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ABSTRACT 

Before 1971, all the electronic circuits were based on three basic circuit elements. Until a professor from UC 

Berkeley reasoned that another basic circuit element exists, which he called memristor; characterized by the 

relationship between the charge and the flux-linkage. A memristor is essentially a resistor with memory. The 

resistance of a memristor (Memristance) depends on the amount of current that is passing through the device. 

In 2008, a research group at HP Labs succeeded to build an actual physical memristor. HP's memristor was a 

nanometer-scale titanium dioxide thin-film, composed of two doped and undoped regions, sandwiched 

between two platinum contacts. After this breakthrough, a considerable amount of research started with the 

aim of better realization of the device and discovering more possible applications of the memristor. 

Since the advent of the memristor as an actual basic element, a significant thrust of the research has been 

oriented to develop neuromorphic computing system based on memristor. Neuromorphic computing and 

learning behavior are among the most directly available applications of memristor due to its memory 

property. 

Here, an analytical model for Y2O3-based memristive system for synaptic learning behavior has been 

reported. In this analytical model, a new logarithmic window function is used along with modified I-

V relationship to show the asymmetric behavior in both positive and negative voltage biases and thus 

provides a good accuracy with the published experimental report. 
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Chapter 1 

Introduction 
 

1.1 Overview  
In the circuit logic, reference is made to the presence of three basic circuit elements describing the 

interaction between the basic circuit parameters such as voltage(𝑣), current(𝑖), charge(𝑞), and magnetic 

flux(𝜙) . These are resistors, capacitor, and inductor. However, the circuit element that determines the 

relationship between charge and magnetic flux is not specified. The fourth basic circuit component 

representing this relationship was first introduced by Leon Chua mathematically in 1971 with the name 

memristor [1]. In 2008, a team of researchers from HP laboratories announced that they were working to 

produce a physical model of a memristor [2]. Figure (1.1) shows the relationship between the basic circuit 

elements and circuit parameters.  

 

Figure 1.1. Linkage between four fundamental elements and basic circuit parameter such as voltage(𝑣), 

current(𝑖), charge(𝑞), and magnetic flux(𝜙). 

The relationship between voltage, current, charge, and flux for the memristor is given by: 

                                                          𝑣(𝑡) = 𝑀(𝑞(𝑡))𝑖(𝑡)                                                                   (1.1) 

                                                          𝑀(𝑞) =
𝑑𝜙(𝑞)

𝑑𝑞
                                                                              (1.2) 

                                                           𝑖(𝑡) = 𝑊(𝜙(𝑡))𝑣(𝑡)                                                                  (1.3) 

                                                           𝑊(𝜙) =
𝑑𝑞(𝜙)

𝑑𝜙
                                                                             (1.4) 
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where 𝑊(𝜙) has the unit of conductance and  𝑀(𝑞) has the unit of resistance. 

Memristor shows different properties compared from other fundamental circuit elements that are pinched 

hysteresis loop, passivity, and non-volatile memory effect.  

When Equation (1.1) and (1.22) are analyzed, Equation (1.5) and (1.6) can be written as follows: 

𝑣(𝑡) = 𝑀 (∫ 𝑖(𝑡)𝑑𝑡
𝑡

−∞
) 𝑖(𝑡)                                                          (1.5)                                    

𝑖(𝑡) = 𝑀 (∫ 𝑣(𝑡)𝑑𝑡
𝑡

−∞
) 𝑣(𝑡)                                                        (1.6) 

The current passing through the memristor tells about the memristance value. That means, when the current 

flow through memristor is off, it retains the value of the memristance, and when the current flow through the 

memristor is passed again, memristance value will change from the last retained value, i.e. before the cutoff. 

That shows the non-volatile property of memristor and also tells about that, the memristor is not an energy 

storage element [3, 4]. 

Memristor is analogous to a resistor with memory [5]. The I-V curve of memristor shows the pinched 

hysteresis loop characteristic. 

If a bipolar signal periodic in nature is applied to a memristor it shows a pinched hysteresis I-V characteristic 

that always crosses the origin. As the frequency of the applied signal increases the pinched hysteresis loop 

shows the singled valued function and behaves as a linear resistor. When the frequency reaches to infinity, 

the pinched hysteresis loop behaves as a single-valued function which has resemblance with resistor 

following ohms law [6, 7]. 

 The memristor is a passive circuit element which can remember the state of resistance because of the 

voltage-current integral relationship. Because of these features, they are used soft computing, in resistive 

memories, neurocomputing, etc. 

1.2 Modeling of memristor 
1.2.1. HP memristor model 

Memristor-based applications require an appropriate model for analysis and simulation of the system. Going 

through the literature, we can see that HP memristor model works on the principle of the drift of oxygen 

vacancies. The HP Lab memristor model composed of Pt/TiO2/Pt structure, as shown in Figure (1.2). In HP 

labs model, a positively charged oxygen vacancies are present at one side of the TiO2 oxide layer, which is 

sandwiched between the two noble metallic layers, i.e. platinum [2]. 
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𝐷 

 

Figure.1.2: The structure of TiO2-based memristor developed by HP Labs. 

The doped part of oxide layer shows the low resistance behavior while the high resistance behavior is 

demonstrated by an undoped portion of the oxide layer. On an application of appropriate supply, the ionic 

drift between the doped portion and therefore the undoped portion leads to a change in the width of the 

doped region. 

Here the width of the doped region is taken as a state variable. Also, when the width of the doped region 

approaches zero, the memristor goes to a high resistance state (HRS). When the width of the doped region 

approaches a boundary, the memristor goes to a low resistance state (LRS). 

Since the dimensions of memristor are very small (~nm), a low excitation in the supply can cause a change 

in the doped region. Thus the resistance of the memristor varies between HRS and LRS [3]. 

1.2.2. Linear drift model 

In the linear drift model, the relation between the current and the voltage of the memristor is given by the 

following equation: 

𝑣(𝑡) = 𝑀(𝑥)𝑖(𝑡)                                                                        (1.7) 

   𝑣(𝑡) = [(
𝑅𝑂𝑁 𝑥(𝑡)

𝐷
) + 𝑅𝑂𝐹𝐹  (1 −  

𝑥(𝑡)

𝐷
)]  𝑖(𝑡)                                        (1.8) 

Here width of doped region = 𝑥(𝑡), memristor device thickness =  𝐷  and   𝑅𝑂𝑁  and 𝑅𝑂𝐹𝐹  (maximum and 

minimum resistance) are the values of the resistance for 𝑥(𝑡) = 𝐷  and  𝑥(𝑡) = 0 [2, 8, 9], From Equation 

(1.8), the value of memristance can be expressed by 

𝑀(𝑞(𝑡)) =
𝑣(𝑡)

𝑖(𝑡)
= [(

𝑅𝑂𝑁 𝑥(𝑡)

𝐷
) + 𝑅𝑂𝐹𝐹  (1 −  

𝑥(𝑡)

𝐷
)]                                      (1.9) 

Here 𝑥(𝑡) value represents the state of the change of memristor shown in Equation (1.8). The 𝑑𝑥/𝑑𝑡 in 

Equation (1.10) represents the rate of change of boundary between doped and undoped region [12, 13]. 

𝑑𝑥(𝑡)

𝑑𝑡
=   𝜇𝑣

𝑅𝑂𝑁

𝐷
 𝑖(𝑡)                                                                   (1.10) 

Where 𝜇𝑣 = average drift mobility of the charges. 
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 Figure (1.3) and (1.4) shows the change of the voltage and current of the memristor with time. The pinched 

hysteresis loop in the I-V plane shown in Figure (1.5) is one of the most important footprint of the memristor 

[1]. 

The I-V pinched hysteresis loops area decreases as we keep on increasing the frequency (F3>F2>F1). If the 

frequency increases toward infinity, the I-V characteristic shows the linear resistance characteristic.  

                         

 Figure 1.3. Change of voltage with respect to time.           Figure 1.4. Change of current with respect to time. 

 

 

Figure 1.5. Current-voltage characteristics for varying frequency. 

 

1.2.3. Nonlinear drift model and window functions 

The charge flowing in the memristor is proportional to the state variable in the linear drift model, and the 

concept is used for doped and undoped interface and interface between electrodes. The doped region portion 

changes with the applied input signal. Also, in the linear drift model, the vacancies can drift over the 

complete length of a memristor. In the reported literature, the drift of vacancies is non-linear near the 
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boundary interfaces region. That is due to the non-linear drift of vacancies caused by a large electric field 

even for a small excitation signal. Another problem in the linear drift model is non-zero boundary conditions, 

i.e. the state variable never reaches zero. Which indicates the absence of oxygen vacancies and due to the 

lack of undoped region, the doped region cannot take the complete length because of which memristor 

cannot work [13, 14, 15]. 

To overcome the boundary problems and to provide nonlinearity, a window function is introduced to the 

right of the equation (1.10).Which is given as  

𝑑𝑥(𝑡)

𝑑𝑡
= 𝜇𝑣

RON 

𝐷
𝑖(𝑡) × 𝑓(𝑥(𝑡))                                                        (1.11)  

Function 𝑓(𝑥(𝑡)) is zero at the memristor limits (𝑥 =  0 𝑎𝑛𝑑 𝑥 =  1) and has a maximum value at center of 

the memristor (𝑥 =  0.5) [11].  

An effective window function should satisfy the subsequent conditions for modelling of nonlinearity [16]: 

• The boundary situation should be taken into consideration at the bottom and top electrodes. 

• The window function should provide non-linear drift across the whole active area of the memristor. 

• The window function should provide linkage between the linear and non-linear drift models. 

•  The window function should lie in the interval of 𝑓𝑚𝑎𝑥(𝑥) i.e. 0 ≤ 𝑓𝑚𝑎𝑥(𝑥)  ≤  1. 

• The window function should include some of the control parameters to line the model. 

To provide the above criteria’s many window function are proposed. 

1.2.4. Joglekar’s window function 

Joglekar’s window function is given as: 

𝑓(𝑥) = [1 − (2𝑥 − 1)2𝑝]                                                             (1.12) 

Here 𝑝 is a positive integer which controls the change in the flatness of 𝑓(𝑥) curve around its peak value i.e. 

𝑥 =  0.5 [17]. 

Figure (1.6) shows Joglekar’s window function for different values of  𝑝. It shows resemblance with a 

rectangular window function as we increase the 𝑝 values and provide a reduction in the non-linear drift 

effect. The major drawback of Joglekar’s window function is the flat situation of the state variable at the 

boundaries, and due to the zero values at both boundaries, it is difficult to change window function. 

Joglekar’s window function has solved the non-linear drift problem, but it has not considered the boundary 

lock condition [13, 14]. 
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Figure 1.6. Joglekar window function for different p values. 

 

1.2.4. Strukov window function 

Strukov window function can be given as 

𝑓(𝑥) = 𝑥 − 𝑥2                                                                       (1.13) 

Strukov window function supports the boundary conditions, but some other problem arises at the terminal 

states [18]. 

{
𝑥 → 0
𝑥 → 𝐷

→
𝑑𝑥

𝑑𝑡
= 0                                                                   (1.14) 

Figure (1.7) shows the Strukov window function. This shows that the external field cannot change the state. 

Another problem is the assumption made by the window function that is memristor remember the amount of 

charge passing through it as it remembers the state boundary position. 
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    Figure 1.7. Strukov window function. 

 

1.2.5. Exponential model 

In the above models, they have not considered a large amount of electric field non-linearity present in the 

memristor. An exponential model which consider the non-linearity effect has been showed [19]. In this 

model current-voltage is defined as: 

𝐼(𝑡) = 𝑥𝑛𝛽 sinh(𝛼𝑉𝑖(𝑡)) + 𝜒(𝑒(ϒ𝑉𝑖(𝑡)) − 1)                                         (1.15) 

Where 𝛼,𝛽, ϒ and 𝜒 are experimental fitting parameters. 

 Influence of state variable on the current is determined by the parameter 𝑛 [12, 19]. According to Equation 

(1.15), at ON state, asymmetrical switching behavior is shown by the first part of the equation (1.15) i.e. 

(sinh part). Whereas at the OFF state, the second part of the Eq. (15) has the major part of the current, which 

has similar behavior as ideal PN junction [12, 14]. 

In this model, the rate of change of state variable can be given as: 

𝑑𝑥

𝑑𝑡
= 𝑎 ∗ 𝑉𝑚 ∗ 𝑓(𝑥)                                                                (1.16) 

Where 𝑚 and 𝑎 are fitting parameters and  𝑓(𝑥) represents any  window function [14]. 

1.3 Motivation  
Most of the experimental data reported in the literature for various material systems such as WO3 [20], Y2O3 

[21], ZnO [22] etc. shows asymmetric behavior in the pinched hysteresis loop in the current-voltage (I-V) 

characteristics. However, till date, to the best knowledge, a detailed analytical model is unavailable, which 

could be matched with such experimental hysteresis loop and to analyze the system performance. The 

developed analytical model, as depicted here, removes this limitation and shows good correlation with 

experimental data. 
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1.4 Contributions of the thesis 
Here, a new logarithmic window function is proposed to study and analyze the performance of a memristive 

system. The proposed model is validated with the experimental report on Y2O3-based memristive system 

[21], and window function fulfils all the necessary conditions reported by Prodromakis et al. [16]. The 

proposed window function leads to better non-linear behavior at the device boundaries. Moreover, to 

eliminate some inconsistencies present in the above models, certain modifications are made in the current-

voltage relationship to achieve a better correlation with the experimental data and provide better synaptic 

behavior analysis. 

 1.5 Flow chart of analytical modeling 
 

             

1.6 Organization of the report 
This chapter has introduced the background, motivation of the thesis and related work done by researchers in 

past. The remaining contents are organized as follows: 

• Chapter 2: This chapter provides the details about the limitation in the existing window functions and 

talks about advantage of proposed window function over existing window functions. Section 2.1, 

Limitation in the existing window functions. Section 2.2, Condition for effective window function. 

2.3, Proposed window function. Section 2.4, Correlation with experimental data. 
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• Chapter 3: This chapter includes the detailed description of modifications in the current-voltage 

equation, its effect on the V-I characteristics and talks about the advantages of modified current-

voltage equation over existing model to achieve better resemblance with the experimental data. 

Section 2.1, Existing current-voltage equation. Section 2.2, Modified current-voltage equation. 

Section 2.3, Correlation with experimental data. 

• Chapter 4: In this chapter we will discuss the implementing of memristor in a neural computing 

architectures and talk about the potentiation (P) and depression (D) process of the device while 

studying the synaptic behavior. Section 2.1, Memristor as Synapses. Section 2.2, Potentiation (P) and 

depression (D) process. Section 2.3, Applied signal properties and correlation with experimental data. 

• Chapter 5: Results and Discussion. 

• Chapter 6: Conclusions and Future Work. 
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Chapter 2 

Analysis of window function 

 

This chapter provides the details about the limitations in the existing window functions and talks about 

advantage of proposed window function over existing window functions and shows the correlation with 

experimental results.   

2.1 Limitation in the existing window functions. 
The linear model of the memristor faces major issues such as: 

• Boundary issue 

• Absence of nonlinearity. 

In case of the linear drift model window functions were used to introduce the non-linearity in the ion drift to 

overcome the boundary issue, this model is known as non-linear drift model. But it was seen from simulation 

results of these window functions that the amount of non-linearity resulting from these windows is less than 

that is depicted by practically fabricated devices. 

2.2 Condition for effective window function 
An effective window function should satisfy the subsequent conditions for modelling of nonlinearity [16]: 

• The boundary situation should be taken into consideration at the bottom and top electrodes. 

• The window function should provide non-linear drift across the whole active area of the memristor. 

• The window function should provide linkage between the linear and non-linear drift models. 

•  The window function should lie in the interval of 𝑓𝑚𝑎𝑥(𝑥) i.e. 0 ≤ 𝑓𝑚𝑎𝑥(𝑥)  ≤  1. 

• The window function should include some of the control parameters to line the model. 

To provide the above criteria’s many window function are proposed. 

 

2.3 Proposed window function 
Till now all the window functions present in the literature have various problems, so there is a requirement to 

develop a window function which satisfy certain condition:  

• It should provide nonlinearity i.e., with a logarithmic or parabolic kind of relation. 

• There should be limit on memristance and state variable that they cannot grow beyond the device 

physical limit. 

• It should be function of state variable and input signal. 
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• Step function should be avoided so that it cannot show discontinuity at boundaries. 

To overcome the problem present in existing windows functions i.e. boundary lock, scalability, and nonlinear 

effects an accurate window function is proposed show in Figure (2.1)   

The proposed window function is given by equation (2.1) 

𝑓(𝑥) = log
1

(𝑥2−𝑥+1)𝑝                                                               (2.1) 

where 𝑝 is the Parameter for bounding window function between 0 and 1 

 

Figure 2.1. Proposed logarithmic window function. 

2.4 Correlation with experimental results 
Here we have used the proposed window function along with the existing non-linear drift model [19] to 

analyze the correlation with the experimental results [21]. 

The current-voltage relationship for existing non-linear model is given by equation (2.2) 

𝑖(𝑡) = 𝑥𝑛𝛽 sinh(𝛼𝑉(𝑡)) + 𝜒(𝑒(ϒ𝑉(𝑡)) − 1)                                         (2.2) 

The first term of equation (2.2) describes the asymmetric behavior of the device. The second term of 

equation (2.2) represents the ideal diode equation. Where 𝑥  is the state variable and  𝜒, 𝛼, ϒ  and 𝛽  are 

experimental fitting parameters. 

The change in state variable is defined by equation (2.3) for memristive devices. 

𝑑𝑥

𝑑𝑡
= 𝑎 ∗ 𝑉𝑚 ∗ 𝑓(𝑥)                                                            (2.3) 

Here 𝑓(𝑥) is the window function and describes by equation (2.1) and 𝑎 , 𝑚 are fitting parameters. 
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    Figure.2.2: I-V characteristic  

 

Here we are using triangular wave with a peak to peak amplitude of 5V to provide similar conditions used in 

experimental data to provide specific characteristics. Therefore, using above relation, we can see the pinched 

hysteresis loop characteristics which are the primary footprint of memristor [1] and also provide good 

resemblance with the experimental data but only for positive values of voltage [21]. For negative values, we 

see symmetric behavior. 

As experimental I-V characteristics are asymmetric, our proposed models are not sufficient for overall 

analysis. So, to overcome the problems, we have also modified the I-V relationship. 
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Chapter 3 

Analysis of current-voltage relationship 

 

This chapter includes the detailed description of modifications in the current-voltage equation, its effect on 

the V-I characteristics and talks about the advantages of modified current-voltage equation over existing 

model to achieve better resemblance with the experimental data. 

3.1 Existing current-voltage equation 

The existing [19] non-linear model, as reported in the literature, is described by (3.1) 

𝑖(𝑡) = 𝑥𝑛𝛽 sinh(𝛼𝑉(𝑡)) + 𝜒(𝑒(ϒ𝑉(𝑡)) − 1)                                           (3.1) 

Here,  𝑥  shows the state variable of the memristor, 𝑛  is the free parameter to control the non-linear 

dependence of the drift velocity on the applied voltage, 𝛼 and 𝛽 are the fitting constants used to characterize 

the ON state, 𝜒 and ϒ are the net electronic barrier in the OFF state of the device. The first term leads to flux-

controlled memristor with symmetric behavior of the device for both positive and negative polarities of the 

applied voltage. Thus, it is necessary to make certain improvements in the model to achieve better 

resemblance with the experimental data, having asymmetric characteristics in positive and negative cycles of 

applied voltage. 

3.2 Modified current-voltage equation 

The current-voltage relationship for our model is given by equation (3.2). 

𝑖(𝑡) = {
𝑥𝑛1𝛽1(𝑒𝛼1(𝑠𝑖𝑛ℎ𝑉𝑖(𝑡)) − 1) + 𝜒(𝑒(ϒ𝑉𝑖(𝑡)) − 1),        𝑉𝑖(𝑡) ≥ 0

𝑥𝑛2𝛽1(𝑒𝛼2(𝑠𝑖𝑛ℎ𝑉𝑖(𝑡)) − 1) + 𝜒(𝑒(ϒ𝑉𝑖(𝑡)) − 1),         𝑉𝑖(𝑡) < 0
                        (3.2) 

The first term describes the asymmetric behavior of the device for opposite voltage polarities which is 

neglected by the previous model and thus introduces parameters 𝛼1 and 𝛼2. These parameters 𝛼1 and  𝛼2 are 

the degrees of influence of the state variable on current for positive and negative voltage polarities, 

respectively. The second term of equation (3.2) represents an ideal diode equation which plays a significant 

role when the state variable approaches zero i.e., the device is near the OFF state. In this equation, some 

fitting parameters such as 𝛽1,𝛽2, 𝛼1 and 𝛼2  are used to fit the output characteristics of the memristor device. 

𝑛1 and 𝑛 2 are the conductivity control parameters of the device for both positive and negative applied 

voltages, respectively. The conductivity of the device is determined by the migration of oxygen vacancies 
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towards the opposite side. Thus, the current starts flowing as a result of the conducting path formed inside 

the switching material. Here, 𝑉𝑖 is the applied triangular waveform as an input voltage. 

Equation (3.3) represents the rate of change of state variable with time. The new logarithmic window 

function 𝑓(𝑥), as depicted in Figure (3.1), ensures that the state variable is bounded between 0 and 1 and it is 

given by (3.4). 

𝑑𝑥

𝑑𝑡
= 𝑎 ∗ 𝑉𝑚 ∗ 𝑓(𝑥)                                                            (3.3) 

𝑓(𝑥) = log
1

(𝑥2−𝑥+1)𝑝                                                             (3.4) 

Where 𝑎 and 𝑚 are the parameters to determine the dependence of the state variable on voltage input and 𝑚 

is always an odd integer to ensure that the opposite polarity of the applied voltage leads to opposite change in 

the rate of change of state variable. 

 

Figure 3.1. Proposed logarithmic window function. 

3.3 Correlation with experimental data 

Here we have used the same electrical requirements as stated in experimental data for the analysis of the 

characteristics of Y2O3-based memristive system [21]. To study the I-V characteristics of the yttrium oxide 

based memristive system, a triangular voltage waveform is applied on the device with a peak-to-peak voltage 

of -5 to 5V with a compliance current of 10 mA. Figure (3.2) and Figure (3.3) shows the similarity between 

analytical and experimental current behavior [21]. 
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           Figure 3.2.  Analytical Current Behavior.                      Figure 3.3.  Experimental Current Behavior. 

 

Figure (3.4) presents the analytical fitting of the I-V characteristics, which shows a better resemblance with 

the experimental reported data [21] of the device and provides asymmetric behavior. 

 

      Figure 3.4. I-V characteristics. 
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Chapter 4 

Study of the synaptic behavior 
 

In this chapter we will discuss the implementing of memristor in a neural computing architectures and talk 

about the potentiation (P) and depression (D) process of the device while studying the synaptic behavior. 

4.1 Memristor as Synapses 

Neurons and synapses together form neural networks (Figure 4.1), which are the building blocks that provide 

humans with the ability to learn, think, and remember [23]. A human brain contains ~1010 neurons, each 

connecting to ~104 other ones. At each connection, there is a junction called a synapse, so there are ~1014 

synapses in a human brain. A key quality of the brain’s computing power is that the synapses are “plastic”. 

That is, the synaptic weight associated with each synapse can be modulated by signals (action potentials) 

generated from the two neurons joining the synapse, and the new synaptic weight can be retained. The 

synaptic weight, in turn, determines the transmission between these the neurons. Thus, synaptic 

plasticity, along with the very large synaptic connectivity empowers the efficient brain-based computing 

paradigm. Merely speaking, synaptic plasticity ensures learning ability while connectivity provides parallel 

processing capacity. 

 

Figure 4.1 Illustrations of a neuron pair connected by a synapse [23] 
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4.2 Potentiation (P) and depression (D) process 

The device used as an artificial synapse must provide conduction from LCS to HCS or from HCS to LCS on 

the electrical excitation [24]. 

To replicate the working of biological synapses, major research works are done on memristive devices, 

which are analyzed over a previous couple of years for non-volatile memory applications, due to their high 

scalability and low energy consumption. 

These devices, when provided with electrical excitation, shows a change in their conductance from SET to 

RESET states and vice-versa. 

The same concept can be used for the neuromorphic applications to provide the potentiation (increasing 

conductance) and depression (decreasing conductance) behavior in an artificial synapse. For this, several 

programming based models have been proposed which are based on the application of voltage pulses with 

varying amplitudes. 

 

4.3 Applied signal properties and correlation with experimental 

data 

During the potentiation process, 50 consecutive positive rectangular pulses followed by 50 rectangular 

negative pulses with amplitude of 4V and pulse-width of 5μs is applied on the device. Under positive pulses, 

the synaptic weight, i.e. the device conductance increases continuously with the number of stimulating 

positive pulses and decreases subsequently for the negative pulses. 

This behavior is similar to the learning behavior of the human brain, where the synaptic strength of the 

neuromorphic system changes according to the number of stimuli received during the learning process. This 

behavior is similar to the learning behavior of the human brain, where the synaptic strength of the 

neuromorphic system changes according to the number of stimuli received during the learning process. 

Thus, the continuous strengthening and weakening in synaptic weight defined by the potentiation and the 

depression processes where the former relates to the learning function of the brain and the latter are 

analogous to the forgetting process of the human memory. 
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Chapter 5 

Results and Discussion 
 

In this chapter, we have discussed results of proposed method. Proposed window function and its correlation 

with the experimental result. Modified current equation, its behavior and correlation of I-V characteristics 

with the reported experimental data. Conductance and actual power analysis. Synaptic behavior of 

memristive device and its correlation with the experimental data using figures and tables.  

5.1 Propose window function 

  

          Figure 5.1: Window Function 

The proposed window function shown in Figure (5.1) has a maximum value at (𝑥 = .5) and zeroes at the 

boundaries (𝑥 = 0 and 𝑥 = 1). 

The drift ion model given by HP laboratories [2] doesn't provide linear property at the boundaries and shows 

boundary lock problem, i.e. the drift velocity of oxygen vacancy becomes zero at (𝑥 = 0  and 𝑥 = 1).      

Since oxygen vacancy becomes zero, the state variable is locked at the boundary, i.e. (0 and 𝐷). 

The proposed window function shown in Figure (5.1) removes issues present in Chau’s postulates [1], 

provide better switching and proportional relationship between charge and state variable, which in terms 

provides better non-linear memristor behavior. 
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5.1.1 Pinched hysteresis current-voltage characteristics of memristive device: 

 

    Figure.5.2: I-V characteristic  

To analyse the various characteristics of memristor, a triangular waveform with a peak-to-peak amplitude of 

5V is applied. Figure (5.2), is the I-V characteristics of memristor, which shows the pinched hysteresis 

switching behavior and provide good R square score ~92% with the experimental result but failed to show 

asymmetric behavior present in the I-V characteristics. 

 5.1.2 Conductance: 

 

 

      Figure.5.3: Conductance vs. Voltage 
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The variation of conductance with the applied negative voltage (0 to -5) is shown in Figure (5.3). Here 

negative behavior of conductance with the applied voltage (0 to -5) shows the opposite flow of current in the 

memristive device and provides good R square score of ~94.2% with experimental data [21]. 

Practically conductance is a positive quantity. 

5.1.3 Synaptic behavior of memristive devices: 

 

           Figure.5.4: Synaptic Weight vs. Number of Cycles 

In the case of synaptic weight, we have applied a rectangular voltage pulse of amplitude 4V and duty cycle 

66 percentage. Figure (5.4) presents the analytical fitting of the synaptic weight characteristics, which shows 

a better resemblance with the reported experimental data of the device. 

But from the above Figure (5.4) it can be seen that the accuracy for potentiation (increasing conductance) 

process is ~82 percentage. Also, it is not possible to achieve depression (decreasing conductance) process in 

our model. 

5.2 Modified current-voltage relationship 

To overcome the issue present in the proposed window function model, we have modified the current-

voltage relationship in non-linear drift model, which provides good resemblance with the experimental data.  

5.2.1 Current-voltage characteristics of memristive device: 

To analyse the switching characteristics of memristor, a triangular waveform with a peak-to-peak amplitude 

of 5V is applied. Figure (5.5), is the I-V characteristics of memristor, which shows the pinched hysteresis 

switching behavior and provide good R square score ~98% with the experimental result. 
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The modified current equation also overcomes the problem of asymmetric behavior present in the I-V 

characteristics shown in Figure (5.2). 

According to Chua, any device such as RRAM to belong in the memristive device category must show 

pinched hysteresis loop characteristics [1]. 

As the pinched hysteresis loop is the primary footprint of the memristive device we can make some 

observations such as: 

• The I-V characteristics of memristor is always limited to the 1st and 3rd quadrant which indicates 

device is passive. 

• The pinched hysteresis loop is bounded between a maximum and minimum value of resistance i.e. 

𝑅𝑂𝑁 and 𝑅𝑂𝐹𝐹 . 

• The I-V characteristics of memristor always crosses the origin which means that once the input signal 

is removed from the device the output is always forced to zero. 

• As the frequency of the applied signal increases the pinched hysteresis loop shows the singled valued 

function and behaves as a linear resistor. 

 

 

        Figure.5.5: I-V characteristic 

 

To provide better resemblance with the experimental data, various fitting parameters present in the current-

voltage relationship has been varied, and most appropriate values have been taken in this thesis which can be 

seen in the Table (1). 
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    Parameters  Numerical Values          Physical interpretation 

𝑛 5 Hysteresis loop broadness 

control parameters 

 β 0.009 Experimental fitting parameters 

α 1 Experimental fitting parameters 

χ 0.0004 Magnitude of ideal diode 

behavior 

ϒ 1 Diode parameters like thermal 

voltage and ideality factor 

m Odd integer Control the effect of input on 

the state variable 

a 0.001 Control the effect of the window 

function 

𝑝 2 Parameter for bounding window 

function between 0 and 1 

 

Table 1: Numerical values and physical interpretation of parameters 

5.2.2 Actual power: 

 

Figure.5.6: Power vs. Voltage  
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Figure (5.6) shows the actual power characteristics of device which is showing good R square score ~98% 

with the experimental data. 

The power consumption in memristor mainly depends on the following factors: 

• applied voltage  

• current generated  

• pinched hysteresis loop width 

Any variation in the above factors affects the power consumption of a device 

The negative part of the curve provides the detail of power consumption for the negative polarity of the 

applied voltage  

5.2.2 Synaptic behavior of memristive devices: 

                 

 Figure 5.7. Potentiating characteristics of device                  Figure 5.8. Depressing characteristics of device 

 

On the application of positive and negative pulses, the value of conductance increases or decreases and also 

the depression and potentiation in the biological synapse.  

On the application of a train of 50 positive rectangular pulses with a peak to peak value of 4V and pulse 

width 100ms, we can see the strengthening in the synaptic weight (potentiation process) while on the 

application of 40 negative rectangular pulses with the peak to peak value of -4V and pulse width 100ms, we 

can see the gradual weakening of synaptic weight (depression process). 
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The potentiating and depressing characteristics of the device is shown in Figure (5.7) and Figure (5.8), which 

are very useful for device synaptic weight modulating. 

From Figure (5.7) and Figure (5.8), it can be seen that the proposed method in the thesis is providing a good 

R square score ~98.2% with the experimental data.  

The percentage R-square score of various graphs can be seen in Table (2). 

Name of 

Parameter 

Accuracy with 

experimental 

data  

Error with 

experimental 

data  

Current-

Voltage(I-V) 

Characteristics  

~98% ~2% 

Conductance  ~94.2% ~5.8% 

Actual power ~97.36% ~2.24% 

Synaptic 

behavior  

~98.12% ~1.78% 

Table 2: R squared (R2) % score with Experimental Data 
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Chapter 6 

Conclusions and Future Work 
 

6.1 Conclusions 

Here, Y2O3-based memristive switching characteristics have been examined using an analytical model with a 

new logarithmic window function and a modified I-V relationship for neuromorphic applications. The 

previous model had several discrepancies with the experimental data, such as the absence of a parameter to 

account for asymmetric nature of loop in the positive and negative voltage cycles. Our model successfully 

removes this problem by defining suitable parameters. The model is found to provide good resemblance with 

the learning and forgetting processes of the human brain through the potentiating and the depressing process, 

respectively. For the future evolution of the devices for realizing the hardware implementation of neural 

systems, these properties of memristors are convenient and useful. 

6.2 Future Work 

This model has removed several discrepancies which were present in the other models and provided proper 

parameters for the analyses of experimental results which help in the study of synaptic behavior of a Y2O3 

based memristive system. Memristors can be found useful in various neuromorphic hardware and machine 

learning-based systems. Among which memristor-based image processing systems are most prominent. 
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