
the electric charge and the voltage is the time integration of the magnetic
flux. The memristance value changes depending on the historic profile of

5



the applied voltage on the memristor terminals and the historic profile of
the current passed through it. That is why this element is denoted as a

memristor; which is short of “memory-resistor”.

A team at HP Labs, in 2008, developed the first prototype of the
memristor by using two terminal elements that achieve the characterization
of the memristor [3]. The HP memristor is a solid-state two terminal
devices formed of a nanometer scale titanium dioxide (TiO2) thin film
sandwiched between two metal contacts as shown in Fig.2.2. The TiO2
layer is divided into two layers, one layer is an undoped layer and the
second one layer is a doped layer [4]. The device achieved the main

memristor properties according to Prof. Chua definition.

AMA—~ T
T
Resistor i Capacitor
v dv=Rdi e dq=Cdv

\J

A .J‘|_|'|_,-. A

Inductor Memristor
d® = Ldi v d® =Mdq

Fig.2.1 Fundamental electrical elements relationships [1].

d

variable
| ——»|
Pt + Doped ; Undoped Pt
TiO, 5 TiO,
‘ < 3 nm B |
p—/v\/\/\—I ANN—e
R, w/D Ropp/D

Fig.2.2 HP TiO2 Memristor [3].
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2.2 Device Properties
According to Fig.2.1, the memristor represents the relationship between
the electric charge (q) and the magnetic flux (@) . The g-¢ relationship is

nonlinear and the memristor parameter is called as memristance (M).

The memristor is described as the charge-controlled memristor when its
memristance is dependent on the change of flux with charge, where M (q)

equals:

M@ ="/, 2.1)

On the other hand, the memristor is described as the flux-controlled
memristor when its memductance (W) is dependent on the change of

charge with flux. W (¢) is the inverse of the memristance and it equals:

W) = Yy, 22)
For the charge-controlled memristor, the current-voltage relationship is:
v= M(q).i (2.3)
For the flux-controlled memristor, the current-voltage relationship is:
i= W(p).v (2.4)

The device properties can be summarized as follows: Nano-scale
device, Bipolar device, Great resiliency, reliability when power is
interrupted, Memristance consideration, High data density, Frequency

response, and Asymmetry ON/OFF switching behavior [5].



2.2.1 Memristor's Working Principle

The operation of the TiO2 memristor is described as follows: when
applying a voltage on the terminals of the memristor, the oxygen vacancies
move from one side to the other side. The width of the doped layer (w)
decreases or increases based on the polarity of the applied voltage. The
memristor is ON when the doped layer increases and OFF when the doped
layer decreases. The memristor is special because when no voltage source
applied the oxygen vacancies do not move (i.e., keep in the same position).
This phenomenon makes the memristor remembers the last applied voltage
and use it as non-volatile memory [6]. Fig.2.3 explains the process of the

memristor when positive and negative voltages are applied.

TiO2-x

Boundary

TiOz2

Fig.2.3 (a) memristor structure. (b) when applied positive voltage, oxygen vacancies
move toward the undoped region. ¢) when applied negative voltage, oxygen
vacancies move toward the doped region [6].



2.2.2 Current- Voltage (I-V) Characteristic

Fig.2.4. shows the difference between the current-voltage

characteristic of the four fundamental elements. As shown in the figure,

the memristor has a hysteresis current-voltage characteristic.

Resistor

dv=Rdi

Current

N

Memristor

dw = M dg

Current

Vollage Valtage

Fig.2.4 Current-voltage characteristics for the resistor, capacitor, inductor and
memristor [7].

2.3Types of Memristors

The memristor can be made different types of materials. So, the
memristor used different implementations. The most important types of

memristors are the resistive and spintronic memristors.



2.3.1 Resistive Memristors

The resistive memristors are based on thin resistive film sandwiched
between two metal electrodes in a way similar as shown in Fig.2.2 [2]. The
resistivity of resistive memristor must be changed under the motion of
electric current showing the hysteresis current-voltage relationship. This
type of memristor is used in the construction of Resistive Random Access
Memory (RRAM) cells. Fig.2.5 shows the general design of resistive
memristors. It consists of resistive material between two metal electrodes

which can be done through the metal-insulator-metal (MIM) technique [8].

+«— metal electrode

resistive materials

metal electrode

Fig.2.5 Resistive memristor based on MIM architecture [8].

Resistive memristors can be built by using various materials such as
Ti02, ZnO, and TaOx [9, 10]. However, these types were built years ago,
the physical interpretation of the switching mechanism is still not

confirmed.

Titanium dioxide memristor is a solid-state resistive memristor which
was physically realized at HP labs in 2008 [3]. The HP memristor’s basic

structure, as shown in Fig.2.2. It consists of a layer of TiO2 sandwiched

10



between two Platinum electrodes. The TiO; layer is divided into doped and
undoped parts. The boundary between the doped and undoped "TiO>" is
called as the “domain-wall”. The domain-wall position (state) changes

under the effect of the applied voltage or current.

The titanium dioxide memristor is composed of a thin (50 nm)
titanium dioxide film between two 5nm thick electrodes, one is titanium,
and the other is platinum. The titanium dioxide film consists of two layers.
One of these layer has a slight depletion of oxygen atoms (undoped). The
other layer is the doped layer with oxygen vacancies. The doped layer has

a much lower resistance than the undoped layer.
2.3.2 Spintronic Memristors

The three different possible designs of spin-transfer torque based
magnetic memristors were described in Chen et al. [11]. The important
structure in the three different designs is the domain-wall spintronic
memristor, in which the device's resistance occurs when the spin of
electrons in one section of the device points in a different direction from
those in another section. This creates a boundary between the two sections
called as “domain wall”. Electrons flowing into the device have a certain
spin, which alters the device’s magnetization state. Changing the
magnetization of the device moves the domain wall and changes its

resistance.

Spintronic memristors are considered important elements for many
applications, such as memory chips [12, 13], and neuromorphic circuits
[14, 15]. In the field of memory circuits, spintronic memristors are

considered as one of the promising candidates for high-performance and

11



high-density storage technologies because of introducing excellent

scalability, and non-volatility properties.

In the field of logic circuits, a new type of implied logic using
memristors is presented in [16]. The memristor-based logic has the unique
ability to be fabricated with memory cells on the same chip. The memristor
is also used in crossbar arrays in switching blocks of field programmable

gate arrays (FPGAs) [17, 18].

The spintronic memristor has the potential to be a non-volatile memory
element, since it holds its resistive value, even after it is unplugged from a
power source. It also has the advantages of Magnetic Random-Access
Memory (MRAM) such as radiation hardness, and mature memory
technology. Thus, the spintronic memristor-based memory devices would

be the future of non-volatile memories.
2.3.3 Other Types of Memristors:

There are other possible Kinds of memristors such as Polymeric
Memristor [8, 19], Ferroelectric memristor [8, 20, 21], Manganite
memristor [8], and Resonant-tunneling diode memristor [8]. All these types

of memristors are well reviewed and explained in [8].

2.4 Review of Existing models for Memristor
Simulation

It is important to know how the memristor works with an external
stimulus in terms of voltage and current. In this section, I will show the

main models of memristors.

12



2.4.1 Linear Ion Drift Model:

The linear ion drift model depends on the HP memristor, as shown in
Fig.2.2. In this model, a uniform electric field across the device is assumed;
thus, there is a linear relationship between drift-diffusion velocity and the
net electric field. So, the state equation that describes the relationship can

be written as follows [3]:

dw(t)
dt

RO” i(t) (2.5)

Where D is the total TiOz length, w(t) is a state variable defining the
length of the doped TiO2, Ron is the equivalent resistance of the memristor

when the whole device is doped and py, is the average ion mobility.

According to the linear ion drift, the memristor can be modeled as a
coupled variable-resistor model as shown in Fig.2.6, yielding the following

I-V relationship [3]:

v(t) = (RON 2 ROFF( W(t))> i(t) (2.6)

where Rorr is the equivalent resistance of the memristor when the whole

device is undoped.

13



Undoped:

PN

o
I
C?E %

-l Doped Undoped Doped:

q B
i

(@) (b)

Fig.2.6 The coupled variable-resistor model for a memristor (a) Memristor Device
(b) Equivalent resistor model [3].

Solving Egs. (2.5) and (2.6), the memristance of the device, for

Rorr >> Ron can be simplified to:

M(q) = Ropr (1 - 2522 q(0)) @7

The coupled equations of motion for the charged dopants and the
electrons in this device take the normal form for a current-controlled (or

charge-controlled) memristor as in Egs. (2.5) and (2.6).
2.4.2 Nonlinear-Ion Drift Model:

Applying a few volts on the nanometer dimensions of memristor can

cause a high electric field. Thus, the electric field can easily exceed 10°

14



V/em, and cause a high nonlinearity. The linear drift assumption also

suffers from a problem in incorporating boundary effects.

The state equation can be modified by using a window function
Fw/D). The window function is multiplied by the right-hand side of Eq

(2.5) and the new state equation becomes as follows:

aw(t) RoN - w
= RO F (3) (2.8)

The window function should satisfy F (0) = F (1) =0 to ensure no
drift at the boundaries because the speed of the boundary (vg) that is
founded between the doped and undoped regions needs to be strongly

suppressed when it approaches either edges, w~0 or w~D.

Many papers proposed different window functions such as the
window function that was proposed by Joglekar [22] and the one that was
proposed by Biolek [23].

2.4.3 Simmons's Tunnel Barrier Model:

The Simmons tunnel barrier model for simulating TiO2 memristive
devices was proposed by Pickett et al. [24] who are members of the HP lab

team.

The theory of this model and the window function are explained in
[24]. This model assumes nonlinear and asymmetric switching behavior of

the TiO2 memristor.
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2.4.4 TEAM Model:

The TEAM model is provided in [25] which is considered as a simple
model. This model compromises the simplicity of the linear ion-drift model

and the accuracy of the Simmons tunnel barrier model.
2.4.5 VTEAM Model:

The VTEAM model is provided in [26]. The VTEAM model and the
TEAM model are very similar. The VTEAM introduces the voltage
threshold and the TEAM model introduces the current threshold.

2.4.6 Verilog-A Models:
The Verilog-A code for the TEAM model is available in [27].
2.4.7 Spintronic Memristors Modeling:

The spintronic memristor can be modeled by using any empirical

memristor model. There are only two available models.

The first model is proposed by Chen et al. [28] for a CIP giant
magnetoresistive (GMR)-based spintronic memristor. The second model is
a CPP GMR-based spintronic memristor model proposed by Miao Hu et al.
[29].

2.5 Memristor Applications:

Memristors have unique properties that make them novel devices
with new capabilities that permit great opportunities in different
applications, for example; memory chips, neuromorphic systems, logic
circuits, FPGA switching blocks, neural and neuro-fuzzy networks
programmable logic and processing configurations, chaotic circuits, and

others [30].
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In the field of memory chips, the memristor is a very promising
device because it can remember its previous state. The main features that
are required for next-generation memory chips are high-performance and
high density. The inherent non-volatility and excellent scalability of
memristors can help in the design of memory circuits. Memristors can be
used in cell structures of memories such as Resistive Random Access

Memory (RRAM) cell structures.

The memristor applications for analog, digital, and chaos applications
have been discussed in [31]. The memristor digital applications include
Threshold comparators, Schmitt triggers, Flip Flops and Multi-state
pipeline registers. Also, the memristor analog applications include Chaos

circuits, Biometric circuits, and Filters.

The memristor applications for logic applications and the field

programmable gate arrays (FPGAs) have been reported in [32].

Neuromorphic circuits are considered the most important
applications and are used to emulate the human brain. The nanotechnology
underwent a rapid development. So, it provided neuromorphic computing
architecture with novel memristive devices which have the capability of
mimicking synaptic plasticity, such as resistive switching memory
(RRAM), phase change memory (PCM), conductive bridge memory
(CBRAM), and ferroelectric memory (FeRAM). The advantages of using
these memristive nanodevices to model the behavior of synapses are their
unique properties, such as nano size, scalability, and flexibility. These
properties are used because of their analog behavior, manufacturability on
top of CMOS technology to make a crossbar array and ability to remember

the last state [33].
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Oscillators are electronic circuits that are used in electronic
applications such as timing circuits, modulation, test, and measurement
devices. They are divided into sinusoidal or relaxation oscillators.
Oscillators are based on reactive elements such as capacitors and inductors

to achieve oscillation [34].

The memristor is used to describe the charging and discharging of
the reactive elements, where the memristance can be increased or
decreased. Therefore, the memristor is considered as a resistance-storing
element. In the relaxation oscillators, we can replace a capacitor or inductor
by a memristor. The concept of voltage controlled memristor-based

relaxation oscillator with a memristor was discussed [34].

2.6 Voltage Controlled Oscillator

2.6.1 What is the Voltage Controlled Oscillator

A voltage-controlled oscillator (VCO) has become a very important
building block. Therefore, it is considered as an important element of
electronic systems in which output frequency is linearly varied by the input
control voltage. The oscillation frequency varies from few hertz to

hundreds of GHz. By varying the input DC voltage.

2.6.2 Working Principle of VCO

The voltage controlled oscillator is implemented using different

components like transistors, varactor diodes, Op-amps, and etc.

Voltage Controlled Oscillator comes in different forms such as RC

oscillator, multivibrator oscillator, LC oscillator, and crystal oscillator type
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[35]. In the case of RC oscillator, the oscillation frequency of the output

signal is as follows:

1
f= (27RC)

(2.9)

In the case of LC oscillator, the oscillation frequency of the output

signal is as follows:

1
f= (2mVLC)

(2.10)

The working principle of the voltage controlled oscillator is that
when the control voltage decreases from a nominal voltage, the frequency
also decreases and as the nominal control voltage increases, the frequency
also gets higher. When the nominal control voltage that is represented by
Vc(nom) is applied, the oscillator works at its free-running or normal
frequency, and the nominal frequency is represented by fc(nom) as shown
in Fig.2.7 [35].

fo f

T fopma) b oo

l"C[m:lm} ----------

Control Voltage, Vc

— > VCo

l"C[min} b=

Veimin Vcmom) Ve max

Fig.2.7 The basic working of voltage controlled oscillator [35].

2.6.3Types of Voltage Controlled Oscillators

The voltage-controlled oscillator produces a waveform that can be
categorized into two groups namely harmonic oscillators and relaxation

oscillators [36].
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Harmonic Oscillator:

Harmonic or linear voltage controlled oscillator produces the
sinusoidal output waveform. Examples of this type of oscillators are

Crystal and LC oscillators [36].

Relaxation Oscillator

These VCOs are used to generate a triangle or sawtooth waveforms.
The most common use of VCO is applied into two forms namely VCO as

a stable multivibrator and VCO as a Schmitt trigger [36].

2.6.4 Applications of VCO

The major applications of VCOs are optical transmission, clock
generation, radio frequency integrated devices (RFID) transponders, data
recovery circuits, Phase Locked Loop and also in medical domains such as

Biomedical applications [37].

2.7Biomedical Applications

Physiological Signals hold information that can be extracted from
these signals to find out the state of the functioning of these physiological
systems and its useful in the prevention, diagnosis, and treatment of

diseases [38].

Nowadays, nanotechnology is revolutionizing the approaches in
different fields from manufacture to health. With the fast development of
the electronic industry, the need for integrated electronics is very important
because it's useful for monitoring physiological signals as medical

advancement grows into personalized health-care [38, 39].
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The design of integrated electronics for biomedical applications helps
advance medical research and the development of closed-loop solutions

such as brain-machine interfaces for prosthetics control [38].

Biomedical integrated electronics that are embedded in the human
body. they are typically limited by the power that can be delivered to the
implant. The limited power available to implantable biomedical electronics
sets the low power requirement in the design of internal sub-systems [38].
Many nervous system disease treatments need electrical nerve stimulation

to repair the damage, for example; the deep brain stimulators.

2.7.1 Biomedical Frequency:

Deep brain stimulation (DBS) is a neurosurgical procedure to
stimulate a specific brain area with electric pulses for treatment purposes.
It 1s an important and useful treatment to alleviate various symptoms of
neurologic and psychiatric disorders, such as Parkinson’s disease (PD),

epilepsy and major depression [40].

Parkinson’s disease (PD) is a progressive neurodegenerative
condition which is characterized by bradykinesia, tremor, rigidity, postural
instability (PI), and numerous nonmotor manifestations. Now, many
pharmacological therapies exist to successfully treat PD motor symptoms.
However, the disease progresses often becomes challenging to be treat with
medications alone. Deep brain stimulation (DBS) has become a crucial
player in PD treatment, particularly for patients who have disabling motor

complications from medical treatment [41].
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Substantia Nigra
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Fig. 2.7 A brain without and with Parkinson's Disease [42].

This study aims to investigate how the frequency settings of deep
brain stimulation (DBS) targeting the subthalamic nucleus (STN) influence
the motor symptoms of Parkinson’s disease (PD). Stimulation with
frequencies less than 100 Hz (mostly 60 or 80 Hz) is considered low-
frequency stimulation (LFS) and with frequencies greater than 100 Hz
(mostly 130 or 150 Hz) is considered as a high-frequency stimulation

(HFS) [43].

The frequency of DBS is often categorized as a high frequency (i.e.,
HFS>100Hz, mostly 130 or 150Hz) or a low frequency (i.e., LFS <100Hz,
mostly 60 or 80Hz). These two categories have varied therapeutic effects

on motor function in those with PD [43].

The frequency needed to be relieved from Parkinson’s disease is

different from person to person but it is still in the range from 130 Hz to

185 Hz.
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Chapter 3

Design of Memristor — Based Voltage Controlled
Oscillator for Biomedical Application

3.1 Introduction

As mentioned in the previous chapter, neural stimulation is one of the
most important stimulations in biomedical engineering because it is used
to treat chronic pain such as Parkinson's disease. The main challenge in
designing a very low frequency oscillator is the large physical dimensions
of the passive elements which are used in the circuit. They occupy a large
silicon area. Therefore, the memristor can be used instead of the resistor to
decrease the silicon area and to achieve low power consumption. The
memristor can be utilized in the voltage-controlled oscillator design for
electrical neural stimulation because of two important advantages: (1)

nanoscale dimensions and (2) low power consumption.

This chapter presents a memristor based new voltage-controlled
oscillator for electrical neural stimulation. The proposed circuit generates
low frequency range from 104 Hz to 203 Hz with a low power consumption
equal 0.79 mW which is the main challenge in deep brain stimulators and

the total silicon area is 0.67 mm?.
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3.2 Biomedical Applications

Parkinson's disease (PD) is an inveterate and progressive
movement disorder. This means that symptoms keep and worsen as time
progresses. Deep brain stimulation in the subthalamic kernel is a therapy
that helps the patients to relieve Parkinson’s disease [44]. The frequency
needed to be relieved from Parkinson’s disease when it is different from

person to person but it is still in the range from 130 Hz to 185 Hz [44].

As mentioned in the previous chapter, the memristor can be used
instead of resistance to decrease the silicon area and to achieve low power
consumption. The memristor is considered as a nanoscale device so it's
useful for many applications such as nonvolatile memory applications, low
power, remote sensing applications, crossbar latches as transistor

replacement, analog computation and circuit application.

3.3 Previous Work:

As shown in Fig.3.1, a low frequency oscillator proposed using a
capacitance converter circuit with an active transconductance element, gm
[45]. Such an approach needs small values of gm that is produced by using
low-power operational transconductance amplifiers (OTAs). The circuit
achieves a frequency range from 0.2 Hz to 5 Hz which is not suitable for

the electrical neural stimulation and it makes its operation limited.
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O, — CPMER

Fig. 3.1 Relaxation Oscillator [45]

In [46], The proposed oscillator, uses the concept of a constant current
source and sinks for oscillation as shown in Fig.3.2. The transistor operates
in the subthreshold region which is used to reduce the size of the
capacitance, in addition to decreasing power dissipation. The circuit
achieves a frequency range from 0.3 Hz to 100 Hz and it has better

performance in the electrical neural stimulation than which is in [9].
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Fig. 1. (a) Very low frequency, micropower, low voltage CMOS oscillator. (b) Wave forms of output Vo and oscillation control voltage Vi,

Fig. 3.2 The proposed oscillator [46].
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As shown in Fig.3.3 in [47], a microwave circuit is used to design an
LC oscillator to avoid the large size of the capacitor by generating high
frequency, using frequency division and mixing circuits to produce low
frequency. However, the resultant circuit achieves high power

consumption.

M

YO Freguency l
d.
o _\—b{ T LN H ot

Lowpass Schmitt Frequency Buffer
fitber trigger divider

T

M

02 Fraguency
divider

Fig. 3.3 System architecture of the very low — frequency signal generator [47].

3.4 Voltage Controlled Oscillator Specifications

In general, the frequency range that is needed for Parkinson's disease
(PD) is from 130 Hz to 185 Hz. So, we need to design a voltage controlled
oscillator (VCO) that covers this range.

The main challenge that faces the designing and implementation of a
low frequency voltage controlled oscillator (VCO) is how to achieve a wide
tuning range with a practical small area and low power constraints to be
used in many different applications such as biomedical applications (i.e.,
in the deep brain stimulation range from 130 Hz to 185 Hz ). Generally, the
output frequency is inversely proportional to the product of capacitance and

resistance as follows:

Fa 1/RC (3.1)
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Therefore, the low frequency oscillator needs large values of
resistance and capacitance which occupies a large Silicon area. Thus, the
memristor can be used instead of a resistor to decrease the silicon area as

well as the power consumption.

The next section will show a memristor-based new voltage-controlled

oscillator for electrical neural stimulation.
3.4 Proposed Circuit Design

Fig.3.3 shows the system diagram of the proposed low frequency
memristor based VCO circuit. It consists of three building blocks; the first
block is the voltage controlled oscillator which generates its output
frequency in the (KHz) range. The VCO consists of a Schmitt trigger
circuit, two operational amplifier stages, and an integrator. The second
block is a level shifter circuit that consists of an inverter to change the
output VCO voltage rails from (+ Vpp, - Vbp) to (0, Vbp). The third block
is a frequency divider which consists of 7 stages D flip-flops to divide the
output VCO frequency (i.e., kHz range) to the deep brain stimulation

required very low frequency (i.e., Hz range).

VCO

By using
Memristor

Level

Frquenc
Shifter . i

Divider

\]()ut

Fig. 3.4 The proposed low frequency deep brain stimulation circuit.
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3.4.1 Voltage Controlled Oscillator:

The voltage-controlled oscillator consists of a Schmitt trigger, two-
stage operational amplifier and an integrator where the resistors are
replaced by memristors as shown in Fig.3.5. The function of the two
operational amplifier stages is to introduce fine control of the output signal
shape to be pure square pulse by introducing the required delay and gaining

along the feedback loop.

The VCO block’s output frequency (F) is given by:

F=1/T (3.2)
M2 C
I —i—
M1 > ~ : )
Ve -: -: '[H

L

Fig. 3.5 Voltage controlled oscillator building block.

The mathematical model for the time period T is provided by
Equations (3.3) to (3.36) as follows:
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1- Schmitt trigger:

R2

V+

Vin Vo

vy =U_ (3.3)
Ve — V. = 3.4
Ve = U_ (3.5)
— L Ry

U+ = Vin (R1+R2) R (R1+R2) (3.6)
If vi=v_=v & vippy=vr, & v,=L4

Ve =V (R1+R2) + Ly (R1+R2) (3:6)
ve * (Ry + Ry) = vy * (Ry) + Ly + (Ry) (3.7)
Yy = (vc*(R1+R;z_L+*(R1)) (3.8)

If v,=v_=v; &vipp=vry & v,=1L_

Ve = Vrn (Rj—ZRZ) + L (Rj—le) (3.9)
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ve * (Ry + Ry) = vy * (Ry) + L_ * (Ry)

_ (vex(Ri+Rz)—L_*(Ry))
Urg =

Ry
2- Integrator
C
il
R
Vin
e
Win=v) _ ., (d@- ~vo))
R dt
vV, =V_ =1
Win —ve) = Cx* (d(vc - Uo))
R dt
Win —ve) _ (d( Uo))
R+c dt
1
d( 170) = _ﬁ* (vin - vc) * dt
If Um = L+

1

v (0) = =7y (L) —Ve)de
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(3.

Vo

(3.12)
(3.13)

(3.14)

0)

11)

(3.15)
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Ay = —EZD (3.18)
Wi — vr) = — L2225 (1 - 0) (3.19)
o —vr) = =2V (1) (3.20)

t1 =— Wy —vrp) x R*c)/((Ly) — Vo) (3.21)
If vy, =L_

vo(t) = ——— [1*((L-) —Ve)dt (3.22)

ry = L2200 (3.23)
W —vrn) =~ (1, - 0) (3.24)
(Vg — vry) = —% * (t2) (3.25)

t, =— (g — ve) * R*c) / ((L2) = Ve) (3.26)

T=t +t, (3.27)

7= ®=c)[ ()« (L) = L)/(@) = Ve) + (F) * (L) -

(L)/((L) = Ve)] (3.28)
where [ is a constant and equals:
g = (g—z) (3.29)
T==R*)fx((L) = LI D/ =Ve) + 1)/
(L) =ve)] (3.29)
If Ly=-L_
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T=-R*c)*B*2x (L) (-1/(L)~Ve)+ (1D/(L) -
(3.30)

T:_(R*C)*,8*2*(L+)[(L+)+VC+(L+)_VC/((L+)_

Ve) = ((=Ly) = Ve)] (331)

T=—Rxc)*B+2x (L[ (L) + L)/ ((Ly) = V) *

((=Ly) = Ve)] (3.32)

T=—(Rxc)*B*2x(LI[2*L)/((Ly)—Ve)*((—Ly) -
(3.33)

T=—Rxc)*B*2x (L2 (L)/(L)—Ve)*—((Ly)+
(3.34)
T= (Rxc)*fx4x(L3)[1/((Ly) —Vc)*((Ly) +Ve)]
(3.35)

The final form of the time period T is given by:

T=4%xRxcxf*(L%)[——] (3.36)

(@ >Vc)

The voltage-controlled oscillator replaced the resistors by memristors

as shown in Fig.3.5. The final detection after replacing resistance ( R ) by

memristance ( M ) will be:

T=4xM=xcxf*(L3)[r——— (3.37)

@=5

where M is the integrator input memristance value that is designed

such that M equals Rorr, C is the capacitance value. [ is the value of

(M1/M?2 ) where M1 and M2 are Schmitt trigger circuit input memristance
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and feedback memristance values; L, is the value of VDD, of circuit and
Ve is the control voltage value that varies from 0.1 V to 0.7 V.
3.4.2 Level Shifter:

The level shifter is achieved by using an inverter, as shown in
Fig3.6, to shift the output frequency limits which are generated by the
VCO; from (+ VDD, - VDD) to (0, + VDD).

Vo

A
+¥DD +VDo
| | I | Vin Vout | | | |
-Voo [+]
B et

Fig. 3.6 Level shifter using the inverter.

3.4.3 Frequency Division Circuit:

The frequency division circuit consists of a D Flip Flop as shown in
Fig.3.7 whose function is to reduce the output frequency of VCO by a factor
of (1/K), where K is the frequency division ratio. Each stage from D Flip
Flop divides the frequency by (2). So, we need 7 stages of D flip-flops to

obtain the required frequency.
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Fig. 3.7 Block diagram of D- Flip Flop circuit.

3.5 Simulation Results

The circuit is designed in 0.13-um CMOS technology with £ 0.9 V
supply voltage. TEAM memristor model is used for memristors [12,13].

Table 3.1 shows the dimensions of TiO2 memristor [11]:

Table 3.1: The dimensions of Tio2 Memristor [11]

Length(L) Width(z) Thickness(h)

Thin-film 50 nm 50 nm 10 nm

The memristor area can be calculated as provided in equation (3.38):
A=L1*Z (3.38)

where A is the area of the memristor, L is the length of the memristor and

Z is the width of the memristor
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Fig.3.8. shows the output signal for 185 Hz from the VCO that is
produced by using (Ve = 0.2 V, Rorr M = 25KQ, Rorr M1 = 40KQ,
Rorr M2 =100 KQ, C= 1nF, L+=0.9 V).

el dl A BT G0 W0 N Wl E g
06/ i
04} d
0.2] !
'3 1 I I I I I i

0.2 ] 1 1 1 ] ] ] 1 1
0.005 0.01 0.015 0.2 0.025 0.03 0035 0.04 0045 0.05

Time (Sec)

Fig. 3.8. VCO 185 Hz output signal

Vout (V)

(=}

Fig.3.9. shows the output signal for 126 Hz from the VCO that is
produced by using (Ve = 0.4 V, Rorr M = 25KQ, Rorr_ M1 = 40KQ,
Rorr M2 =100KQ, C = InF, L+ =0.9 V).

Vout (V)

0 0005 001 0015 002 0025 003 0035 004 0045 0.05
Time (Sec)

Fig. 3.9. VCO 126 Hz output signal
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Fig.3.10. shows the output signal of 104 Hz from the VCO that is
produced by using (Vc = 0.5 V, Rorr M = 25KQ, Rorr M1 = 40KQ,
Rorr M2 = 100KQ, C =InF, L+=0.9 V).

Vout (V)

0

0005 0.01 0.015 0.02 0025 003 0.035 0.04 0.045 0.05

Time (Sec)

Fig. 3.10. VCO 104 Hz output signal

Fig.3.11. shows the output frequency range from 104 Hz to 203 Hz

as the controlled voltage varies from 0.1 V to 0.5 V with a supply voltage

(0.9 V).

Frequency ( Hz )

220
200
180
160
140
120
100

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Voltage Controll (V)

Fig. 3.11. Output frequency versus control voltage
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A comparison between the proposed memristor based deep brain
stimulation circuit and the other circuits in the literature are summarized in

the following table 3.2.

Table 3.2: The Simulation Results with The Previous Work Reported Results

Hwang | Veeravalli | M. Wang Proposed

et al. [10] et al. [9] et al [11] circuit
0.03
Minimum frequency (Hz) 0.3 0.2 104
Maximum frequency (Hz) 100 5.0 185 203
Tuning ratio 333:1 25:1 6167: 1 1.95:1
DC supply voltage (V) 3.0 +1.5 1.2 +0.9

DC power dissipation 0.3 mW 557 uW | 97.2 mW 0.79 mW

CMOS technology 2-pum 1.2-pm 0.13-pm 0.13-pm

Chip core area (mm?2) 0.281 2.16 0.45 0.67

3.7 Conclusion

The proposed VCO circuit produces a low frequency that ranges from
104 Hz to 203 Hz which makes the proposed VCO circuit a very good
candidate for low frequency applications (i.e., in the deep brain

stimulation). Also, it achieves low power consumption in milliwatt (0.79
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mW) which is considered the most important parameter in neural stimulator
(i.e., in the deep brain stimulation) and should be low to avoid destroying
brain cells. Also, it achieves a suitable low silicon area, the total area equal
(0.67mm?) and this makes the process of fabrication easier and not
expensive. Even though the proposed circuit has a lower tuning ratio than
the other works. However, the circuit achieves exactly the required

frequency range for Parkinson's diseases from 130 Hz to 185 Hz.

A new Design technique for a low frequency voltage controlled
oscillator circuit, using a memristor for deep brain stimulation, is presented.
The proposed circuit achieves a frequency range from 104 Hz to 203 Hz
with a low power consumption equals 0.79 mW which required in deep
brain stimulators and the total silicon area equals 0.67 mm?. The proposed
circuit is used in deep brain stimulation and it's considered as a therapy of

Parkinson's disease or cardiac tissue stimulation.
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Chapter 4
Experimental Setup and Testing

4.1 Introduction

This chapter provides a hardware implementation of a memristors-
based voltage controlled oscillator which is used in electrical neural
stimulation. The basic proposed circuit generates low frequency signals
that range from 1.2 KHz to 3.4 KHz with a small area and low power
consumption about 0.49 mW. In addition, four-stages D-flip-flops are used
as a frequency divider circuit to reduce the frequency range from KHz
range to Hz range which is very useful in biomedical and embedded

systems applications.

With respect to the fast development of the electronic industry, new
devices have become increasingly important such as the memristor. This
passive element was theorized and characterized by Prof Chen [1], [3]. It
has many valuable characteristics such as non-volatility properties, high
performance, high-density, nano-scale size, and low power device [48], [4].
It is useful for many modern small size applications such as nonvolatile
memory, low power, remote sensing systems, neuromorphic applications,

and analog computation [49].

Furthermore, this chapter is an extension of the previous work which
was reported in a chapter (3). The hardware implementation details of the
proposed VCO circuits are provided in Chapter 3. Also, this chapter gives
the measurement results with a comparison between the resistors-based and

memristors-based circuits as a verification.
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Memristors have recently been fabricated by Knowm Inc Company

for hardware applications [50].
4.2 Industrial Memristor

Knowm Inc is an American company that was founded in 2015 and
worked toward neuro-memristive applications. In January 2018, the
Knowm memristors have become available on the open-source memristor

discovery platform [50].

The Knowm memristors, also known as the Knowm Self Directed
Channel (SDC) memristors, come in three variants: Tungsten (W), Tin
(Sn), and Chromium (Cr), which refers to the metal introduced in the active
layer during fabrication. Each memristor type has the same basic material
structure, but they differ in the active metal added to the active layer [50].
Tungsten (W) type has been used throughout this work and it is available

in packaged devices as shown in Fig.4.1.

Fig. 4.1 Knowm Memristor Package [S0]
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The Knowm Multi-Stable Switch (MSS) model provides a
description of an idealized two-state element that switches probabilistically
between its two states as a function of applied voltage bias and temperature.
A single memristor is modeled by a collection of MSSs states changing

over time, which captures the memory-enabling hysteresis behavior [50].

The I-V relationship for Knowm memristor MSS model is shown in

4.1):
[ =0L,(V,T)+ (1 —-0)I,(V) 4.1)

where [ is the total current, I,, is the memory-dependent current, I is
a Schottky diode current. @ € [0,1], a value of @ = 1 represents a device
and it does not contain a Schottky diode effect [8]. For more details in how

to model I,,, and I are addressed in [50].

The memristor programming to write a certain value of its state
(resistance) is done by Knowm Kit along with analog discovery board and

its software as shown in Fig.4.2.

Fig. 4.2 Memristor programming using Knowm Kit along with analog

discovery board.
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The attained memristor resistance cycles between high and low
resistance values by switching the polarity of the applied potential across
the device. Also, the attained memristor resistance depends on the value of
the applied potential and its time duration. Therefore, the resistance value
is related to the amount of metal located within the active layer, where the
application of an external voltage causes the channel's transition between

conducting and non-conducting states [9].

4.3 Experimental Setup

This section elicits the hardware implementation details of the
proposed VCO circuits reported in Chapter (3). The basic hardware circuit
schematic diagrams for both resistors-based and memristor-based VCO are

shown in Fig.4.3.

R1 R3
M\—— M\
Vo

C))
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Fig. 4.3 basic hardware circuit schematic diagrams for (a) Resistors-based
VCO circuit (b) Memristors-based VCO circuit
One of the key concepts in electronics is the Printed Circuit Board
(PCB). Although, most PCBs for simple electronics are simple and they are
composed of only a single layer. More sophisticated hardware such as
computer graphics cards or motherboards can have multiple layers, and
sometimes up to twelve. Although PCBs are be found in many other

electronic devices, such as Medical devices.

Electronics products are now denser and they consume less power
than the previous generations by making it possible to test new and exciting
medical technology. Most medical devices use a high-density PCB, which
is used to create the smallest and densest design possible. This helps to
alleviate some of the unique constraints involved with developing devices

for the medical field due to the necessity of small size and lightweight.
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PCBs have found their way into everything from small devices, such as

Neural Stimulation [site].

The PCB Wizard 3.50 Pro Unlimited program was used to design and
to printed the basic hardware circuit schematic diagrams for both resistors-

based and memristors-based VCO.

Fig.4.4. shows the complete stage of the printed circuit for
implementing the power supply circuit from the design of the circuit to the

printed circuit.
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Fig. 4.4 The complete stage of the printed circuit for implementing Power
Supply (a) Design the circuit (b) Preparing the circuit for printing (c) The Final
shape of the Circuit after Printed.

Fig.4.5. shows the complete stage of the printed circuit for
implementing Resistors-based VCO circuit from the design of the circuit
to the printed circuit. The low power dual operational amplifier (LM 358)
is used in both Schmitt trigger and integrator implementations with £2V

supply voltage.
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Fig. 4.5 The complete stage of the printed circuit for implementing Resistors-
based VCO circuit (a) Design the circuit (b) Preparing the circuit for printing (c)

The Final shape of the Circuit after Printed.

Fig.4.6. shows the complete stage of the printed circuit for
implementing the Memristor Kit from the design of the circuit to the printed

circuit.
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Fig. 4.6 The complete stage of the printed circuit for implementing
Memristor Kit (a) Design the circuit (b) Preparing the circuit for printing (¢) The
Final shape of the Circuit after Printed.

Fig.4.7. shows the complete printed circuit boards (PCBs)
arrangement for implementing the memristor-based VCO prototype circuit.
This arrangement shows the implemented basic VCO circuit which consists
of PCB power supply circuit, PCB Schmitt trigger, integrator circuit, and
PCB memristor kit. The low power dual operational amplifier (LM 358) is

used in both Schmitt trigger and integrator implementations.
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Memrisotr Kit  VCO Kit Power Supply

Fig. 4.7 The complete printed circuit boards (PCBs) arrangement for

implementing the memristor-based VCO prototype circuit.

Fig.4.8. shows the complete printed circuit boards (PCBs)

arrangement for implementing the Resistor-based VCO prototype circuit.

Fig. 4.8 The complete printed circuit boards (PCBs) arrangement for

implementing the Resistor-based VCO prototype circuit.
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The hardware implementation of the VCO system is achieved by
using the commercially available Knowm memristor kit and integrated

circuits in combination with the necessary discrete components.

The output of the implemented VCO is connected to the Digilent
Analog Discovery?2 through its pinouts as shown in Fig.4.9. [51], and it is
used as an oscilloscope. Digilent Analog Discovery2 is a multi-function
instrument that allows users to measure visualize, generate, record, and

control mixed signal circuits of all kinds [51].

Ny o
AL

Fig. 4.9 The Digilent Analog Discovery2 and Reference Manual

4.4 Experimental Results

In this section, the VCO outputs for the practical implementation of
VCO circuit are illustrated for both resistors-based and memristor-based

VCO for different values of Ve.
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4.4.1 Resistors — Based VCO:

The resistors-based VCO circuit, as shown in Fig.4.3. (a) is
implemented  with  the values of the three  resistors:
(R1 =30 KQ, R> =400 KQ, and R3 = 500 KQ), and the capacitance value
(C = 1nF). The control voltage (Vc) value is swept from 0.1 V to 0.45 V
with step 0,05 V. The VCO output is displayed by using Analog Discovery

2 as an oscilloscope.

Fig.4.10. shows the output signal for VCO versus time in which the
value of the control voltage (Vc) equals (0.1) V and the output signal

frequency equals 2.9 kHz.
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Fig. 4.10 Output signal with frequency =2.9 KHz for Vc=0.1 V.
Fig.4.11. shows the output signal for VCO versus time in which the

value of the control voltage (Vc) equals (0.35) V and the output signal
frequency equals 2 kHz.
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Fig. 4.11 Output signal with frequency =2.0 KHz for Ve =0.35 V.
Fig.4.12. shows the output signal for VCO versus time in which the

value of the control voltage (Vc) equals (0.45) V and the output signal
frequency equals 1.5 kHz.
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Fig. 4.12 Output signal with frequency =1.5 KHz for Ve =045 V.
4.4.2 Memristors — Based VCO
The memristors-based VCO circuit which is shown in Fig.4.3. (b) is

implemented with the values of the three memristors are programmed as
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(M1 =30 KQ, M2 = 400 KQ, and M3 = 500 KQ), and the capacitance
value (C = 1nF). Also, the control voltage (Vc) value is swiped from 0.1 V
to 0.45 V with step 0.05 V.

Fig.4.13. shows the output signal for VCO versus time in which the
value of the control voltage (Vc) equals (0.1) V and the output signal
frequency equals 3.4 kHz.
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Fig. 4.13 Output signal with frequency =3.4 KHz for Ve =0.1V.
Fig.4.14. shows the output signal for VCO versus time in which the
value of the control voltage (Vc) equals (0.35) V and the output signal
frequency equals 1.6 kHz.
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Fig. 4.14 Output signal with frequency =1.6 KHz for Vc = 0.35 V.
Fig.4.15. shows the output signal for VCO versus time in which the
value of the control voltage (Vc) equals (0.45) V and the output signal
frequency equals 1.19 kHz
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Fig. 4.15 Output signal with frequency =1.19 KHz for Ve =0.45 V.
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Fig.4.16. shows a comparison for the possible full range of VCO
frequencies for both memristor-based and resistor-based VCOs. The VCO
is restricted in this range due to the selected resistor values. As shown, there
is a fair agreement between the two designs and the worst deviation in the

full frequency range is about 0.5 KHz.
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Fig. 4.16 Output oscillation frequency versus the controlled voltage for

resistors-based and memristors-based VCO.

Finally, a frequency divider consists of a number of D-flip-flops
stages that can be used to reduce the VCO frequency (i.e., kHz range) to
very low frequency (i.e., Hz range), which is very useful for the deep brain
stimulation. The number of D-flip-flops stages depends on the required

frequency reduction ratio.

4.6 Conclusion

A Hardware prototype of a memristors-based low frequency voltage-
controlled oscillator circuit is implemented and compared with resistors-
based one with the same circuit structure. There is a fair agreement between
the two designs and the worst deviation in the full frequency range is about
0.5 KHz. The implemented prototype achieves a frequency range from 1.2
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KHz to 3.4 KHz with low power consumption equals 0.49 mW and

achieves a low silicon area compared to the passive elements.
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Chapter 5
Conclusions and Future Work

This chapter presents a brief summary of the thesis. Moreover, the
chapter highlights the main conclusion and give some recommendation for

future work.

5.1 Brief Summary

The main objective of this thesis is to design and to implement a low-
frequency voltage controlled oscillator in order to achieve a wide tuning
range with a practical small area and low power constraints to use this VCO
in neural stimulation. Neural stimulation is considered as one of the most
important stimulations in biomedical engineering because it is used to treat
the chronic pain such as Parkinson's disease. This objective was achieved
by using memristors because the memristor has two important advantages
to be used in the voltage-controlled oscillator design for electrical neural
stimulation which are: nano scale dimensions and low power consumption.
A new design technique for a low-frequency voltage controlled oscillator
circuit using a memristor for deep brain stimulation is presented by

simulation and hardware implementation.
5.2 Conclusion
The main conclusion of this thesis can be listed as follows:

e A comprehensive review of the types and the models of memristors
have been explained. Also, the memristor applications are

illustrated.
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The voltage-controlled oscillator operating principle and its
applications are discussed. Also, biomedical applications and its

required frequency range are reviewed.

A new Design technique for a low-frequency voltage controlled
oscillator circuit, using a memristor for deep brain stimulation, is

applied.

Simulation of the memristor based new voltage-controlled
oscillator for electrical neural stimulation using Cadence is

presented.

The proposed circuit generates low frequency range from 104 Hz
to 203 Hz with a low power consumption equal 0.79 mW which is
the main challenge in deep brain stimulators, and the total silicon

area is 0.67 mm?.

A comparison between the proposed circuit with a memristor based

deep brain stimulation circuit and other circuits is presented.

The hardware prototype of a memristors-based low frequency
voltage-controlled oscillator circuit is provided. The basic proposed
circuit generates low frequency signals that range from 1.2 KHz to
3.4 KHz with a small area and low power consumption about 0.49

mW.

The measurement results were involved with a comparison between
the resistors-based and memristors-based circuits as a verification

process.
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5.3 Future Work

Based on this work, some perspectives for future work are suggested

as follows:

e The fabricated area of the proposed VCO circuit can be effectively
reduced further by using a capacitor-less integrator by replacing the

conventional capacitance by nanoscale memcapacitance circuits.

e Refresh circuit for the memristors used in the VCO could be added

to maintain the resistance value after several periods of operation.
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Appendix A

Knowm Data Sheet [50]

A.1 Knowm Memristor:

The Knowm Memristor devices operate primarily through the
mechanism of electric field induced generation and movement of metal
ions through a multilayer chalcogenide material stack. A secondary
mechanism of operation is phase-change, which can be selected as the

primary mode of operation depending upon the operating conditions.

Chalcognide Active Layers

W

Knowm Memristor Material Stack

The Knowm Memristor come in three variants: W, Sn and Cr, which
refers to the metal introduced in the active layer during fabrication. Each

device is available in both raw die and packaged devices.
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The research die was created to allow study of device operation over
a wide range of device sizes. The die is 7860 um by 5760 pm and consists
of 9 columns of devices, each corresponding to a different device size. The
size is listed at the bottom of each column. Each column contains 20 rows

of each device size per column, for a total of180 devices.

Raw Die

There are three different memristor material types available in the

research die:
1- GeSeW (the ‘W’ device)
2- GeSeSn (the ‘Sn’ device)

3- GeSeCr (the ‘Cr’ device)
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A.2 DC Response:

Cr (Chromium) Raw Die

Characteristi

(o

Forward
Adaptation
Threshold

Reverse
Adaptation
Threshold

Cycle
Endurance

Low
Resistance
State

High
Resistance
State

Low
Resistance
State

High
Resistance
State

Low
Resistance
State

Condition

DC / quasi-static

DC / quasi-static

1.5 Vpp, 500 Hz sine
wave, 50 kQ Series
resistor

100nA Write
Compliance Current

100nA Write
Compliance Current

1uA Write Compliance
Current

1uA Write Compliance
Current

10uA Write
Compliance Current
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Min

0.220

0.660

1™

5.48E

1.07E

Type

0.332

0.189

50M

2.62E

1.59E
12

1.90E

1.88E
11

5.67E
4

Q

Max

0.560

0.040

100M

4.33E

9.00E
12

1.04E

7.63E
11

9.90E
4

Q

Std

0.089

0.154

1.25E

2.62E
12

2.87E

2.51E
11

2.23E
4

Q



High
Resist 10uA Write
esistance Compliance Current
State
Low
Resist 100uA Write
esistance Compliance Current
State
High
. 100uA Write
Resistance :
Compliance Current
State
Low
Resist TmA Write
esistance Compliance Current
State
High
Resist 1TmA Write
esistance Compliance Current
State
Sn (Tin) Raw Die

Characteristi

Cc

Forward
Adaptation
Threshold

Reverse
Adaptation
Threshold

Cycle
Endurance

Condition

DC / quasi-static

DC / quasi-static

1.5 Vpp, 500 Hz
sine wave, 50 kQ
Series resistor
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1.14E

100M

1.00E

Max

5B

2.96E

Std

0.042

0.053



Low
Resistance
State

High
Resistance
State

Low
Resistance
State

High
Resistance
State

Low
Resistance
State

High
Resistance
State

Low
Resistance
State

High
Resistance
State

Low
Resistance
State

High
Resistance
State

100nA Write
Compliance Current

100nA Write
Compliance Current

1uA Write Compliance
Current

1uA Write Compliance
Current

10uA Write
Compliance Current

10uA Write
Compliance Current

100uA Write
Compliance Current

100uA Write
Compliance Current

1mA Write
Compliance Current

1TmA Write
Compliance Current
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7.41
ES

1.64
E9

2.50
ES

7.60
E6

3.14
E4

3.26
E6

1.75
E3

5.64
ES

2.58
E2

2.02
E4

Q

717E

9.81E
11

1.58E

2.23E
11

1.57E

5.21E
10

4.62E

5.80E
10

3.04E

9.08E
4

Q

3.56E

8.00E
12

3.79E

1.43E
12

1.16E

3.16E
11

1.05E

2.50E
11

3.44E

2.97E
5

Q

9.87E

2.35E
12

1.53E

4.10E
11

3.33E

1.04E
11

2.90E

8.22E
10

2.67E

7.89E
4

Q



W (Tungsten) Raw Die

Characteristic Condition

Forward
Adaptation
Threshold

Reverse
Adaptation
Threshold

Cycle
Endurance

Low
Resistance
State

High
Resistance
State

Low
Resistance
State

High
Resistance
State

Low
Resistance
State

High
Resistance
State

DC / quasi-static

DC / quasi-static

1.5 Vpp, 500 Hz sine
wave, 50 kQ Series
resistor

100nA Write
Compliance Current

100nA Write
Compliance Current

1uA Write Compliance
Current

1uA Write Compliance
Current

10uA Write Compliance
Current

10uA Write Compliance
Current
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50M

1.04
E6

4.01
E6

1.50
ES

5.39
E6

2.66
E4

2.36
E6

Q

100

1.38
E6

8.17
E6

4.67
ES

1.40
E7

6.74
E4

9.19
E6

Q

5B

2.16
E6

1.72
E7

1.30
E6

5.40
E7

1.72
ES

2.04
E7

Q

3.01
ES

3.77
E6

3.09
ES

1.40
E7

4.62
E4

5.70
E6

Q



Current

Current

_ 193 7.86 463 1.30
Low 100uA Write E3 E3 E4 E4
Resistance Compliance Current
State Q Q Q Q
, _ 199 271 160 4.70
Resistance Compliance Current
State Q Q Q Q
_ . 265 294 353 244
Low 1mA Write Compliance o E2 E2 E1
Resistance Current
State Q Q Q Q
_ _ . 150 560 1.13 284
High 1mA Write Compliance g4 E4 E5 E4
Resistance Current
State Q Q Q Q
A.3 AC Response of the Raw Die Devices:
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A.4 CMOS+Memristor BEOL Service:

Via Known’s collaboration with Boise State University, we offer the
world’s first CMOS Back End of Line (BEOL) Memristor service. We are
offering this service to lower the barriers to memristive technology and
help jump-start the memristor-based computing era. Multiple memristor
types are possible covering a range of threshold voltages, resistance ranges,
switching speeds, data retention, and cycling durability. Services includes
layout design, all microfabrication steps for device fabrication, BEOL
processing on CMOS die or wafers, wire bonding and packaging. Device
electrical characterization possible over a frequency range of DC — 40 GHz,
a temperature range of 4.2 K to 400 K, an optical excitation range of 190

nm to 1000 nm, and applied magnetic field from 0 to 5000 G.

BEOL Process

Illllllll

METRIC 1

A.5 MSS Model:

Many memristive materials have recently been reported, and the trend
continues. Memristor models are also being developed and incrementally
improved upon. Our generalized metastable switch (MSS) memristor

model is an accurate model that captures the behavior of memristors at a
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level of abstraction sufficient to enable efficient circuit simulations while
simultaneously describing a wide a range of possible devices. An MSS is
an idealized two-state element that switches probabilistically between its
two states as a function of applied voltage bias and temperature. A
memristor is modeled by a collection of MSSs evolving in time, which
captures the memory-enabling hysteresis behavior. In our semi-empirical
model, the total current through the device comes from both a memory-
dependent (MSS) current component, Im, and a Schottky diode current, Is

in parallel:
[=0In (V,t) +(1—¢)Is (V)

, where ¢ € [0, 1]. A value of ¢ = 1 represents a device that contains
no Schottky diode effects. The Schottky diode effect accounts for the
exponential behavior found in many devices and allows for the accurate
modeling of that effect, which the MSS component cannot capture alone.
The MSS model can be made more complex to account for failure modes,
for example by making the MSS state potentials temporally variable.
Multiple MSS models with different state potentials can be combined in

parallel or series to model increasingly more complex state systems.
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Appendix B

Analog Discovery 2 [51]

B.1 Overview:

The Digilent Analog Discovery 2™, developed in conjunction with
Analog Devices, is a multi-function instrument that allows users to
measure, visualize, generate, record, and control mixed signal circuits of
all kinds. The low-cost Analog Discovery 2 is small enough to fit in your
pocket, but powerful enough to replace a stack of lab equipment, providing
engineering students, hobbyists, and electronics enthusiasts the freedom to
work with analog and digital circuits in virtually any environment, in or out
of the lab. The analog and digital inputs and outputs can be connected to a
circuit using simple wire probes; alternatively, the Analog Discovery BNC
Adapter and BNC probes can be used to connect and utilize the inputs and
outputs. Driven by the free Waveforms software, the Analog Discovery 2
can be configured to work as any one of several traditional instruments,
which include:

* Two-channel oscilloscope (IMQ, £25V, differential, 14- bit,

100Msample/sec, 30MHz+ bandwidth - with the Analog Discovery BNC
Adapter Board).

* Two-channel arbitrary function generator (£5V, 14-bit,
100Msample/sec, 20MHz+ bandwidth - with the Analog Discovery BNC
Adapter Board).

* Stereo audio amplifier to drive external headphones or speakers
with replicated AWG signals.
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* 16-channel pattern generator (3.3V CMOS, 100Msample/sec).

* 16-channel virtual digital I/O including buttons, switches, and
LEDs — perfect for logic training applications.

* 16-channel digital logic analyzer (3.3V CMOS, 100Msample/sec).

* Two input/output digital trigger signals for linking multiple
instruments (3.3V CMOS).

* Two programmable power supplies (0...+5V, 0...-5V. The
maximum available output current and power depend on the Analog

Discovery 2 powering choice.

* 250mW max for each supply or 500mW total when powered
through USB.

* 700mA max or 2.1W max for each supply when using an external
wall power supply.

« Single channel voltmeter (AC, DC, £25V).

* Network analyzer — Bode, Nyquist, Nichols transfer diagrams of a
circuit. Range: 1Hz to 10MHz.

* Spectrum Analyzer — power spectrum and spectral measurements
(noise floor, SFDR, SNR, THD, etc.).

* Digital Bus Analyzers (SPI, I°C, UART, Parallel).
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The Analog Discovery 2
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Analog Discovery 2 pinout diagram
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B.2 Waveforms main window:

Workspace _§¢tt|ngs Window Help
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Waveforms main window.
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B.3 Oscilloscope:

Fle Control View Window
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Oscilloscope graph.

B.4 Experimental Results with Digilent Analog Discovery:

Fle Control View Window
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B.5 Experimental Results with Oscilloscope:

Qscilloscope
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Oscilloscope
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