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Abstract—With the increased level of complexity and 

market pressures to deliver better results faster and 

cheaper, Integrated Circuit (IC) companies are looking to 

innovate and introduce efficiencies into their development 

process. To improve IC design productivity and time-to-

market, this paper introduces an innovative Electronic 

Design Automation (EDA) tool in order to replicate an 

existing layout in different technology nodes by 

automatically porting analog and mixed-signal circuits. 

Furthermore, the paper presents a case study of the 

application of the Methodology Assessment Framework 

(MAF) as an evaluation tool to choose the best suited 

Software Development Methodology (SDM) for the EDA 

tool development project. 

 

Keywords— IP Porting, IC design productivity, EDA, 

Technology Migration, Layout Migration, SDM, agile 

 

I. INTRODUCTION 

ntegrated Circuit (IC) design complexity has been 

exponentially increasing since the appearance of transistors 

in 1958 [1]. Each generation of IC design process 

introduces improvements such as reducing the size of the 

transistors and wires and while increasing the number that can 

fit on a chip. Consequently, this allows the chips to run at 

higher frequencies and then the new designs get more 

sophisticated. 

 

As the process technology advances, IC design rules1 that are 

provided by semiconductor manufacturers to determine what 

can and cannot be manufactured also get more complicated 

and usually they are not compatible with previous generations 

 
1 Design rules determine whether the physical layout of a given circuit 

satisfies a series of recommended parameters to ensure that most of the parts 

will work correctly. 

[2]. According to Zhu et al.[3], “manufacturing processes are 

updated every 18 months each with a different set of design 

rules”, and companies need to offer different versions for 

different foundries. The standard cell library, which consists 

of standardized layout specific components, for each process 

update also increases [4]. As a result, regenerating a new 

standard cell library for each process update gets more costly 

and time consuming [4, 5]. Moreover, the circuits need to 

migrated to work with the new target technology and this 

requires a tedious, often manual process of iterating layout 

changes, extraction and simulation until desired characteristics 

are met [1]. 

 

To maximize their design investments and reduce their design 

duration, Intellectual Property (IP) providers reuse blocks and 

hard IP whenever possible. At the beginning of or during a 

new IC design project, it is often necessary to use and re-use 

available IP and circuits from previous projects, instead of 

designing everything from scratch [6, 7]. Design reuse makes 

it faster and cheaper to design and the time lost by completely 

re-designing an existing circuit in another technology process 

can then be spent on new parts of the system that add extra 

functionality and/or increase performance and productivity 

[8]. 

 

Furthermore, since IC companies choose to outsource the 

fabrication of their semiconductor chips to foundries (by going 

fabless), they need to migrate their existing circuit designs 

“between process technologies and within internal and 

external foundry processes” because, frequently, foundries 

differ in their versions even if they use same process 

technology node [7]. Particularly, the number of metal layers, 

material table, etc. 

 

Hence, there is a growing need in the semiconductor market to 

migrate an existing circuit layout between different technology 
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nodes and foundries in a reliable, fast and cost efficient 

manner [2, 3, 8, 9]. To produce designs quickly and to address 

design challenges, IC companies have been increasingly 

making use of the EDA tools [1].  

 

This paper introduces two innovative approaches that will 

improve IC design productivity and hence will facilitate faster 

semiconductor development and time-to-market. First, it 

introduces a new EDA tool in microelectronics which aims to 

automatically port analog and mixed-signal circuits between 

technologies nodes in the hard IP market. Next, it presents the 

application of a new framework called Methodology 

Assessment Framework (MAF) on this EDA tool development 

project to demonstrate how the agile methodology was chosen 

to be the best suited SDM to promote the adaptive planning 

and evolutionary development and delivery of a module of this 

tool using short and iterative development cycles. 

   

The article begins with introducing concepts relevant to the 

study as an overview. Next, it provides a detailed discussion 

on layout porting and its challenges. The paper continues with 

the introduction of the new EDA tool called OPIC that can 

help better manage the complexity in microelectronics for IP 

design porting of analog and mixed signal circuits between 

technology nodes. It proceeds with the case study on the use 

of agile methods during the development of a Design Rule 

Check (DRC) clean-up module of the OPIC tool. And it ends 

with concluding remarks. 

II. BACKGROUND / RELATED WORK 

There are studies that were focused on IP reuse and 

technology migrations due to their expected benefits. 

 

Sobe et al. [10] presents a method, that reflects common 

practice of analog design divided into design data conversion 

and sizing by optimization, to convert and optimize a circuit 

topology. Fu et al. [11] introduce a new rectangular 

topological layout for topology-driven cell migration. Kar et 

al. [12] talks about the technology migration process and 

introduce a new layout preserving migration tool called: 

TECHMIG. Francken et al. [6] presents a methodology for the 

migration of analog circuit design from one technology 

process to another, considering both the sizing and the layout 

phase. Diodato et al. [13] discuss porting of 2.5 micron CMOS 

VLSI design into 1.75 micron design rules. They were able to 

implement the new design in 33% less time and achieved 

smaller size in design rules by 19% and higher operating 

frequency by 43%. Dornelas, Helga et al. [5] introduced a new 

technology migration methodology for analog IC design and 

instead of doing the migration manually or at netlist level, they 

performed automated migration on a schematic level, followed 

by a robustness verification with the usage of MunEDA tools 

[5, 10].  

 

However, literature review has revealed that even though there 

is abundant research in the field of IP reuse, design migration 

and layout porting, their use in analog and mixed-signal 

circuits is not as common [2]. 

 

The literature review on the EDA tools and the use of agile in 

IC development projects has proven that the use of agile 

methods in hardware development projects is not as common 

as in software development projects [14].  Innovation is a 

great challenge in the EDA industry and to provide faster, 

better, and cheaper products, the major players in the industry 

focus on improving existing tools and methodologies [15]. 

According to Bryant et al. “The quality of the design tools and 

associated methodologies determine the design time, 

performance, cost and correctness of the final system product” 

[16].  

III. LAYOUT PORTING 

As Francken et al. stated “porting successful designs from one 

technology to another can distinctly reduce the design cycle” 

[6]. The aim of layout porting between technological process 

nodes is to be able replicate an existing layout (reference 
design) in different technology nodes by modifying or 

adapting it to a newer process design rules by taking 

advantage of the reusability of the layout resources 

accumulated from the initial process. Semiconductor foundries 

continue to innovate by continuous scaling of transistors. 

There is a growing need to redesign mixed signal circuits for 

new technological processes. The analog domain still lacks 

automation, which resulted in a manual design of analog 

circuits each time to migrate from one technology to another. 

While doing that the ultimate goal is to “achieve high quality 

layout with high integration and low power consumption and 
to shorten the design-time-to-market” [8]. This way, instead of 

spending time and effort from scratch to completely redesign 

an entire circuit, semiconductor companies can focus on 

innovation by adding new functionalities into their designs 

and focusing on increasing performance [6].  

 

IC products are usually mixed signal designs, in other words, 

they comprise of a combination of digital and analog 

functional blocks and circuits and the analog portions of these 

ICs are the most difficult portions of the chip to migrate 

between foundries and technology nodes [2, 17, 18]. In digital 

designs, reuse of IPs has already been well established thanks 
to fully automated digital workflow [8]. However, in analog 

circuit designs, reuse of IP have challenges, such as “coping 

with trade-offs among analog specific requirements, such as 

noise, linearity, gain, supply voltage, speed, power 

consumption, self-heating, etc” [8].  

 

Porting an existing design from technology A to technology B 

usually follows a two step design flow. In the first step, the 

given schematics and topologies are converted from the source 

to target technology and existing layout and mapping layers 

are migrated by recognizing different structure and device 

placements; preserving all floorplan, matching, routing and 

interconnect within the given layout [7, 19]. In the second 

step, these circuits and IPs are sized for the new target 

specifications and optimized for the new target process 
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technology. Then, Design Rule Check (DRC) verification is 

conducted to preserve all matching within given layout and all 

routing and interconnect and Layout Versus Schematic (LVS) 

will be performed to ensure that the layout conforms to the 

rules required for faultless fabrication and performance [4]. 

  

At the present moment, in the IC design process, schematics 

and layout design phases are carried out sequentially. We start 

with the original reference design (for example 65nm), when 

the technology changes and we want for example 45nm 

technology node, we need to first migrate the specs (voltage is 

different, Vref(min, max)); get the schematics and circuit 

topologies for the new technology; translate schematics and 

topologies  from 65nm process technology to 45nm process 

technology (via script); port the schematics from 65nm to 

45nm; verify schematics; then use the schematics to 

generate/port the layout from 65nm to 45nm and verify the 

layout created in 45nm. As can be seen, in this type of a 

design, we do not take advantage of IP-reuse; design that 

works in one technology will not work in the other 

technology. So, IP has to be completely redesigned when the 

technology changes, which leads to more errors in the new 

design, added time, cost and human resources. Just to give an 

idea, today, about 100 engineers work together to design a 

new IP. 

 
 

 
Figure 1: 2 steps of an IP Migration & Porting Flow [4] 

IV. NEW LAYOUT PORTING TOOL: OPIC 

This paper introduces a new automated layout porting tool to 

increase the effectiveness and efficiencies of the design 

conversion process by reducing the human resources required 

and by shortening the porting time while reducing the failures 

during conversion.  

 

There are some target layout recognition and conversion tools 

available commercially. However, these tools perform porting 

only when the reference design and the target technology is 

highly specialized (e.g. microcontrollers, etc.) and 

homogeneous (e.g. FPGA to FPGA).  

 

Available commercial tools do not include features like 

automatic porting between technology nodes and foundries for 

analog and mixed-signal circuits; they do not re-use the 

existing layout by making changes on it; instead they 

regenerate the layout from scratch using traditional manual 

porting methods. Given the size and complexity of each 

migration, traditional manual porting methods are too time-

consuming and costly. They are also risky and human 

intervention could impact the quality of the IP resulting in the 

loss of work that was already done in previous technology. IC 

designers need to reduce a risk of having costly design bug 

during the manual porting process from scratch. Therefore, the 

new layout needs to be retested rigorously for reliability, 

which impacts the IP delivery timelines. Moreover, instead of 

losing their precious time on repetitive manual tasks, IC 

designers should rather focus on using their creativity and 

precision crafting their designs. 

 

A tool that would automatically migrate any IP design and 

porting flow with minimum human intervention from one 

foundry specific technology to another would be invaluable 

for any IP provider. By using this kind of an automated tool, 

semiconductor companies can increase the efficiency of their 

IC design process by reducing the porting time and the risk of 

creating bugs or errors, as well as the costs. 

 

OPIC, which stands for “Outil de Portabilite entre 

technologies des Circuits Integrés/ Porting Tool for Integrated 

Circuits”, is a new EDA tool that is designed for hard IP 

market to automatically perform the porting tasks with 

minimum human intervention and replicate an existing 

analog/mixed-signal circuit design (reference design) within 

different foundries and technology nodes.  

 

The OPIC tool responds as well to an immediate need in the 

field of semiconductors and historical transition from 

traditional planar CMOS transistors to FinFETs, which is 

pending any adequate solution. The tool will be particularly 

useful in a variety of different important sectors, including IP 

providers, silicon foundries etc. within the semiconductor 

industry. 

 

This automated porting tool is a type of back-end design tool, 

which aims to provide a quick and robust analysis of IP using 

existing layout, floorplan and routing between the blocks and 

will generate a DRC (Design Rule Check) and LVS (Layout 

Versus Schematic) clean layout in the targeted technology 

with minimum human intervention. The tool will port the 

graphical patterns (polygons) for each transistor and wire on 

the IC from one technology to another while preserving the 

key characteristics of an existing layout including matching of 

critical components and their relative placement in order to 

create a layout design that will function properly when 

fabricated. 

 

The tool follows two major steps; first it will create a DRC 

and LVS database in technology B and then will perform 

circuit optimization and reflect schematic changes onto a clean 

layout.  
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The OPIC tool can be used to do the circuit and IP porting of a 

layout in source technology A to target technology B by 

converting the given schematics and topologies from the 

source to the target technology. It checks the geometries 

against geometry design rules, detects design rule violations 

according to specified IC parameters and automatically cleans 

them iteratively. As a final product, it generates an IC design 

in GDSII format, which is ready to be shipped to foundry for 

manufacturing. 

 

The tool takes an existing design layout in a given technology 

(technology A), which consists of network of transistors and 

described by a geometrically exact Graphics Data System II 

(GDSII) file, which is the de facto industry standard for data 

exchange of IC design layout, and generates a new layout 

design in a different technology node (technology B) by using 

the design spec for the new layout in technology B and the 

technical mappings (for both A and B). which can be reviewed 

by a physical layout designer before it gets sent out to the 

foundry for manufacturing.  

 

 

 

 

 

 

Figure 2: OPIC tool 

 

To perform porting between two technological process nodes 

(from A to B), we need to have the following as input and 

follow the following steps listed below. 

 

Input: Existing Layout Design in technology A in GDSII 

format, Design spec for the new layout in technology B, 

Technical mapping for technology A, Technical Mapping for 

technology B 

 

Steps: 

1. Open the given layout design in technology A with spec B 

and Existing Layout Design in technology A in GDSII format, 

Design spec for the new layout in technology B, Technical 

mapping for technology A, Technical Mapping for technology 

B migrate the layout into new layout design in technology B 

2. Run the EDA tool called Design Rule Check (DRC) on 

Layout of technology B to identify the violations of design 

rules  

3. Correct all the violations automatically and iteratively until 

the violations are cleaned 

4. Obtain 100% accurate (target) layout for new design in 

technology B 

Output: New layout design in technology B in GDSII format 

(binary file), which is ready to be given to IC foundries  

 

We can run simulations on this new layout design in 

technology B to test it further and send this layout to a 

Physical layout designer for verification before the design gets 

sent to the foundry. 

 

V. CASE STUDY: THE USE OF METHODOLOGY ASSESSMENT 

FRAMEWORK (MAF) IN THE OPIC PROJECT 

A. The MAF framework 

Selecting the appropriate SDM for a project is one of the most 

important steps to ensure the project success [20, 21]. There 

are so many SDMs in the market but how do we choose the 

right one? How do we determine and measure the concept of 

“fit” between the chosen SDM and the project? According to 

Mullaly & Thomas, “attaining fit suggests that there is an 

alignment between what is being implemented and the 

environment and situation of an organization”[22].  

 

The literature review has proven that there are several 

frameworks that have been used to define, compare and 

evaluate SDMs [23-26]. However, there is yet no 

comprehensive framework that uses the crucial factors to 

determine whether the traditional/plan-driven/waterfall, agile 

or hybrid type of system development methodology would be 

most suited for a project. Existing evaluation frameworks lack 

several aspects. Most of them have not considered evaluating 

agility.  The nature and the complexity of the project as well 

as the extent and enrollment of the project’s constituent base 

have been neglected or only partially addressed. To address 

the need of a comprehensive evaluation framework, this paper 

has identified seven factors that are critical to providing the 

project’s executive sponsor and governance body with a 

dashboard view over the project landscape. They are as 

follows: 

 

1. Outcomes being addressed by the project (OUTCOMES) 

2. Scope /features of the project (SCOPE) 

3. Nature and complexity of the project - CYNEFIN 

framework (CYNEFIN) 

4. Extent and enrollment of the project’s constituent base 

(CONSTITUENTS) 

5. Applicability of Agile principles to the project (AGILE 

PRINCIPLES)  

6. Team expertise and experience in system development 

methodologies (TEAM) 

7. Maturity of the organizations involved on the project 

(ORGANIZATION) 

 

This paper introduces a new framework called “Methodology 

Assessment Framework (MAF)” as a tool that is based on 

these seven decision factors to come up with an overall 

assessment of a project to help determine the software 

development methodology approach that is best suited.  

 

The OPIC project was evaluated against the seven factors of 

MAF (Outcomes, Scope, CYNEFIN, Constituents, Principles, 

Team, and Organization), using a series of self-evaluation 

tools that have been developed for each. 
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Figure 3: MAF framework and its 7 decision factors 

The MAF suggested that an agile methodology is best suited 

SDM for this project because the project scored very low on 

Outcomes, Scope and Constituents dimensions while 

reasonably high on the CYNEFIN, Organization, Team and 

Agile Principles dimensions as demonstrated in the table 

below and using the radar chart in Figure 4. 

 

 
Figure 2: The MAF evaluation of the OPIC project using Radar Chart 

 

B. The Use of Agile SDM in the OPIC Project 

OPIC tool is a long term project being developed in phases, 

module by module. DRC rule cleanup is the first module of 

OPIC that was implemented successfully tested. DRC checks 

if the layout satisfies a set of design rules required for 

manufacturing. If the design rules are violated, the chip may 

not be functional. 

 

OPIC DRC cleanup tool was implemented using JAVA and it 

is compatible with major EDA tools, such as Cadence, Mentor 

Graphics and Synopsys. The tool has been tested to ensure that 

it can correct DRC errors on a given layout (in GDSII file 

format) and the results have shown that the tool could reduce 

the tedious work of DRC checking from 25 hours of manual 

porting labor to 30 sec as demonstrated in the table below. 

  

 
 

65nm and 28nm technology nodes were the two platforms 

used for verification. A reference design including various 

analog and mixed-signal circuits was built in 65nm 

technology and OPIC DRC tool was used to determine if the 

layout satisfied a set of rules required for manufacturing to 

migrate it to 28nm.  

 

OPIC DRC clean-up is based on a proprietary algorithm 

(similar to the backtracking/shrinkage algorithm) and it 

includes 10 categories of common DRC errors that are related 

to spacing between metals, minimum width, etc. These errors 

are PO.C.2 (Polysilicon Oxide layer, Clearance), M1.W.1 

(Metal Layer – Width), NW.W.1 (N-Well Layer, Width), 

NW.W.2 (N-Well Layer, Width), NW.S.1 (N-Well Layer, 

Spacing), NW.S.2 (N-Well Layer, Spacing), M1.S.1 (Metal 

Layer, Spacing), CO.E.2 (Contact Enclosure), NP.E.1 (N-

doped Poly/substrate, Enclosure), PO.O.1 (Polysilicon Oxide 

layer, Overlap). An engine for correcting each error category 

was created. The tool recognizes these 10 different DRC 

errors and based on the error category it selects the engine that 

will correct the error. Until all the errors are cleaned-up and 

the DRC is clean, the tool runs iteratively, without human 

intervention.  

 

OPIC DRC tool was developed by using a combination of 

agile software development and agile project management 

methodologies. The project was evaluated against the seven 

dimensions of the MAF framework and agile methodology 

was identified as the best suited SDM. As a result, instead of 

defining the whole requirements, resources, technologies and 

tools upfront by using a plan-driven methodology like a 

waterfall, an agile development process was adopted, where 

MAF factors Description 

Outcomes Important - The number and criticality of 

outcomes have a bearing on the development 

method selected.  
Scope  Small project with low complexity 

Constituents Small project, few constituents with basic role 

(Inform, Consult or Educate) 
CYNEFIN Complex, with a bit of uncertainty, innovation 

and experimentation are required, problems 

and solutions are evolving 
Organization Established in terms of organizational 

capacity and maturity 
Team Advanced, in terms of skills and expertise 

Principles 100% supports agile values and principles 
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the requirements, design and the process emerge in parallel 

during short, iterative cycles called sprints. 

 

As shown in Figure 5 [27], the software development was 

based on an iterative life cycle and in one iteration cycle, an 

increment of the software was analyzed, designed, built, tested 

and integrated on a continuous basis until the full solution was 

realized [28]. At the end of each iteration, a subset of 

functionality was delivered to stakeholders for review and the 

software was built incrementally, piece by piece [29]. This 

way, the overall risk was minimized and the project could 

adapt to changes quickly. 

 

To be more specific, a hybrid agile approach of eXtreme 

Programming (XP) and SCRUM (where XP engineering 

practices are implemented in SCRUM sprints) were chosen 

and adopted in this project. According to Agile Alliance2, “XP 

is an agile software development framework that aims to 

produce higher quality software, and higher quality of life for 

the development team” while SCRUM is a project 

management approach.  

 

XP focuses on the developer side of the work with a set of 

engineering practices it mandates such as test driven 

development, pair programming, continuous integration, etc. 

which are very essential for building good quality software. 

SCRUM focuses on the project management side on what 

needs to be done. Since SCRUM does not have any 

engineering practices and XP does not have any management 

practices, XP and Scrum are well aligned and complement 

each other. 

  

 
2A non-profit organization dedicated to promoting agile methodologies at 

agiilealliance.org 

In the OPIC DRC tool project, the best practices 

recommended by XP were used for agile software 

development, such as simple design, pair programming, and 

small, frequent releases. SCRUM project management 

framework was used to manage the steps taken to develop 

software in conjunction with the use of XP to ensure the 

quality of the software. 

 

This project was led by a project manager, who was 

responsible for coordinating the work of the cross-functional, 

self-organizing Scrum team of 5 people and for ensuring that 

tasks were completed within the scheduled time. The work 

was broken down to fit 3-week long sprints. Each sprint 

includes the traditional phases of software development: 

requirements analysis, design, coding, testing.  

 

As shown in Figure 6, at the beginning of each sprint, a Sprint 

Planning meeting was held to plan the work to be done during 

the given sprint. In this meeting, a Sprint backlog that contains 

all the user stories (work items) to be implemented during the 

sprint was created, reviewed and prioritized. The team had 

daily scrum meetings of maximum 15 minutes to review the 

progress and productivity, to synchronize the information and 

to address the blocking issues. Team members worked on the 

user stories until completed. At the end of each sprint, a Sprint 

review meeting was held to demonstrate the work that was 

completed during the sprint and to gather feedback. The Sprint 

retrospective meeting was held shortly after that to reflect 

upon the last sprint in order to identify what went well and 

possibilities for improvement. 

 

Figure 5: Agile Development methodology used in the OPIC project 
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Figure 6: Scrum model that was followed in the OPIC project 

Agile methodology was successfully adopted in this project to 

deliver the OPIC DRC tool in an iterative, incremental 

approach. Combining two agile approaches XP (for 

development practices) with Scrum (for project management) 

proved to be effective. Planning and big-picture view was 

crucial. Everyone in the team needed to understand what they 

were working towards for each piece to be able to come 

together in the end. Establishing an upfront, common 

understanding of the criteria for done-ness for each user story, 

for each sprint and for the release was very necessary. Clear 

and open communication was paramount. Note that agile 

mindset had to be understood and embraced by everyone in 

the team it took some time to refine the Scrum model to the 

point where team members were comfortable and productive. 

VI. CONCLUSION 

Due to the complexity of recent advanced technology nodes, 

no automatic or pseudo-automatic tool has been developed for 

IP porting yet. This paper has introduced a new EDA tool 

called OPIC that will automate porting of analog and mixed 

signal circuits from one technology node to another.  

 

To select the appropriate SDM in order to maximize the 

chance of project success, the paper also introduced a new 

framework called MAF and used this framework to assess and 

evaluate an IC development project by using the OPIC DRC 

tool project as a case study. As per the MAF framework 

evaluation, which identified agile methodology as the best 

suited SDM for the project, the paper also presented a real-life 

example of adopting a hybrid agile methodology (combination 

of XP and SCRUM) in the OPIC DRC tool project.  

 

Automated OPIC DRC cleanup tool represents a major step 

for layout porting. This tool could be used as a standalone 

product and integrated with major commercially available 

tools to perform a DRC cleanup. It will allow designers save a 

considerable amount of time and use this time to focus on 

precision crafting their designs without sacrificing creativity to 

repetitive manual tasks.  

 

Once fully implemented, OPIC tool will perform both the 

DRC and LVS corrections, automatically. So, the next step is 

to create an LVS tool, which takes a schematic to identify and 

check IC electrical connectivity against IC schematics and 

makes corresponding changes on the layout.  

 

The need for increased capacity for more complex chips, 

speedups and new capabilities is growing and the time-to-

market is getting shorter, increasing design productivity by 

utilizing IP-reuse and EDA tools will continue to play a 

critical role in semiconductor design and development. 

 

As for the MAF framework, further empirical research is 

recommended to refine and update the proposed framework 

and apply it to assess various projects of different size and 

complexity. 
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Abstract—A new approach for ranking visual career 

counselling based on distance measures is explained. In this 

paper, the traditional method of career counselling will be 

carried out by means of distance consulting services to make 

career counselling. Especially, professional education in the 

capacity limitation and professional working demand for 

education has led to a proliferation of virtual applications. 

Hence, e-Visual Career Application has been developed as a web-

based program for clients who have taken professional 

counseling efficiently. With this application, it will help clients in 

the process of discovering and making decisions to their interests, 

abilities, personalities, skills and values. This paper relies on the 

implications of introducing online visual career consulting in the 

login sessions and how it affects the people (supervisor and 

client), the processes (consulting), and the organizations involved. 

Keywords—Visual Career Counselling, Traditional Method, 

Virtual Application, e - Visual Career Application 

I. INTRODUCTION  

This career application system is done with specially 
developed software for providing more fruitful advising system 
on career development by considering interests, capacities, 
personalities, abilities and values that are developed in order to 
help people while they are discovering the right track and 
making decisions on their career development in this paper.   

Distance education [1-2] is not a new concept and 
"Distance education", which eliminates the obligation of the 
instructor and the student to be in the same place; it is an 
education system, it is an alternative system to today's formal 
education system and its success rate increases day by day with 
the developing technology. Although a definite starting date 
cannot be determined but the use of distance education 
applications in an organizational structure is encountered in the 
19th century.  

In recent years, information and educational technology in 
distance education [3-5] have developed, while more 
information has been produced than in the past. These 
developments in distance educatrion changed the lifestyles of 
people, their needs and thoughts in obtaining information. As a 
result of the changes that occur in parallel with the 
development of educational technology in distance education, 
the most educational institutions is affected from globalization. 
Technological tools [6-7], which are always with individuals, 
increase the importance of the use of e-learning tools [7-10] for 
institutions and individuals to have an effective and productive 
structure in their career development. Thus, developing 
educational technology, reaching the information from the 

reliable sources and stating the references of the sources 
correctly can be considered as an important element in the 
development of societies [11].  For this reason, internet and 
computer are the most of the important communication tools 
which help people in reaching the scientific information on the 
right time. 

The online education [12-14] system is a very important 
education system in order to prevent formal education that 
cannot be processed fluently, especially as a result of the 
measures taken against global problems. Thanks to online 
education, students can continue their education without 
delaying their courses for lost opportunity in face-to-face 
learning [15-17] and time and can repeat the topics covered on 
the system. In this regard, online education are conducted in 2 
ways; asynchronous and synchronous [18-19]. Although 
distance education is called asynchronous education, but 
universities have unique learning management system (LMS) 
that can reflect their own characteristics and meet the 
requirements of the distance education applications [20] in 
today's world, adapt rapidly to technological innovations will 
arise in the medium and will provides synchronous education 
opportunities integrated into this system for a long term. Thus, 
this system as educational programmings [21-22] provide an 
interactive communication between instructors and students. 
Thanks to such educational programmings, it will be a 
important tools [23-24] that help students especially their 
career development skills. 

Discovering the existence of new science, gaining new 
facts, and using that information in the right place and on the 
right time lead to new job areas (career development skills) for 
people in the world. It can be seen that most of the people from 
different profession needs to update themselves and their 
knowledge each passing day. Providing counselling services to 
the people who are in the working life actively will help them 
to address the need of the people around us and this will raise 
their activities in their profession. However in recent days, it 
can be seen that lack of counselling advisors cause the 
problems in the processing of the duties. For this reason, 
applying the use of “distance web-based advising career 
application” has a huge importance. This application is dealing 
with management of synchronous, asynchrony [19] and the 
mix of them when supervisor and client conducting the 
consulting service at the same time (synchronous), when the 
advisor and client learn and use the counselling material 
separately (asynchrony) and hence the application system as 
learning management system [25-29] that use both of them 
together is called as mixing. e-Visual Career Application (e-
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VCA) System is a kind of distance web based for handling 
most of the career consulting activities as it can be done with 
face-to-face education. It is possible to have audio-visual 
communication with thorough independent career development 
advising career application system is also look like a face- to-
face environment. Client may follow the notes of the 
counselling weekly, personal information forms, tests, 
measurements, inventory, technics and weekly research 
activities through this career application system, they may 
interact with their supervisors and they may communicate in 
login sessions. The scope of this career application system is to 
gather requirements, analyze, design, and develop the e-Visual 
Career Application website. The objective of this engagement 
creates e-Visual Career Application (e- VCA) for supervisors 
and clients that will achieve the following goal:   

 Supervisors will be able to do the registration of the 
career application system on the internet.  

 Clients will be able to attend lively meeting arranged 
before.  

 A client registered in the system application will be 
able to access the counseling materials easily from 
their portal through this career application system.  

 All the questions are raised by the client will be able 
to produce chain of discussion have a change to 
discuss with his/her supervisor through the career 
application system.  

 Clients will get chance to ask for an extra meeting 
from their supervisors.  

 This career application system consists 5 sessions and 
each session is 45-50 minutes in a week.  

 Client will be able to do the personal information 
form, tests, measurements, inventories, techniques 
and weekly searching tasks on the career application 
system.  

 The attendance of clients will be able to be followed 
by the advisors with the help of career application 
system. The supervisor will be able to arrange an 
extra meeting hourly and will be able to send the 
counseling materials on the web.  

 This application system will be the center of most of 
the developmental areas related to teaching and 
learning with the raising application areas, with the 
harmony of the learning strategy, without any 
problem related to place and timeframe and with the 
flexible learning methods.  

 With the scope of the career application system, the 
content of the counseling is prepared for five week 
and all the counseling materials will be open for 
supervisor during the year.   

1.1 Executive Summary  

Implementing the system application is using common 
internet technologies with PHP and Mysql as the backbone, 
provides staff with a tool to easily communicate, distribute 

information and facilitates collaboration across the entire 
organization.   

1.1.1 Technologies Used  

This career application system is a kind of web application 
and is developed as;   

1. Database Design (MySql)  

2. Coding (PHP)   

1.1.2 Browser Compatibility Statement  

We request you to use the career application system in the 
latest version of browsers and are available from the market. 
Because the older versions may not support and some design 
part of the career application system needs manual update or 
automatic update to keep up to date of web browser.   

1.1.3 Software Interface  

The purpose of this section is to define all online screens 
that are part of the career application system and their 
interdependencies and to provide details on the functionality of 
the screen based on a user’s actions.   

 1. Web Server: .NET Framework, Web Browser. 

 2. Database Server : MySQL 

1.1.4 Security of System 

     PHP (coding) is a fast and easy-to-learn language, for this 

reason, we can cause software-related security vulnerabilities. 

The proposed system data is protected with password-based 

logins by SSH key, or secure shell that is an encrypted protocol 
used to administer and communicate with servers. SSH Key is 

any kind of authentication, including password authentication 

and it is completely encrypted. Thus, SSH keys 

use encryption to provide a secure way of logging into your 

server and are recommended for all users. For SSH key 

authentication is showed in Figure 1. There is a important point 

for user must place your public SSH key on the server in its 

proper directory. 

 

Fig. 1: Security of System by using SSH Key 

According to SSH keys Authentication; a private and public 

key pair are created for the purpose of authentication. When 

password-based logins are allowed, malicious users can 

repeatedly attempt to access a server, especially if it has a 

public-facing IP address. 
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II. THE APPLICATION SYSTEM 

     In a distance education process, there are many Learning 

Management System  (LMS) applications provide learning 

content presentation in a web based learning as web server 

software (MySQL, Apache, Oracle e.g.) for performing 

learning content that can be used in many different phases as 

career application systems. The significant time required to 

develop scales has also been a consistent finding in studies 

involving distance education in career and technical education 

career application system. For this reason, e -Visual Career 

Application (e-VCA) System is a kind of distance web based 

for handling most of the career consulting activities. In Figure 

2 shows that the details regarding the e-Visual Career 
Application (e-VCA), scales (files) and web server software 

are used in a career application system. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

Fig. 2: e-Visual Career Application (e-VCA) and Web Server Software  

 

     The career application system is designed and represented 

the general scope with a contextual boundary of e-VCA 
System. It describes the main objective of the system and its 

entities involved functionality. This career application system 

is designed totally five steps to show how it is easy to start 

using its organization functionality such as; Login, the page of 

Home, Archives and Scales, Clients’ Information and 

Sessions. 

2.1 Login 

     The first stage function is designed the page of login that is 

expected to play an important role in the conducting of online 

career counseling. The purpose of the login page is first 

required to register by from clients on the online website. This 

page also has access of the system that is secured by the 
login/password mechanism (by using private e-mail address) 

for the login id is created an account from the clients at the 

time of registration and provided it from their supervisors. 

Figure 3 shows that the details regarding the page of login in a 

career application system. 

 

2.2 The Page of Home 

     The second stage function is designed about view of 

registration information. The purpose of the home page has 

demonstrated views of total approved and unapproved clients 

are available. It has included how many total/active topics as 

personal information form, tests, scales, inventories, and 

research techniques weekly that are presented. In Figure 4 

shows that the details regarding the page of home in career 
application system. 

  

 
 
Fig. 3: The page of Login 

 

 

Fig. 4: The page of Home 

     Next one is about the lists of approved clients; it has been 

viewed with their information and supervisors can manage the 

client’s information such as their control by hitting of remove 

link, the listing their information that are showed. Secondly, 

this part has two important roles as print option; it is about 

print out of summary for active and inactive documents. And 

next one is about chart; it also has option to download and 

view in various formats about clients’ information. The detail 

regarding the page of Home is given in Figure 4. 

Supervisor 

Client 

Server Scales 

Archives 

e-VCA 

System 
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2.3 Archives and Scales  

     The third one is designed the page of Achives and Scales; it 
has all privileges to edit/delete all the files /directories created 
by supervisor who uploads topics (personal information form, 
tests, scales, inventories, and research techniques) and clients 
can view all the files uploaded by supervisor according to their 
sessions. The detail regarding the page of Archives and Scales 
is given in Figure 5. Supervisor can manage all of information 
as sending new tests, scales, inventories and new sources for 
special member clients. They also can search any member of 
client and take information about searched the member client. 

 

Fig. 5: The page of Archives and Sclaes 

2.4 Client’s Information  

     The fourth stage is designed for the page of Client info; it 
allows view of clients’ situation (personality information, 
address, attending session and other information). It has two 
important roles as adding clients and editing clients.  

2.4.1 Adding Clients   

     To add a client, go to the clients tab and fill in the form and 
click the add client button at the bottom of the page. Newly-
added clients are automatically given active status, allowing 
them to sign-in to e-Visual Career Application immediately. 
However, newly-added clients must be told how to access e-
Visual Career Application System that sent info feature to 
approved e- mail by using the activation with client 
information as username, password, and URL to sign-in.  

2.4.2 Editing Clients  

     To edit a single client, click on his/her row, update their 
information, and click on the save changes button at the bottom 
of the page. To edit alter multiple clients at once by clicking on 
the checkbox next to their name (or select all by clicking on the 
checkbox in the header) in combination with the button at the 
bottom of the page. 

Moreover, it gives change to supervisor can manage to 
keep certain clients from signing- in to e-Visual Career 
Application sets their account status as active or inactive.  The 
detail regarding the page of Search is given in Figure 6.  

 

Fig. 6: The page of Search 

2.5 Session  

The last one is designed for the page of Session. Career 
Counselling consult with scales determined by the consultant 
to implement the system for the distance career education of 
the necessary personal information, forums, testing, inventory, 
and make appointment online interviews with five sessions and 
each session is determined as 45-50 minutes. In this context, e-
Visual Career Application system offers online consultations 
that are relevant to the topic, inventory, scales (Holland or 
MBS), activities and the session on the techniques during last 
for five weeks. These sessions are as follows;  

1. Session: Configuration and discovery.  

2. Session: Scale and tests, and provide information about 
the application.  

3. Session: Transmission of test results, and review of the 
advisory tasks.  

4. Session: Duties discussion, brainstorming, information, 
research, and deal with the action plan.  

5. Session: progress review, and if necessary to determine 
new goals. 

At the same time, the client requests extra appointments to 
take any time from their supervisor by means of e-Visual 
Career Application system, session on the topic which is 
applicable to the person receiving vocational career education, 
carried out sharing inventories with supervisor electronically. 
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Fig. 10: The diagram model of the proposed system

 

 

Fig. 7: The page of Session 

 

 

This application system is applied on a blind student’s İnci 
GENÇ at Eastern Mediterranean University in TRNC. She got 
the necessary personal information, forums, testing; inventory 
on the application system by using record voice, and make 
appointment online interviews with five sessions and each 
session was as 45-50 minutes with his supervisor. She got a 
great achievement at the end of five sessions. The detail 
regarding the page of Session is given in Figure 7. 

This application system is ready to apply on close to 
graduate students (this semester) at Istanbul Gelisim  
University in Turkey for improving their career skills.  

III. THE MODEL APPLICATION SYSTEM 

     The model of career application system is designed with 
supervisor, client and functional activities are described.  In 
Figure 8 represents what are the bounders and scope of e-
Visual Career Application system. It describes the main 
objective of the system and is entities involved. Moreover, the 
diagram represents the general scope with a contextual 
boundary of e-Visual Career Application (e-VCA) system 
describes the main objective of the system and its entities 
involved. All details regarding the context diagram of proposed 
system is given in Figure 9.  

This career application system is done with specially 
developed software for providing more fruitful advising system 
on career development by considering interests, capacities, 
personalities, abilities and values that are developed in order to 
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help people for improving career skills in their future life and is 
figured out the overall system with its entities. 

     The model of e-Visual Career Application used sequence 
diagram generally and figure out the overall system. This 
model of diagram are interactions between a system’s clients-
system and supervisor-system with among objects in the 
system when relations occur with whole application system in 
Figure 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: The Model of e-Visual Career Application (e-VCA) System  

 

 
 
 
 
 
 
 

 

 

 

 

 

 

Fig. 9: The context diagram of e-Visual Career Application System 

 

IV. CONCLUSION  

     This paper proposes the e-visual career application system 
is designed for clients in helping to take professional career 
counseling efficiently and will help clients in the process of 
discovering and making decisions to their interests, abilities, 
personalities, skills and values. The designed career application 
system is included many features that improves pedagogical 
scales, inventory and many needed tools for of the academic 
disciplines, developing career in distance education programs 
utilize technology to a high degree. In addition, we can say that 

it is a system which is very useful and using time period for the 
specialists in terms of their distance, for the use of disabled 
people and new graduated students to improve their career 
skills in future life. 

     In the future, this study will need to be  conducted to 
determine the most effective ways to utilize distance education 
in the delivery of professional career counselling. 
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Abstract—This article discusses the usefulness of Okumura-
Hata model and Sakagami model in urban areas for 2G and 3G 
communication systems. At some places, applicability of the 
models (Okumura Hata and Extended Sakagami) is studied and 
extended to a much lower distance from the tower than the 
specified minimum distance indicated in the model. Authors did 
an extensive drive test in urban areas and post also processed 
data and proposed theoretical modified model which is 
presented and compared for different data sets at different 
locations in Oman. Higher order interpolating polynomial was 
also used which helps in reasonable prediction for RF engineers.  

Keywords—Propagation Models, Okumura Hata, Sakagami, 
Pathloss. 

 INTRODUCTION 

It is very challenging for wireless network designers to 
estimate the pathloss of transmitted signals to ensure the 
quality of service. Generally, the wireless signal is impacted 
by a variety of propagation mechanisms. These mechanisms 
include signal reflection, diffraction and scattering. 
Considering the GSM as the second mobile generation (2G) 
globally spread RF technology, many propagation models 
study the pathloss and predict the signal strength at specific 
distance by predicting the Maximum Permissible Loss (MPL).  

This paper is an extension to a paper published recently at 
IEMTRONICS 2020 of same authors (Rashdi, Nadir, & 
Lawati, 2020). However, current paper tackles also another 
model (Sakagami) and additional paths for experimental data 
in analysis. This paper proposes and focuses on the urban area 
with its extension in order to have a suitable propagation 
model for this area or any other urban area. The Okumura-
Hata has been practiced before by several researchers and 
compared to the real measured data. The Root Mean Square 
Error (RMSE) is to be used as one indicator as an error 
indicator and results validator. Okumura-Hata model also 
needs to be studied for 3G frequency spectrum to provide 
lower RMSE value which are not done before in these areas. 
Then, the generalized equation has to be obtained by 
averaging the RMSE values for studied paths in each area. The 
generalized formulas than is to be tested and verified in 

different paths of other areas and the obtained results should 
be within expected range (Jianhui & Dongfeng, 1998).  

For several factors, the RF design is a highly challenging. 
Special efforts are required in order to provide good coverage 
with sufficient capacity which satisfies the high demands of 
this populated area. Hence, the path loss variation with respect 
to distance is investigated and studied in this work. This is 
very helpful for RF engineers in order to have a special 
propagation model that can assist the radio network planners 
to implement high efficient network. In a radio 
communication system, the pathloss exponent has a solid 
effect on the quality of signals. Accordingly, it is required to 
precisely estimate or predict a perfect design of radio 
communication network.  

There are several researchers who working in this area. 
Several research findings are linked or address modelling of 
pathloss effects for a very narrowband communication by 
using diverse techniques starting from analytical models to 
empirical models. Businesses in this area are having a major 
issue to get maximum received power. So, for them losses that 
occur during transmission of signals from the transmitter to 
the receiver is very critical. This work addresses, the empirical 
method along with other techniques. It is tedious as it involves 
the huge data collection, analysis and processing and 
performing drive test. A fixed distance was initially taken 
from the base station to the receiver and later drive test was 
conducted. As a first step, the Centre of Business District 
(CBD) area has been subdivided into two sub areas. The 
reason for this is to facilitate the study in terms of data analysis 
and manipulation. Also, it has to be mentioned that each area 
differs from each other slightly in terms of buildings pattern 
arrangement. The buildings of the main area are quite tall and 
aligned in a uniform pattern. On the other hand, the buildings 
of the extended area are comparatively shorter and closer to 
each other. For the purposes of path loss modelling study, a 
GSM site in each of the two areas has been selected to be used 
as an RF signal transmitter. The name chosen for the site in 
the area is ‘Path-1 and Site-1’ and that for the extension area 
is ‘path-3 and Site-1’. 

American Journal of Science and Engineering, 2020, Vol-1, Issue-4 (December, 2020) in AJSE Publishers (http://ajse.us)

Copyright © AJSE Publishers                                                                             American Journal of Science and Engineering, 2020, Vol-1, Issue-4                16



 PROPAGATION MODELS 

A. Free Space Propagation Model 

As there is an increase in frequency, further to it, rapidly 
received signal decreases its amplitude when we increase over 
distance. Due to this reason, some companies like to use 
700Mhz for their cell-phones. This can cover a larger distance. 
WiMAX service, in the 2.5 GHz band loses power more 
quickly over distance than 700MHz. Similarly, some services 
in 5800MHz and above lose power even more intensely when 
distance is increased. This forces the operators to use higher 
power levels and big high gain antennas which has additional 
challenges. These figures are not yet in dB which has the effect 
of reducing the exponential signal deterioration over distance 
into a straighter graph. The pathloss, which represents signal 
reduction as a positive quantity measured in dB, is defined as 
the difference (in dB) between the effective transmitted power 
and the received power, and may or may not include the effect 
of the antenna gains.  The free space power received by an 
antenna separated from a transmitter antenna by a distance d, 
is given by Frii’s free space equation (1): 

                         
( ) Ld

rGTGtP
dRP

224

2
)(

π

λ=                        (1) 

Pt is the conveyed power, Gt , Gr are the Gain of the source 
and receiver respectively, λ is the wave length(m), d is the 
distance between source and receiver and L is the system loss 
factor (L≥1). The free-space pathloss denoted by Lp(d) is 
given by equation (2):  
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It can be seen from (2) that the free-space pathloss 
increases by 6dB when doubling the distance. 

B. Urban Propagation Environment 

There are several parameters which contribute in the 
propagation mechanisms. The signal is affected as it moves 
through an urban environment. There are structures, 
constructions which cause the signals to be returned or 
diverted and scattered. These phenomena of propagation of 
radio signals can be caused by Trees and foliage. The 
reduction of signals strength, can be measured by taking the 
difference between the median signal levels in front of the 
building and inside the building. We can go into depth by 
taking into account the civil engineering aspects of the 
buildings, materials used etc. In this case we can be more 
precise in prediction. Reflection, diffraction, and scattering 
are the three basic propagation mechanisms which impact 
propagation in a mobile communication system.  

C. Plane Earth Propagation Model 

Propagation representations are scientific depiction of 
results of tests carried on the propagation of wave under 
several different frequencies, antenna heights and locations 
over different periods and distances. When the radio wave 
propagates over the ground, it can be partially absorbed and 
the rest is reflected back to the medium. Due to the reflection 

from earth surface, the power of the signal can be higher than 
predicted by the free space model. Pathloss intended for the 
plane Earth Model is shown in (3 and 4) 
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Where, (d) = the path length (m) 

(h1) = BS height (m) 

(h2) =MS height (m).  

We have to select another model due to its limitations for 
GSM. Model should also consider, all other aspects also e.g. 
reflections from buildings, multiple propagation or diffraction 
effects. Further, due to changes in h2, everything will change 
and prediction or measurements will not be accurate. 

D. Attenuation Factors 

Ideally in free space the signal would be sent and received 
with no loss but that is not the case in reality. As the signal 
propagates through the medium, it encounters obstacles that 
contribute in the attenuation of the signal power. Hence, 
interpreting their contribution in the pathloss equations is 
necessary. The weather factors are too many and for simplicity 
they are often neglected. Due to this neglecting, the 
calculations will encounter some error. To achieve better 
accuracy, these factors are inserted into the model as RMSE.  
Rain is one of the attenuation factors. An area with high rain 
rate would encounter more attenuation than an area with no 
rain. This attenuation might be expected due to the nature of 
the rain drop. The rain drop is the result of a condensed water 
steam at low temperature. Due to its nature, the rain drop 
might scatter, absorb or reflect the signal. Humidity is another 
attenuation factor that contributes to the pathloss. The 
humidity is the result of the evaporation of water in the 
atmosphere near earth. Areas like coasts are high humidity 
areas. The attenuation encountered due to humidity in such 
areas is expected to be higher than areas with low humidity. 

 EMPIRICAL MODELS 

Propagation models are elaborated in this section; between 
them are Okumura-Hata model which was finally adopted for 
this article. 

A. Okumura Model 

Okumura's model is one of the most widely used models 
for signal prediction in urban areas. This model was the result 
of intensive propagation tests for mobile systems at different 
frequencies conducted by a Japanese scientist called 
Okumura. This model is represented by a set of curves 
(frequency (MHz) verses attenuation (dB)) assuming mobile 
antenna height of 3m. This model is appropriate under the 
following circumstances: 

• Frequency range of 150-1920MHz, 

• Distance from BTS of 1-100km, 

• BTS height of 30-100 m. 
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B. COST231 Model 

This model is a modification of Okumura-Hata model. The 
extension of this model includes higher frequencies which 
were not covered by the Okumura-Hata model.  

C. Walfisch Model 

This model was developed by Walfisch and Bertoni. It 
considers the impact of rooftops and building height by using 
diffraction to predict average signal strength at street level.  

D. Okumura-Hata Model 

Hata's model is the extension of Okumura's. This model 
can be similar to a mathematical illustration of the Okumura's 
model. It's in the form of empirical formulas. This model is 
consistent with the Okumura model for distances greater than 
1km. The conditions or basic limitations for this are 
mentioned as below:  

• Frequency range of 150-2000MHz, 

• Distance from BTS of 1-100km, 

• BTS height of 30-200m, 

• MS antenna height 1-10m 

 

The limits on this technique is due to range of test 
outcomes as illustrated above (Jianhui & Dongfeng, 1998). 
Hata created several typical Pathloss scientific models for 
different areas e.g. urban, suburban and open country 
environments, as mentioned in the following equations, 
respectively. Model takes urban areas as a reference and 
applies correction factors as mentioned below: For urban areas 
generalized Okumura-Hata model is given below:  

10 1 2 3= + −dB , ,L A BLog R E              (5) 

Where: 

( )( )
( )( )

( ) ( )

= + −
= −

= − ≥

= − ≤
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2
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2
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E 8 .29 L og 1 .544 h 1.1       for  cities; f 300 M H z ,

E 1 .1L og f 0 .7 h 1.56 L og f 0 .8  

fo r  rela tively  sm a ller c ities .     
 

 

Where: 

hm; MS height [m] 

dm; distance between the phone and the building [km] 

h0; height of a building [m] 

hb; BS height [m] 

r; circle distance BS and mobile [m] 

R=r x 10-3 great circle distance between BS and mobile [km] 

fc= frequency [MHz]   

Rest of the parameters are as mentioned above for small and 
medium cities (Z. Nadir, 2012; Zia Nadir & Ahmad, 2010; 
Wilson & Scholtz, 2003).  

E. Extended Sakagami model  

This model is described in (Shalangwa, D. A., & K., 2010) 
is presented by following equation:  ܮ௣ሾ݀ܤሿ ൌ 101.0 െ 7.11 logଵ଴ 	ܹ൅ 7.5 logଵ଴ െܪ ൬24.37 െ 3.7 ቀܪ ݄௕ൗ ቁଶ൰ logଵ଴ ݄௕൅ ሺ43.42 െ 3.11 logଵ଴ ݄௕ሻ	 logଵ଴ ݀൅ 20 logଵ଴ ௖݂ െ ܽሺ݄௠ሻ 
Where a(hm): correction factor for antenna height (hm). ܽሺ݄௠ሻሾ݀ܤሿ ൌ 3.2ሺlogଵ଴ሺ11.75݄௠ሻሻଶ െ 4.97 

 

So Pathloss can be calculated using the following 
equation: 

                  
= −p t rL (dB)  P P                           (6)                   

Where Pt is the transmitted power which is equal to 47dB 
for 2G and 34dB for 3G transmitters and Pr is the received 
power. The major models used for this study is Okumura-Hata 
model. Authors contribution is the usage of the model for less 
than 1km and proposing an interpolated polynomial for RF 
planners. 

 RESULTS AND DISCUSSIONS 

An intensive drive test was conducted along all pre-
identified paths using TEMS. Furthermore, the positioning 
information is collected via a GPS antenna. The measured data 
for each path has been recorded in terms of log files and 
processed using ACTIX. Google Earth program (not shown 
here in this paper) was also used to plot the received signal 
strengths. Duplicate data sets were also cleaned before post 
processing. After that, the data has been worked upon. This 
area of CBD can be considered as an urban area.   After 
defining, the study was supported to make an evaluation 
among the tentative and hypothetical data and the outcome is 
as shown in following Figures. 1-4: 

The results of measured path loss have been used as an 
input for usage with developed MATLAB scripts in order to 
plot the measured path loss and the predicted path loss curves 
as a function of distance. MATLAB is an efficient software 
for mathematical calculation and data analysis. After that, the 
variation between measured and predicted results has been 
obtained using RMSE method which was introduced earlier. 
The RMSE error indication technique has been used to modify 
each data set to have improved prediction capabilities. RMSE 
value combined all known and unknown factors and 
parameters impacting the path loss amount of the propagated 
signal. These factors include multipath effects, various 
propagation mechanisms and different weather conditions 
e.g., temperature and humidity. The RMSE value has been 
utilized to establish the modified propagation model for each 
studied path. After that, the RMSE value has been recalculated 
for the modified equations. 

Data-Set-A 
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fc=935.4MHz; hb=25m; hm=1.5m; H=30; W=20; 
RMSE Value for Okumura-Hate Model was 7.3864dB and 
modified RMSE value after modification of Okumura-Hata 
model was 5.1321dB which is within acceptable range 
(Jianhui & Dongfeng, 1998). Following figures (1-4) details 
the Pathloss and modeling.   

 
Fig. 1. Experimental and Theoretical Pathloss 

RMSE for Okumura-Hata Model is = 7.3864 
RMSE for Sakagami Model is = 26.7678 
RMSE after modifying Okumura-Hata model is = 5.1321 
RMSE after modifying Sakagami model is = 2.9289 

 
Fig. 2. Experimental and Theoretical Pathloss 

RMSE for Okumura-Hata Model is = 15.0821 
RMSE for Sakagami Model is = 39.4534 
RMSE after modifying Okumura-Hata model is = 4.4799 
RMSE after modifying Sakagami model is = 6.7232 
 
Data-set-B 
fc=2130MHz; hb=28m; hm=1.5m; H=30; W=20; 
 

 
Fig. 3. Experimental and Theoretical Pathloss 

RMSE for Okumura-Hata Model is = 13.4640 
RMSE for Sakagami Model is = 28.4557 
RMSE after modifying Okumura-Hata model is = 7.7247 
RMSE after modifying Sakagami model is = 5.5071 
 

 
Fig. 4. Experimental and Theoretical Pathloss 

RMSE for Okumura-Hata Model is = 22.3003 
RMSE for Sakagami Model is = 50.2530 
RMSE after modifying Okumura-Hata model is = 5.1666 
RMSE after modifying Sakagami model is = 6.3872 
 
Above shown graphs and after comparing with articles 
(Jianhui & Dongfeng, 1998; Z. Nadir, 2012; Zia Nadir & 
Ahmad, 2010) the results visibly display that the measured 
Pathloss is smaller in value than the predicted Pathloss by a 
variance from 5dB to 20dB. Nevertheless, there are several 
explanations that may have triggered those substantial 
modifications. First of all, in Japan there are few zones 
virtually fulfilling the conditions; and if any, they are narrow. 
Because of that reason Okumura selected the value for urban 
area as standard for open areas (Wilson & Scholtz, 2003). 
Furthermore, the topographical situation of Japan is different 
from that of our country due to geographical differences. 
Accordingly, Root Mean Square Error (RMSE) was 
considered amongst those two different values of pathloss, 
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for Hata model, using following (7) (Jianhui & Dongfeng, 
1998) (Shalangwa et al., 2010):  

 

ܧܵܯܴ    ൌ ට∑ ሺ௉௠௘௔௦௨௥௘ௗ೔ି௉௖௔௟௖೔ሻమ೔ಿసభ ሺேିଵሻ             (7) 

 
N:  Measured Data Points 

 
 
The RMSE acceptable range is up to 6dB so, the RMSE is 

adjusted with the Hata equation for urban area and the 
modified Hatas’ equation is as given below (8): 
 

= +

− +
± −

p _ mod 10

10 b 10 b 10

10 m 10

L (urban)  69.55 26.16Log ( f )

       13.82Log ( h ) ( 44.9 -6.55Log ( h ) )Log ( d ) 

        MSE (1.1Log ( f )-0.7 )h -(1.56Log ( f ) -0.8 )     

(8) 
The modified result of Hata equation is shown in Fig. 5 and 

Fig. 6 and the RMSE in this case is less than 6dB, which is 
acceptable (Jianhui & Dongfeng, 1998) . 

 
Fig. 5. Theoretical and Exp. Pathloss versus distance for data-set-A  

For verification, whether the modified Hata's equation is 
applicable for some other areas, another data generated from 
TEMS tool has been used. Based on that practical data, the 
propagation Pathloss and the distance have been re-verified 
for (Zia Nadir, Mohamed, & Touati, 2008). 

 
Fig. 6. Theoretical and Exp. Pathloss versus distance for data-set-B  

 
Hypothetical imitation and the found new data are 

equated and examined further using 3rd order polynomial to 
interpolate on same experimental data set which provided 
moderate flexibility. As shown in figures above, higher order 
polynomial also provides an equally even and effective guess 
without cumulative computational difficulties, which is 
expected for these estimates. A decent relationship is detected 
for the entire series of data set. The decent agreement of the 

features demonstrate that experimentally replicated numbers 
is a decent representation of that defined by Hata model.  

Additionally, the simulation and the attained tentative 
data is associated and examined additionally using other 
models like extended Sakagami model on the set of the new 
data which gives also satisfactory results. After observation, 
it can be safely said that the scatter plot of the experimental 
data on pathloss vs distance reveals a third order polynomial 
tendency. Fig.5 and Fig. 6 above, show the theoretical, 
experimental and 3rd order polynomial plots for Okumura-
Hata propagation model. As can be seen, results show good 
agreement between various studies. 

 
Universally, by calculating the RMSE for the second 

dataset it was also found to be less than 6dB, a satisfactory 
number. Nevertheless, some experimental values were a bit 
far from the interpolated points that can be related to the 
nature of the cell with high rise structures. Though there are 
many forecasts approaches that are based on deterministic 
procedures through the availability of improved databases, 
the Okumura-Hata model is still frequently used (Zia Nadir 
& Bait-Suwailam, 2014) (Zia Nadir, Bait-Suwailam, & 
Shafiq, 2014) . We are also aware that the hindrances in the 
path significantly affect the radio signal propagation (Hrovat, 
Kandus, & Javornik, 2012). Above all, wireless 
communication system avoids obstacles such as crossing 
objects owned by others. There are also many difficulties in 
establishing a wireless communication system in some 
applications (L khagvatseren. T & F, 2011).  As can be seen 
from above results, there are some discrepancies between 
RMSE values for each path compared to the other, although 
the modified results for each path are within accepted 
standards. After deep analysis and investigation of the 
possible reason for this mismatch, it has been noticed that 
some paths are served by the main lobe of antenna radiation, 
some are served by side lobes and some are served by a 
combination of the main lobe and side or back lobes. This 
conclusion has been obtained by reviewing all paths in 
Google Earth map with respect to the area of specific serving 
lobe. The following figure 7 shows general antenna radiation 
pattern concept and the radiation pattern of another site. 

 

Fig. 7. Radiation pattern of an antenna on one site 
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In order to produce a generalized model for UMTS path 
loss prediction use, the average of RMSE for all tested paths 
was calculated for the model. Then, the same well known 
process has been applied in to obtain a generalized equation 
for the propagation model.  After that, these equations have 
been applied for three different paths but not shown here. 
They are namely: Site-1 Path-1, Site-1 Path-3 respectively. 
The MATLAB programs for each path was developed and 
used for generalization and further verification. 

 
This work can be considered as a step forward in 

establishing generalized propagation models used for path 
loss prediction in other urban cities of Oman. Further 
intensive and comprehensive studies and research is 
recommended to achieve this goal. Also, it is highly 
recommended to incorporate various modelling techniques in 
addition to the RMSE method to study their accuracy and 
impact. Moreover, it is recommended to include more 
parameters in future prediction models that impact the signal 
propagation e.g., antenna parameters and patterns. 

 

 CONCLUSION 

As mentioned earlier, this paper is an extension to a paper 
published recently at IEMTRONICS 2020 of same authors. 
However, current paper tackled also another model 
(Sakagami) and additional paths for experimental data in 
analysis. This study focused on forecasting the root mean 
signal strength in diverse areas. As utmost propagation 
models aim to forecast the median pathloss, existing 
prediction models vary in terms of their applicability over 
different terrain and environmental conditions. The effects of 
terrain situation predicted at 900MHz and 2.1GHz were 
analyzed. Experimental outcomes of radio signals 
propagation for an urban area in Oman were related with 
those predicted based on Okumura-Hata model. The 
contribution is the prediction by at lower distances than the 
model is generally used and also validation of experimental 
data. If precise environmental information was included in 
the model, better prediction results might be achieved. 3rd 
order polynomial gave us also the unavailable experimental 
points showing a good agreement within adequate boundaries. 
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Abstract—This paper presents a comparative analysis 

of Ripple Correlation Control (RCC) with conventional 

Maximum Power Point Tracking (MPPT) methods such 

as Perturb & Observe (P&O) and Incremental 

Conductance (IC). Photovoltaic (PV) array along with the 

buck converter and its MPPT control have been 

simulated for all three MPPT methods at different solar 

radiation levels at 25oC and 70oC and results have been 

compared. From the simulation results, it can be observed 

that P&O is much affected with slow tracking and 

oscillations, and IC MPPT performs better than P&O in 

terms of tracking, but not for ripples. Simulation results 

verifies that RCC MPPT is capable of solving both these 

problems effectively and RCC performance is better than 

both P&O and IC MPPT methods. 

 

Keywords—PV, MPPT, RCC, HC, P&O, IC. 

I. INTRODUCTION  

   Sustainable energy resources are always in high demand 

due of the fast and continuous depletion of fossil fuels and oil 

resources. Among the available green energy resources, solar 

energy has emerged as one of the most impactful renewable 

energy resources which has the potential to replace 

conventional energy sources. Solar energy is a free and 

constant source of renewable energy which is harvested using 

environment-friendly photovoltaic systems. However, it also 

suffers from some drawbacks e.g. during the day time, level 

of solar insolation is non uniform, moreover, increase in the 

environmental temperature degrades the power transfer to the 

load. Therefore, the power generated by solar panel is not 

same all the time and due to this each and every time the 

Maximum Power Point (MPP) of photovoltaic system gets 

changed [1]. Solar panel can deliver maximum power to the 

load for a certain value of voltage VMP and current IMP. This 

point is known as Maximum Power Point (MPP) as shown in 

Figure 2. 

DC/DC convertor

MPPT Controller

Battery

Ipv

Vpv

PV Panel

Other loads

 

Fig. 1.   Single stage battery operated PV system. 

  Since, the output power generated per watt by solar panel is 

too high, it is reasonable to improve its performance via 

power converters. These converters have many advantages in 

solar PV system like it can provide isolation between PV 

panel and load, extract maximum power. Moreover, 

converters are effective means for implementing MPPT 

technology [19]. MPPT algorithms are integrated with power 

electronic converter which can deliver maximum power by 

controlling its duty cycle. In Photovoltaic systems MPPT 

based charge controller is preferred over PWM as a typical 

PWM charge controller can only be able to regulate the 

output voltage of a Photovoltaic (PV) array, not the current, 

but in MPPT controller both the voltage and current can be 

regulated. A general block diagram of a battery-operated PV 

system is shown in Figure 1. 

    Many research works have been done on MPPT in the last 

few decades such as conventional methods like Perturb and 

Observe [1-10], Incremental Conductance [11-16], Hill 

Climbing [17-19] have been deployed and a large number of 

modifications for these techniques has been proposed in the 

literature. The main shortcomings of P&O, HC & IC is that 

these methods can only track the maximum power when the 

irradiation conditions are uniform and it fails to track MPP 

when there is a partial shading or cloudy environmental 

condition. Further, these methods suffer from poor 

convergence, slow tracking speed, and high steady state 

oscillations (ripples). Therefore, to track the MPP under 

partial shading conditions conventional methods need to be 

modified. Due to which different modified versions of P&O 

have been proposed in the literature such as Adaptive P&O 

with fixed step size, variable step size, etc. [2-3]. 

Additionally, Soft Computing/Evolutionary algorithms [19] 

based approaches have also been emerged along with the 

conventional MPPT methods such as particle swarm 

optimization based MPPT algorithm [20] which is useful in 

finding the global MPP when there are multiple PV array 

with large area. These methods have numerous advantages 

like (i) ability to handle non linearity (ii) wide exploration in 

search space and (iii) coherent skill to reach global optimal 

regions these methods is considered to be a prime choice for 

non-linear optimization. Even-though the above alterations 

have enhanced the performance of MPPT charge controllers 

however, it is not sufficient enough for all the environmental 

conditions [6, 12]. This gives a motivation to the researchers 

to find some alternative ways to improve the performance of 

MPPT charge controllers under partial shading conditions.  
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  On the other hand, new era of MPPT algorithms in PV 

system have emerged when evolutionary algorithm was first 

applied for MPP tracking [21-22]. Due to its ability of handle 

nonlinear problems it has opened up new scopes of 

opportunities due to its simplicity, robustness and ripple 

removal characteristics. Ripple Correlation Control (RCC) 

[21-26] provides a solution to the steady state oscillations, 

which is mainly caused by the internal ripples present in the 

system due to the presence of power electronic circuitry. 

Since, P&O, IC, and HC methods do not consider these 

ripples as internal perturbations, due to which the algorithm 

consider them as external perturbations. As a result the output 

voltage and current oscillates around MPP, in turn power also 

oscillates. These oscillations are harmful for the battery, as it 

reduces its operating life span.  

 

Fig. 2.  Current and power of the PV panels versus voltage. 

In this work, RCC MPPT with buck converter for battery 

connected load has been implemented and its simulation 

results have been compared with P&O and IC MPPT 

methods. This work is an extension of [27]. The organization 

of the paper is as follows; Section I gives introduction of 

MPPT and various existing methods available in literature. 

Section II provides mathematical formulation of P&O, IC 

and RCC method, along with formulation of buck converter 

used in the simulation. In section III, parameters 

specifications are given along with photovoltaic system 

diagram. Section IV is simulation results and discussion, 

followed by conclusion in section V. 

II. BACK GROUND OF THE CONVENTIONAL MPPT METHODS  

In this section, a brief overview of the conventional MPPT 

methods along with detailed explanation of RCC control 

algorithm has been discussed. 

A. Perturb & Observe (P & O) 

The P&O Method [1-10] utilizes additional perturbations 

of current or voltage array to check if the system has 

achieved the nominal value of voltage or current. If the 

power output increases when voltage is changed in a 

particular direction of perturbation then it means that MPP 

will be obtained in that particular direction of perturbation 

and if the power output decreases for the same voltage 

perturbation then the MPP can be found by reversing the 

direction of perturbation. Although this method is easy to 

implement and is cost effective the overall system is never 

able to attain stability because apart from adding external 

perturbation to it the perturbation due to the environmental 

changes and the inherent generated perturbation affects its 

stability.  

  This method works on concept of continuous observations 

of PV array output power for the input perturbations, due to 

changing current or voltage of PV array. The algorithm 

continuously modifies the reference voltage or current based 

on the previous value of power until reaches the MPP [6, 7]. 

When dP/dV > 0 and the operating voltage of PV array is 

perturbed in a specific direction, it known that perturbation 

moves the operating point of PV array to the MPP. P&O 

method will then continue to perturb the PV voltage in the 

same direction. When dP/dV <0, the perturbation moves the 

operating point of PV array away from the MPP and the P&O 

method reverses the direction of the perturbation [8, 9]. 

B. Incremental Conductance (IC) 

Another algorithm to locate the MPP is Incremental 

Conductance (INC) [11-16]. In this algorithm a relationship 

between power and voltage is established where ideally the 

derivative of power with voltage is zero. This algorithm has 

both hardware and software complexity and is also 

expensive. The main drawback of this algorithm is that it 

increases the computation time of MPPT 
𝑑𝑃

𝑑𝑉
=

𝑑(𝑉𝐼)

𝑑𝑉
= 𝐼

𝑑𝐼

𝑑𝑉
+ 𝑉

𝑑𝐼

𝑑𝑉
= 𝐼 + 𝑉

𝑑𝐼

𝑑𝑉
  .             (1) 

Equation 1 represents the derivative of PV output power with 

voltage, the PV system will operate at MPP when this 

equation is equal to zero i.e. 

 
𝑑𝑃

𝑑𝑉
= 0 ⇒ 𝐼 + 𝑉

𝑑𝐼

𝑑𝑉
= 0 ⇒ −

𝐼

𝑉
=

𝑑𝐼

𝑑𝑉
 .             (2) 

Comparing the instantaneous change in conductance, 

𝑑𝐼 𝑑𝑉⁄ and instantaneous conductance of PV array I/V in 

equation 2, the position of operating point in relation to 

maximum power point can be revealed. Equation 3 shows the 

position of operating point at different values of 𝑑𝑃 𝑑𝑉⁄  

{
 
 

 
 
𝑑𝑃

𝑑𝑉
> 0, 𝑓𝑜𝑟 𝑉 < 𝑉𝑀𝑃𝑃

 
𝑑𝑃

𝑑𝑉
= 0, 𝑓𝑜𝑟 𝑉 = 𝑉𝑀𝑃𝑃

𝑑𝑃

𝑑𝑉
< 0, 𝑓𝑜𝑟 𝑉 > 𝑉𝑀𝑃𝑃

  .         (3)                            

C.  Ripple Correlation Control (RCC) 

Ripple correlation control is a nonlinear control approach 

applicable to power electronic circuits. It makes use of 

voltage, current, or power ripple and correlates this with 

switching functions to affect control [22]. The RCC solves 

major problems through less complex implementation. The 

most important factors and advantages of the RCC are the 

simple circuit implementation, fast computation/simulation 

time, there is no need for external perturbation like in P&O 

and IC, to generate ripple contents, converges asymptotically 

to the object and its converging rate can be tuned by the 

controller gain [21]. RCC is a method that is used to calculate 

the duty cycle which provides maximum power, which will 

be supplied to the gate of switching circuits to maintain MPP. 

The main advantage of RCC is that it uses inherent ripples 

that occur due to the power electronic elements i.e., the DC-

DC convertor used in the PV system. Through the correlation 

of the time based derivative of voltage and power the RCC 

tries to identify whether this correlation is greater than zero 

i.e., to the left of the MPP, or less than zero i.e., to the right 

of the MPP, or exactly zero” i.e., equal to MPP. 

  

 
𝑑𝑝𝑃𝑉

𝑑𝑡

𝑑𝑣𝑃𝑉

𝑑𝑡
  > 0 𝑤ℎ𝑒𝑛 𝑉𝑃𝑉 < 𝑉𝑀,                              (4) 
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 𝑑𝑝𝑃𝑉

𝑑𝑡

𝑑𝑣𝑃𝑉

𝑑𝑡
 < 0 𝑤ℎ𝑒𝑛 𝑉𝑃𝑉 > 𝑉𝑀,                               (5) 

 
𝑑𝑝𝑃𝑉

𝑑𝑡

𝑑𝑣𝑃𝑉

𝑑𝑡
 = 0 𝑤ℎ𝑒𝑛 𝑉𝑃𝑉 = 𝑉𝑀.                                   (6) 

The general equation used to find the ripple content is as: 

 𝑥̃(𝑡) = 𝑥(𝑡) − 𝑥̅(𝑡)                                            (7) 

𝑥(𝑡) is the general quantity that can be array current, voltage 

or power which contains both the ripple as well as moving 

average component.  𝑥̃(𝑡) is the ripple content whereas 𝑥̅(𝑡) 
is the average component. From equation (7) we can easily 

find out the ripple content of voltage, current and power.  

Figure 3 represents the RCC that has been implemented to 

find out the duty cycle. This RCC is different from [21-22], 

as it has low pass filter instead of high pass filters as in [21- 

22]. In this work RCC mentioned in [25] is implemented for 

battery operated systems for output power of 95 watts. The 

work differs from [25], in terms of load which is battery in 

this work and converter type, which is buck converter, 

instead of boost converter used in for grid connected load as 

in [25]. From the Figure 3 error is equal to the product of the 

ripple content of both the power and voltage.  

 
Fig. 3.  RCC block of the MPPT Controller 

 

To obtain the error 𝑒(𝑡) of power we will use the following 

mathematical equations; 

𝑝(𝑡) = 𝑣(𝑡) × 𝑖(𝑡)                                                     (8) 

Expressing i(t) and v(t) in terms of their ripple content as in 

(7) and using them in (8) we get,  

𝑝(𝑡) = 𝑣̅(𝑡) × 𝑖(̅𝑡) + 𝑖(̅𝑡) × 𝑣̃(𝑡) + 𝑣̅(𝑡) × 𝑖̃(𝑡) +
𝑣̃(𝑡) × 𝑖̃(𝑡)               (9) 

Therefore, power ripple can be expressed as; 

𝑝(𝑡) = 𝑖(̅𝑡) × 𝑣̃(𝑡) + 𝑣̅(𝑡) × 𝑖̃(𝑡) + 𝑣̃(𝑡) × 𝑖̃(𝑡)  (10)               

We can further express the product of 𝑝(𝑡) and 𝑣̃(𝑡)  as 

follows;  

 𝑝(𝑡) × 𝑣̃(𝑡) = 𝑣̃2(𝑡) [𝑖(̅𝑡) + 𝑣̅(𝑡)
𝑖̃(𝑡)

𝑣̃(𝑡)
] + 𝑣̃2(𝑡)𝑖(̃𝑡)    (11)      

Upon taking the derivative of 𝑝(𝑡)in equation (21) w.r.t. 𝑣(𝑡) 
we get;” 
𝑑𝑝(𝑡)

𝑑𝑣(𝑡)
= 𝑖(𝑡) + 𝑣(𝑡)

𝑑𝑖(𝑡)

𝑑𝑣(𝑡)
                                          (12) 

Linearizing, Figure 2 at point 𝑣0,𝑖0,we get; 

(
𝑑𝑖(𝑡)

𝑑𝑣(𝑡)
)
𝑣0

=
𝑖̃(𝑡)

𝑣̃(𝑡)
                                                            (13) 

Using equation (12) and (13) error can be expressed as; 

𝑝(𝑡) × 𝑣̃(𝑡) = 𝑣̃2(𝑡) [
𝑑𝑝(𝑡)

𝑑𝑣(𝑡)
] + 𝑣̃2(𝑡)𝑖̃(𝑡)                    (14) 

Error is directly proportional to the magnitude of 𝑑𝑝 𝑑𝑣⁄  as 

the average value 𝑣̃2(𝑡)𝑖̃(𝑡)  is zero over a cycle, 𝑒(𝑡) 
represents the distance from the MPP. When the output is on 

the left of MPP the average value of error is positive. When 

output is on the right of MPP the average value of error is 

negative.  When the output is at the MPP the average value of 

error is zero. From Figure 3, it can be inferred that when the 

error signal passes through the first PI controller it generated 

the reference signal, and the difference of this reference 

signal & PV array voltage  𝑣(𝑡) , acts as an input for the 

second PI controller that gives us the load angle δ, which is 

used to generate the PWM signal to control the switching of 

buck convertor. 

The DC-DC converter is used to convert one level of DC 

voltage into another level. According to the requirements one 

can opt Boost, Buck or Buck-boost converter. In this work a 

DC-DC buck converter has been used [26]. The primary 

function of the buck converter is to decrease the voltage 

according to battery charging requirements with increase in 

the current for fast charging of battery.  

 
Fig. 4.   Electrical Model of DC-DC Buck Converter. 

III. SIMULINK MODEL OF PV SYSTEM WITH RCC MPPT 

The Simulink model schematic of the PV system that is 

used for simulations is depicted in Figure 4, and represents a 

PV solar panel connected to a resistive load through a dc-dc 

buck converter with a variant subsystem of MPPT controller 

that allow to choose between these three MPPT algorithms.  

P&O, incremental conductance and RCC. 

 
Fig. 5.  Simulink Model of PV System. 

 

Fig. 6.  MPPT variant blocks and Simulink implementation 

of RCC MPPT controller [25]. 

The PV parameters used in Simulink simulation model of 

this work are given in Table I. The components parameters of 

the buck converter used in Simulink are given in Table II. 

The components parameters of RCC block are given in Table 

III. 
TABLE I 

PV ARRAY SPECIFICATIONS 

S.No. Parameter Name Value 

1 Number of cells in series n-cells = 36 

2 Open circuit voltage 𝑉𝑜𝑐= 21.6 V 

3 Short circuit current 𝐼𝑠𝑐= 7.34 A 

4 Series resistance of PV model 𝑅𝑠= 0 Ω 

5 Parallel resistance of PV model 𝑅𝑝= ∞ Ω 

6 Diode quality factor of PV model N=1.5 

7 DC link capacitor 𝐶𝑑𝑐= 100 µF 

American Journal of Science and Engineering, 2020, Vol-1, Issue-4 (December, 2020) in AJSE Publishers (http://ajse.us)

Copyright © AJSE Publishers                                                                             American Journal of Science and Engineering, 2020, Vol-1, Issue-4                24



TABLE II 
BUCK CONVERTER COMPONENTS PARAMETERS 

S.No. Parameter Name Value 

1 Inductance L = 23 µH 

2 Capacitance C = 120 µF 

3 Switching Frequency 𝑓𝑠𝑤=2*106 

4 Sample Time 0.0001 SEC 

5 Diode Resistance 𝑅𝑂𝑁 = 0.001Ω 

 

TABLE III 
RCC COMPONENTS PARAMETERS 

S.No. Parameter Name Value 

1 Time constant of LPF’s 1.5 ms 

2 PI controller (inside MPPT block) 
𝐾𝑝= 200 

𝐾𝐼= 5.5 

3 PI controller (outside MPPT block) 
𝐾𝑝= 2e-9 

𝐾𝐼= -0.009  

 

Simulation has been performed for three different types of 

variations, fist one is at 1000 W/m2 at 25oC, second at 800 

W/m2 at 25oC and third is for step variation [5] as shown in 

Figure 7. 

 
Fig. 7.  Step Variation of irradiance [5]. 

IV. RESULTS AND DISCUSSIONS 

All the simulations have been performed in 

MATLAB/SIMULINK 2018. First the irradiation level is 

fixed at 1000 W/m2 at 25oC and 70oC, and results of voltage, 

current and power for all three methods i.e. perturb & 

observe, incremental conductance and ripple correlation 

control have been captured using measurement scopes. Then 

same process is performed for 800 W/m2 irradiance level at 

25oC and 70oC. After this simulation is performed for Step 

variation of irradiance as shown in Figure 7, and graph were 

captured. There are many research papers available of P&O 

and IC methods in which simulation results have been given. 

In this work PV model parameters have been selected as in 

[5], since it was also a battery connected system. This work is 

an extension of [27]. 

Figures 8, 9, and 10 shows the simulation output of P&O 

MPPT obtained by the simulation using the setup mentioned 

in figure 5. The simulation results show that conventional 

P&O MPPT is very much affected from being slow tracking 

and oscillations both. This is because of internal ripples, 

which are generated due to the use of power electronics 

components. Actually, the system in P&O case, never 

achieved stability, and it always oscillate around MPP point. 

It is due to the internally generated ripples, which are 

considered as perturbations in P&O MPPT. Hence, the 

performance of conventional P&O MPPT is not up to the 

mark in terms of stability, ripples and tracking. 

 
Fig 8.  Voltage, Current and Power output of P&O MPPT for 

1000 W/m2 irradiance level at 25oC. 

 

 
Fig 9.  Voltage, Current and Power output of P&O MPPT for  

800 W/m2 irradiance level at 25oC. 

 

 
Fig 10.  Voltage, Current and Power output of P&O MPPT 

for Step irradiance at 25oC. 
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Fig 11.  Voltage, Current and Power output of IC MPPT for 

1000 W/m2 irradiance level at 25oC. 

 
Fig 12.  Voltage, Current and Power output of IC MPPT for 

800 W/m2 irradiance level at 25oC. 

 

 
Fig 13.  Voltage, Current and Power output of IC MPPT for 

Step irradiance at 25oC. 

 

Figures 11, 12 and 13 shows the simulation output of IC 

MPPT, from these Figures it can be clearly seen that, IC 

tracking is better than P&O MPPT, but output still consists of 

oscillations in all three cases of irradiance.  

 

 
Fig 14.  Voltage, Current and Power output of RCC MPPT 

for 1000 W/m2 irradiance level at 25oC. 

 
Fig 15.  Voltage, Current and Power output of RCC MPPT 

for 800 W/m2 irradiance level at 25oC. 

 
Fig 16.  Voltage, Current and Power output of RCC MPPT 

for Step irradiance at 25oC. 

 

From the Figures 14-16, it can be clearly seen that the 

problem of slow tracking and ripples (oscillations) has been 

solved by RCC MPPT.  Simulation results verify that RCC 

MPPT is capable of solving both these problems effectively. 

Basically these ripples were internal, generated due to use of 

power electronic converters, and RCC utilizes these internal 
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ripples as perturbations, and is able to eliminate them. Ripple 

problem is completely solved by RCC MPPT, but for 

tracking problem can be further improved by some adaptive 

control strategies. 

 

 

 
Fig 17.  Voltage, Current and Power output of P&O MPPT 

for 1000 W/m2 irradiance level at 70oC. 

 

 

 
 

 
 

Fig 18.  Voltage, Current and Power output of P&O MPPT 

for 800 W/m2 irradiance level at 70oC. 

 

 
 

 

American Journal of Science and Engineering, 2020, Vol-1, Issue-4 (December, 2020) in AJSE Publishers (http://ajse.us)

Copyright © AJSE Publishers                                                                             American Journal of Science and Engineering, 2020, Vol-1, Issue-4                27



 
Fig 19.  Voltage, Current and Power output of P&O MPPT 

for Step irradiance at 70oC. 

 

 

 
Fig 20.  Voltage, Current and Power output of IC MPPT for 

1000 W/m2 irradiance level at 70oC. 

 
 

 

 
Fig 21.  Voltage, Current and Power output of IC MPPT for 

800 W/m2 irradiance level at 70oC. 
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Fig 22.  Voltage, Current and Power output of IC MPPT for 

Step irradiance at 70oC. 

 
 

 

 
Fig 23.  Voltage, Current and Power output of RCC MPPT 

for 1000 W/m2 irradiance level at 70oC. 

 

 

 
Fig 24.  Voltage, Current and Power output of RCC MPPT 

for 800 W/m2 irradiance level at 70oC. 
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Fig 25.  Voltage, Current and Power output of RCC MPPT 

for Step irradiance at 70oC. 

 

From the Figures 23-25, it can be clearly seen that the 

problem of slow tracking and ripples (oscillations) has been 

solved by RCC MPPT as it performs at lower temperatures.  

Simulation results verify that RCC MPPT is capable of 

solving both these problems effectively. Basically, these 

ripples were internal, generated due to use of power 

electronic converters, and RCC utilizes these internal ripples 

as perturbations, and is able to eliminate them. Ripple 

problem is completely solved by RCC MPPT, but for 

tracking problem can be further improved by some adaptive 

control strategies. 

V. CONCLUSION 

This paper presents a comparative study between perturb & 

observe, incremental conductance and ripple correlation 

control MPPT. The PV system model used for simulation 

consists of the PV panel, the variant subsystem of irradiance, 

the buck converter and the variant subsystem of MPPT 

controller. This comparative analysis aims to show the 

improved performance of RCC method over conventional 

MPPT methods like P&O and IC. The simulation results 

show that both the methods perturb & observe and 

incremental conductance have oscillations in current output 

and hence power output in all three case i.e. 1000 w/m2, 800 

w/m2 and step irradiance levels; whereas, RCC MPPT does 

not has any sort of ripples neither in current output, nor in 

power output, which is a good sign for longer battery life. 

Simulations have been performed at 25oC and 70oC, for all 

the techniques, from the results we can conclude that due to 

semiconductor properties of solar cell, the performance at 

25oC is better than 70oC. Further, RCC performance can be 

made more improved in terms of tracking, by using a suitable 

adaptive control strategy. The work can be also extended by 

more range of temperature in analysis, with the inclusion of 

more MPPT techniques for comparison, along with hardware 

implementation. 
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A Novel Idea of Imagine & Real Speech Decoding 
Model Using Electrocardiogram to Enhance BCI  

Chowdhury S. Islam       

Abstract— Many researchers have tried to decode talked and 
guessed speech instantly from brain signals towards the growth 
of a raw-speech BCI. This paper intends to feature extraction 
and decoding, using the electrocorticoscope (ECoG), the auditory 
and articulatory features of the motor cortex.  Consonants were 
selected as auditory depictions, and both positions of articulation 
and manners of articulation were selected as articulatory 
depictions. The auditory and articulatory representations were 
decoded at different time lags concerning the speech onset to find 
optimal temporal decoding parameters. Moreover, this work 
explores the role of the temporal lobe during speech production 
directly from ECoG signals. Also, their temporal propagation 
before and after the speech onset was performed using 
classification and statistical tests. A novel decoding model using 
temporal lobe activity was developed to predict a spectral 
representation of the speech envelope during speech production. 
Deep learning was utilized in our analysis. This new knowledge 
may be used to enhance existing speech-based BCI systems, 
which will offer a more natural communication modality. Also, 
the work contributes to the field of speech neurophysiology by 
providing a better understanding of speech processes in the 
brain. 

Keywords— electrocorticogram; EEG; fMRI; deep learning; 
BCI;  

I.  INTRODUCTION  

The main intention of this research is that it specifies the 
purpose of the temporal lobe through speech construction. 
Although the role of the temporal lobe is known during speech 
perception (especially, the auditory cortex), its role during 
speech production is still not well-defined. Discovering the 
role of the temporal lobe while speech production takes place 
can increase the amount of information that is obtained during 
speech production, which will increase the efficiency of a 
speech-based BCI system [1]. These analyses highlight the 
temporal propagation of articulatory and auditory features 
with respect to the onset at a high temporal resolution. 
Previous researchers have not used ECoG in such a way [2]. 
Instead, there were attempts to understand the temporal 
differences between each representation using fMRI [3] which 
has a poor temporal resolution. Secondly, these analyses 
highlight the role of the temporal lobe during speech 
production as well as the activation/engagement of the 
temporal lobe along different time lags with respect to speech 
onset [4]. A very recent fMRI study indicated that there is 
predictive coding in the auditory cortex during speech 
production. In our research confirms this conclusion. Lastly, 
these analyses highlight the usefulness of deep learning [5,6] 
as an analysis tool in BCI. These collective findings provide 
important insights toward developing an efficient speech-
based BCI system. 

II. TEMPORAL PROPAGATION CHARACTERIZING RESULTS 

Different sets of words were presented for each subject, 
and any class that has less than 15 instances is excluded to 
avoid bias, the number of classes for each subject varies. After 
excluding rare classes, the number of classes  and electrodes 
for each subject is shown in Table 3.  

Table 3 : Subjects classes. M. of A stands for manners of 
articulation and P. of A stands for places of articulation. 

Subject Consonants classes 
number 

M.  of  A 
classes 

P.of A 
classes 

Electrodes 
number 

Subject A 11 5 3 31 
Subject B 13 5 3 9 
Subject C 13 5 3 21 

The classification indexes curves are based on 2 different 
window lengths: 300 ms and 600 ms. The analysis started with 
a time interval, starting from 500 ms prior to the onset for both 
300 and 600 ms windows, and ending at 100 ms or 450 ms 
after the onset in case of 300 ms and 600 ms windows, 
respectively. Herein, timings before speech onset will be 
indicated as negative. The places of articulation classification 
indexes curve based on a 300 ms window length is depicted in 
Fig. 1b, which indicates a significant positive gain in the 
performance in the interval [-.35,.05]s which can be described 
as the interval where the speech production stage is active. 
The gradual increase and decrease of the classification indexes 
curve show the consistency of the temporal propagation for 
this representation. However, for both consonants and 
manners of articulation classification indexes in Fig. 1a and 
Fig. 1c respectively, there are two peaks. The first and the 
second one occur in the intervals [-450,-150] and [-300, 0] 
respectively for both representations. This can be interpreted 
by the window length that was chosen (300 ms), which is too 
short to capture the information related to these two 
representations.  In order to validate the 300 ms-based analysis 
as well as to test the effect of the window’s length, the 
analysis was repeated with the 600 ms window’s length, 
which is the same window length of the classification analysis. 
Since the classification results were statistically significant 
using this window’s length, it is reasonable to speculate a 
higher classification index, at least in the [-300,300] interval. 
Fig. 2 depicts that classification indexes were improved as it 
was speculated. These points to the prolonged-time window of 
neural activity which is needed to capture the features. The 
consonants representation’s maximum classification index was 
found in the interval [-200,400] which is depicted in Fig. 2a. 
For the places of articulation which is depicted in Fig. 2b, the 
classification indexes reached their maximum in the time 
intervals [-300,300]. In case of the manners of articulation, the 
peak of classification index is around [-150,450], where an 
increase occurs as the window goes to the speech perception 
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stage. Nevertheless, the values of the classification indexes for 
manners of articulation are very small compared to the other 
two representations. 

 

(a) Consonants Classification Indexes  

 

(b) Places of articulation Classification Indexes 

 

(c) Manners of Articulation Classification Indexes 

Fig. 1. The estimated mean of the classification indexes for all articulatory 
and auditory features of subject A using 300 ms window’s length. The shaded 
area represents the 96% confidence interval.  

 

(a) Consonants Classification Indexes  

 

(b) Places of articulation Classification Indexes 

 

(c) Manners of Articulation Classification Indexes 

Fig. 2. The estimated mean of the classification indexes for all articulatory 
and auditory features of subject A using 600 ms window. The area of shaded 
stands for the 96% assurance interval. The X-axis depicts the shift by 50 ms of 
the features window. The Y-axis represents the classification index. 

 
 (a) Consonants Classification Indexes  

 

(b) Places of articulation Classification Indexes 
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(c) Manners of Articulation Classification Indexes 

Fig. 3. The estimated mean of the classification Indexes for all articulatory 
and auditory features of subject C using 300 ms window. The area of shaded 
depicts the 96% confidence interval. The X-axis depicts the shift by 50 ms of 
the features window. The Y-axis represents the classification index 

On the other hand, when increasing the window’s length to 
600 ms, depicted in Fig. 4c, the performance was enhanced 
and reached its maximum in the interval [-400,200], then 
decreased and remained constant with a smooth oscillation. 
The steady state of the curve (smooth oscillations) indicates 
that no information is gained or lost by shifting the window 
farther. The places of articulation classification indexes based 
on the 300 ms window’s length are depicted in Fig. 3b, which 
depicts an increase in the classification indexes all along the 
interval of [-300,1500] and the maximum classification index 
occurred in the interval [-150,150]. When increasing the 
window’s length to 600 ms, the places of articulation 
classification indexes curve did not change as is depicted in 
Fig. 4b. The consonants classification indexes based on 300 
ms window’s length is depicted in Fig. 3a. This curve depicts 
no significant classification index except in the interval [-
150,150]. Nonetheless, after increasing the window’s length to 
600 ms, the consonants classification indexes curve, which is 
depicted in Fig. 4a, depicts a high classification index in the 
interval [-300,300] and the performance remains merely 
constant up to the interval [-100,400], which indicates that no 
information is gained or lost when shifting the window from [-
300,300] to [-100,400]. The analysis of the subject B based on 
the 300 ms window’s length is depicted in Fig. 5. Consonants 
classification index based on the 300 ms window’s length 
curve in Fig. 5a is maximized during the interval [-150,150] 
which is the closest interval to speech perception. The 
manners of articulation classification indexes based on the 300 
ms window’s length curve is depicted in Fig. 5c, which has a 
behavior similar to the consonants curve, where it is 
maximized in the interval [-150,150]. However, the values of  

 

 (a) Consonants Classification Indexes  

 

(b) Places of articulation Classification Indexes 

 

(c) Manners of Articulation Classification Indexes 

Fig. 4. The estimated mean of the classification indexes for all articulatory 
and auditory features of subject C using 600 ms window. The area of shaded 
depicts the 96% interval of confidence. The X-axis depicts the shift by 50 ms 
of the features window. The Y-axis represents the classification index. 

manners of articulation classification indexes are much less 
than consonants. Places of articulation classification indexes 
based on the 300 ms window’s length curve is depicted in Fig 
11b, where it starts to increase in the interval [-400,-100] up to 
the interval [-200,100] which includes a speech-perception 
related activity. To further investigate the effect of the speech-
perception stage, the analysis was extended to the 600 ms 
window’s length which is depicted in Fig. 6. The manners of 
articulation classification indexes curve is depicted in Fig. 5c, 
where it is maximized in the interval [-250,350]. The places of 
articulation classification indexes curve, which is depicted in 
Fig. 6b, has a consistent increase starting from the interval of 
[-500, 100] and then it is maximized in the interval [-.3,.3], 
and after that, the curve starts to decrease. The consonants 
classification indexes curve is depicted in Fig. 6a, which has a 
consistent increase starting from [-500,100] and then it is 
maximized in the interval [-250,350], then it is followed by a 
decrease. The decrease of both consonants and places of 
articulation curves tells that shifting the window farther after 
the classification index-maximized interval causes loss of 
information. Based on the extended analysis of each subject, 
the temporal characterization of the auditory features, which 
are represented by consonants, based on the 300 ms window 
length depicts a higher classification index as temporal-
parameters of the features go toward the speech perception 
stage. Furthermore, the temporal characterization based on the 
600 ms window length supports this conclusion, that the 
speech-perception stage is more related to auditory features 
than speech-production. Neither of the articulatory features 
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representations, however, depicts consistent temporal 
classification indexes across subjects for both representations. 
For instance, subject B showed high manners of articulation 
temporal classification indexes but also showed weak 
temporal classification indexes for the places of articulation. 
In general, the articulatory features and auditory features show 
higher classification indexes in the case of the 600 ms 
window’s length compared to the 300 ms window’s length. In 
other words, both representations are distributed in a 
prolonged-time window and they are represented in a time 
interval larger than 300 ms. Nevertheless, the 600 ms window 
seems to be too long since the curves usually showed a steady- 
state classification index when shifting the window farther, for 
instance, subject C consonants (10c) and manners of 
articulation ( 10a) classification indexes curves, in addition to 

 
(a) Consonants Classification Indexes 

 

(b) Places of articulation Classification Indexes 

 

(c) Manners of Articulation Classification Indexes 

Fig. 5. The estimated mean of the activation Indexes for all articulatory and 
auditory features of subject B using 300 ms window. The area of shaded 
depicts the 96% interval of confidence. The X-axis depicts the shift by 50 ms 
of the features window. The Y-axis represents the activation index. 

 
(a) Consonants Classification Indexes  

 

(b) Places of articulation Classification Indexes 

 

(c) Manners of Articulation Classification Indexes 

Fig. 6. The estimated mean of the classification Indexes for all articulatory 
and auditory features of subject B using 600 ms window. The area of shaded 
depicts the 96% interval of confidence. The X-axis depicts the shift by 50 ms 
of the features window. The Y-axis represents the classification index. 

subject A places of articulation classification indexes curve ( 
8b). Further analysis must be done to capture the best window 
length for each representation. 

In general, the temporal characterization of the auditory 
features has a more consistent classification indexes curve. On 
the other hand, the temporal characterization of the 
articulatory features, which are represented by place and 
manners articulations, varied across subjects. More 
specifically, subjects A and C have consistent classification 
indexes for the places of articulation, but subject B has more 
consistent classification indexes for the manners of 
articulation. Fig. 7 depicts the typical and standard deviation 
of all representations across the three subjects. The 
Consonants curve, depicted in Fig. 7a depicts that the 
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classification indexes increase as the time window is shifted 
toward speech perception. Places and manners of articulation 
show a high standard deviation since the classification indexes 
for these two representations significantly varied across 
subjects. However, since places of articulation were better 
represented for two subjects and manners of articulation were 
better represented for a single subject, the standard deviation 
of the places of articulation is less than the standard deviation 
of manners of articulation across subjects. 

 
(a) Average and Standard Deviation of Consonants Classification Indexes 
across Subjects 

 

(b) Average and Standard Deviation of Places of Articulation Classification 
Indexes across Subjects 

 

(c) Average and Standard Deviation of Manners of Articulation Classification 
Indexes across subjects 

Fig. 7. The estimated mean of the classification Indexes for all articulatory 
and auditory features of subject B using 600 ms window. The area of shaded 
depicts the 96% interval of confidence. The X-axis depicts the shift by 50 ms 
of the features window. The Y-axis represents the classification index. 

III. MODELING SPEECH-RELATED NEURAL ACTIVITIES IN THE 

TEMPORAL LOBE 

Most of the selected electrodes of subject A were located 
at the inferior part of the temporal lobe, which is distant from 
the auditory cortex. Subject D has the best coverage of the 
temporal lobe, especially the auditory cortex. The critical 
value α.05 of the chance level Pearson correlation coefficient 
was estimated in order to have a simple and easy way to read 
results. The α.05 of the chance level Pearson correlation 
coefficient was calculated for each shift, subject, and 
frequency group. That is, 4 × 11 × 7 different critical values 
were obtained, where the 1st number refers to the number of 
subjects, the 2nd refers to the number of shifts, and the 3rd  
refers to the number of frequencies group. In order to 
understand how these critical values differ according to their 
parameters (i.e., subjects, frequency groups, and lags), they 
were grouped based on their shift. For instance, all critical 
values of -500 ms lag were best-fitted to a distribution. It was 
found that all shift-based groups followed a Normal 
distribution with very close means [.7,.10]. This means that 
the distributions of these grouped critical values are merely the 
same. Therefore, all critical values were bestfitted to a 
distribution, and it was found that they followed a Gaussian 
distribution with a mean of .09. This means that different 
parameters (i.e., subjects, frequency groups, and lags) do not 
affect the values of α.05.  

 
Fig. 8. The critical values obtained from different shifts, frequency groups, 
and subjects. 

This calculation yields α.05 = .0.1156, which would be 
considered one of the largest extreme values that a level of 
chance correlation could take which depicts in Fig. 8. 

Fig. 9 depicts the mean, which is represented by the black 
curve, and the standard deviation, which is represented by the 
gray shaded area, of the correlation coefficients over different 
lags across the 4 subjects. The lowest frequency group [1-
3]Hz starts from the top, and the higher frequency group [19-
21]Hz ends down at the bottom. The x-axis represents the lags 
starting from -500 ms and up to 500 ms (11 shifts). The red 
horizontal line represents the critical value α.05 of the level of 
chance. Based on Fig. 9, which depicts the Pearson correlation 
coefficients from -500 ms to 500 ms lags with 100 ms 
increase, the propagation curves start to increase from -.5 s to 
a point in the interval [.1,.2] s and then start to decrease where 
speech-related activity starts to diminish.  
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Fig. 9. The Mean and standard deviation of the average correlation 
coefficient across the 4 subjects for each frequency group between predicted 
and the actual output of the testing data.  

Fig. 10 depicts the Pearson correlation coefficients of subject 
D. Each curve represents a frequency group. The analysis 
starts at 500 ms before the onset and ends at 500 ms after the 
onset with an increase of 100 ms. All values in Matlab on the 
curve are statistically significant above the level of chance (p 
≤ .001) except when speech leads ECoG signals by 500 ms 
(i.e., the last point on the curve). For instance, the first group 
(f1 in Fig. 1), which is the mean of values at the integer 
frequencies power in the interval [1-3], has the best correlation 
with the actual signal and the second higher correlation is 
assigned to the second group of frequencies [4-6] and so on. 

This analysis depicts that there is stronger speech-related 
neural activity in the very early stage of speech production (-
500 ms prior) whereas the previous analysis showed there is 
either no or very weak speech-related activity in the temporal 
lobe before -220 ms with respect to the speech onset. It can be 
interpreted by the LSTM-RNN model is able to capture the 
nonlinear correlations between the ECoG and speech signals 
since the prior work was based on Pearson correlation 
coefficients between speech and neural activities. The 
performance of the linear regression along with the 
performance of the LSTM-RNN model is depicted in Fig. 11. 
For time lags -200 ms prior, the linear model depicts much  

 

Fig. 10. Decoding the frequencies of speech envelope from subject D 
temporal lobe using the gamma envelope based on LSTM-RNN model. 

weaker correlation coefficients compared with LSTM-RNN 
model. This may indicate the 

 

Fig. 11. Linear Model Performance (solid lines) VS LSTM-RNN (dashed 
lines) performance. 

nonlinear relationship between the neural activity in the 
temporal lobe in the very early the speech production stage 
and the speech activity. Fig. 11 also depicts the better 
performance of LSTM-RNN over the linear model [7, 8]. 
Another interpretation is that, in this work, the spectral power 
of the speech envelope provides a better representation than 
the raw envelope used in the prior study. 

IV. CONCLUSION 

The two main results of the speech-based BCI indicate 
that, firstly, the articulatory features appear before the auditory 
features in the motor cortex by 50 to 150 ms, and auditory 
features are most relevant to the speech perception stage. 
Secondly, the temporal lobe is able to predict speech 
information in the production stage. These two results suggest 
that multiple decisions can be taken from different regions 
across different time intervals. Combining these decisions will 
improve the reliability of the BCI system. For instance, a 
speech-based BCI can detect the articulatory features from the 
motor cortex and auditory features from the temporal lobe at 
the very early stage of speech production. After that, the 
auditory features are detected from both the motor cortex and 
the temporal lobe in the late speech production and speech 
perception stage. Finally, these decisions are combined 
together to reduce the error and maximize the probability that 
a detection is correct since more knowledge minimizes the 
error of machine learning models. This means that a speech-
based BCI system can be composed of multiple modules, 
where each one works on a specific feature representation 
(e.g., articulatory and auditory) from a specific brain region 
and at a specific time interval. In other words, each module is 
specialized in the representation-spatial-temporal decoding 
technique. Such implementation would lead to improving the 
real-time speech-based BCI system in a way that if the 
decision in the early production stage is very confident (i.e., 
probability of error is too low) then this will help to reduce the 
response time (i.e., time required to issue a command). This 
paper contributes to giving possible prototypes of such 
modules. Another possible usage is that if a speech-based BCI 
system is mainly implemented to decode the auditory features 
(e.g., phonemes), an articulatory features-based BCI system 
can provide support when the former system is confused, in a 
way that opposes or supports the decision of the auditory 
features-based system. 
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