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Background and Objectives: Several service identification methods have been
proposed to identify services using business process-based strategy. However,
these methods are still not accurate enough and adequately automated and thus
need improvements. The present study addresses this gap by proposing a new
semi-automated combinational method that applies process mining techniques
and simultaneously considers different aspects of the business domain (e.g., goal
and data). We argue that this method facilitates service identification more
comprehensively and accurately and helps enhance organizational performance
and lower cost structure.

Methods: Our method includes three Phases. In the first phase, the system log is
inspected, and the running business process is extracted using process mining
techniques. After validating this model, we create a goal and data model in the
next phase. In the third phase, we establish connections between the introduced
models by defining some matrices. These connections are of two types: structural
and conceptual. Finally, we propose a couple of algorithms that lead to the
identification of services.

Results: We evaluate the utility of our proposed method by conducting a case
study and using the experts’ opinions from different perspectives as follows: (1)
assessing the accuracy and reusability of the identified services, (2) appraising the
efficiency of employing this method in more complex processes, (3) calculating the
cohesion to coupling ratio, and (4) assessing the performance of the method and
other service quality measures. The results indicate that the average accuracy of
this method is about 12 % higher than the previously identified methods for both
simple and complex processes. Additionally, it empirically proves that using the
process mining techniques improves the service identification considerably (8%).
Moreover, according to the experts’ opinions, the combination of goal and data
model and process mining has increased the performance by 8%. In comparison,
cohesion to coupling ratio demonstrated a 7% increase compared to other
methods. In sum, we conclude that this method is an advanced and reliable way
of service identification regardless of the process size and the complexity.
Conclusion: The findings reveal that considering different aspects of business
processes together and using process mining techniques improves the ratio of
cohesion to coupling and accuracy of the identified services. Adherence to this
approach enables companies to mine their business processes, modify them, and
quickly identify services with higher performance. Besides, using this method
provides a semi-automated and more effective way of service identification.

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

In each organization, several business processes exist
that need to be reviewed and changed continuously to

comply with the organization’s goals [1], [2]. Using the
service-oriented architecture (SOA) is very helpful for the
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required changes due to creating reusable and easy-to-
change business services.

The first step in moving toward SOA is service
identification. There are different strategies for this
purpose, such as business processes analysis. Many
methods have adopted this strategy and identified
services by decomposing business process models
defined by experts in the design phase. Recognizing
potential services in the strategy relies on understanding
and identifying relations between activities, especially
those with loose coupling and high cohesion
dependencies in the business process models [3]-[5].
Using models in the strategy has caused simplicity and
understandability. Besides, the output of the identified
services will address the business needs [6].
Nevertheless, service identification based on the
strategy in the run-time and dynamic environment might
face some challenges.

First, the major problem with relying on predefined
BPMs to identify services is that such models are not
always available, especially for legacy software systems
[7]. In addition, there are some differences in most
companies between the process models that are
supposed to be run and the one that actually runs [8].
This discrepancy is because some necessary tasks,
internal control flows, and dependencies may not be
included in the business processes models defined in the
design phase. Therefore, if the future services are
identified based on the decomposition of the predefined
processes and not the ones that really run in systems, the
identified services may not meet the business
requirements. Besides, some tasks may never be
considered as a potential service and are ignored.

Second, if the company’s business requirements are
changed, some parts of the business process may be
affected and need to be altered. Therefore, having deep
knowledge and understanding of the ongoing processes
seems necessary to facilitate the changing process [9].
However, most companies do not have such sufficient
knowledge about running processes or, if they have, it is
not documented sufficiently or at least not presented
explicitly. Hence, the changing process would be
complicated, and following that may lead to some
problems in finding new suitable services.

Third, suppose services are only identified based on
the decomposition of process models without paying
enough attention to other aspects of the business
domain (e.g., business goals and data). In that case, the
final identified services may not have enough precision
and not be applicable.

Finally, the conceptual relations are the other subject
that has not been considered sufficiently compared to
structural ones in the strategy. Paying attention to such
connections between tasks, goals, and data models and

having data-aware business processes can lead to finding
or defining new services [10]-[11].

All above mentioned challenges can effect on
accuracy of the Method.

One solution to tackle these issues is combining
process mining concepts and business process-driven
strategy as a service identification method. In this regard,
some open questions need to be addressed [9]. One of
these questions is how to bundle the activities
discovered from process mining as a potential service.
The other one is recognizing reusable services that can
be used out of context [9]. This study presents a new
semi-automated service identification method by
combining process mining techniques, goal model, and
data model to answer these questions and the previously
mentioned challenges. To this end, we choose data and
goal models because they play a vital role in every
process such that other aspects of a business domain
would be meaningless without considering them. The
proposed method includes three following phases:

In the first phase, the running business process and
related knowledge are extracted from the information
systems’ event log. This phase, in turn, has three steps:
(1) identifying workflow (without data), which is
modeled by Petri-net, (2) validating the model by
conformance checking techniques, and (3) enriching the
model with finding related data to obtain a Business
Process Model and Notation (BPMN) with the data.
These steps are performed using process mining
techniques and algorithms. These techniques help
organizations to have a comprehensive view of the
current business processes and associated activities [12].
Also, they provide various monitoring and improvement
analysis tools. Furthermore, they help companies
reengineer their processes to gain better performance,
identify potential activities to be a service, change or
reuse them with reasonable cost, and have the processes
that address their business needs.

Phase 2 is dedicated to creating the goal and data
model that helps extract the relations between tasks and
identifying reusable services.

Finally, in the third phase, the mentioned models are
linked by introducing different matrices. These matrices
play a pivotal role in answering the mentioned
challenges and service identification. Also, they help
recognize semantic and structural relationships between
tasks to identify other potential services. In the following,
services are identified by presenting two algorithms.
These algorithms use the mentioned matrices to find
high cohesion and loose coupling tasks in their structural
or conceptual dependencies, targeted common goals, or
operating on mutual data. These tasks are assigned to
different services based on their features. By following
the above phases, the introduced setup questions are

2 J. Electr. Comput. Eng. Innovations, 11(1): 1-20, 2023



addressed. All the phases are covered in a case study,
followed by listing the services and their assigned
methods.

The remaining of this paper is structured as follows:
Section 2 presents a quick background related to the
research area. Section 3 describes details of our
proposed approach through a case study. Finally, Section
4 is dedicated to the evaluation and conclusion. In the
evaluation section, our method is compared with state-
of-the-art service identification baselines based on the
criteria introduced by some previous studies [7], [13],
[14].

Related Work

Several service identification methods with a different
strategy, input, or output have been presented in recent
years [12]-[14]. Because of the diversity and multiplicity
of these methods, our paper has limitations to inspect all
of them. Therefore, only well-known methods that use
business process identification strategies are discussed
in this section.

Wang et al. [15] introduced an approach for service
identification by making rules to design relations
between business activities and potential services. They
also designed ports, messages, and interfaces for
identified services by considering both business and
technical aspects. They presented a new algorithm that
decomposes the BPMN model. However, their approach
is not automated and has not been validated by a case
study. Also, it has ignored other aspects of task
dependency, such as the conceptual one.

Inaganti et al. [16] used some guidelines and
technology to identify services by decomposing strategy.
However, they did not introduce their measurement for
recognizing potential business activities. Besides, there is
no validating case study in their work. Indeed, their
research work focuses on bid business-level services.

Jamshidi et al. [17] presented a cluster-based method
that combines business entity strategies with business
process decomposition. After modeling the business
process, they identified and categorized the service
model elements. The method was evaluated based on its
use, users’ analysis, and comparing with other existing
methods. It is noteworthy that automation is not
considered in this approach.

Dwivedi et al. [18] introduced a method that uses a
heuristics algorithm for service identification. These
researchers used the UML diagram as a business process
model and applied it in a real example and model-driven
development. Detailed information about the heuristics
is not provided in this paper.

Bianchini et al. [19] used BP decomposition and
ontology to recognize potential services and investigated
process annotation semantically. Also, these researchers
considered cohesion and coupling to determine services.

A Multi-Aspect Semi-Automated Service Identification Method

Finally, they validated their method using a case study
without considering automation.

BPA Onto SOA is the name of a method introduced by
Yousef et al. [20]. Business process analysis and
considering functional and non-functional business
needs are the basis of this method. Also, Ontology, BP
decomposition, and clustering techniques are applied to
identify services; however, automation is missing in this
method.

Azevedo et al. [21] chose candidate services using
semantic point of view and heuristics algorithms. But
detailed information and automation were not enough
taken to account.

In [22], a clustering-based method is introduced. It
considers services as many activities with high cohesion
and loose coupling in their functionality. In this paper, BP
decomposition and clustering techniques and algorithms
are used. However, it does not consider other aspects of
the business domain.

In [23], a method was proposed based on clustering
and BP decomposition.

Moreover, in [20], 2PSIM was presented in which
partitioning algorithms are applied to the BP model to
identify services [24].

Kazemi et al. [25] introduced a method in the scope of
automatic service identification using decomposition of
business processes. But, it does not consider a different
relation between tasks such as conceptual ones. In [26],
the authors exhibited an automated model-driven
service identification approach. This method uses the
business model as an input and, after running heuristic
algorithms, gives the service model as an output. AMSI is
another automatic model-driven service identification
method that identifies services by applying a multi-
objective evolutionary algorithm. A high-level BP model
is the input of this method [27].

El Amine et al. presented a method for service
identification that uses both BP decomposition strategy
and particle swarm optimization (PSO) algorithm [28]. A
hybrid PSO algorithm was also applied in [29] for service
identification. This algorithm addresses service design
principles such as reusability, granularity, high cohesion,
and loose coupling.

Alwis et al. [30] presented a heuristic algorithm for
service identification based on business objects and their
relationships. This method is considered a semi-
automated approach that employs business processes.
However, they did not assess the accuracy of their
method, cohesion, and coupling metrics.

These authors also proposed another
automated heuristic algorithm that splits tasks into
different categories based on their service identification
functionality. This approach has a good performance for
very large enterprises.

semi-
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Nevertheless, due to the complexity of the method, it
is not successful in addressing the needs of small to
medium enterprises (SMEs) [31].

In [32], the authors provided a customized heuristic
algorithm for service identification based on analyzing
the business process codes. To this end, they developed
a tool that converts a business model to a service model.
However, this approach does not pay sufficient attention
to service measurements like cohesion and coupling.

In [33], the authors provided an automatic tool that
maps the BPMN component to software code for service
identification. These methods only consider structural
relations between tasks and ignore conceptual ones.

In [34], the authors proposed a framework that
decomposes process and related logs with clustering
algorithms. Then, an expert should modify the
recognized services based on service features. This
approach primarily depends on the process code and
experts’ opinions.

In [35], Leopold et al. introduced a new automated
identification method that extracts a list of service
candidates, including microservice, composite, and in
hierarchy services. This method did not provide any
solution for identifying the relationship between tasks.

Taibi et al. [36] proposed a method for service
identification using business process flow extraction and
clustering. After finding business process flow, they
applied clustering to find the services. This approach
does not consider system goals and data to find relations
between tasks.

Lshob et al. [37] proposed a framework that produces
a SOA model from the business process model. This
approach employs some interfaces to convert a business
process-based information system to an SOA-based one.
Business requirements and the relation between
activities are the missing aspects of this framework.

All the above methods employ a business process
decomposition strategy to identify services. These
process models are supposed to be run in the
organization. But, in the run time and dynamic
environments, most of them do not accurately and
sufficiently address business needs [38]-[39]. Also, they
may not show all tasks and related semantic and
structural relationships that run in running time. Besides,
since most of these methods do not have automated
solutions to identify services, they are often descriptive
and not sufficiently accurate.

Our literature review reveals that using running
processes and taking other business processes into
account can be a powerful technique for a more accurate
service identification. However, the studies conducted in
this regard are still scarce.

T www.data.4tu.nl

Proposed Approach

In this section, the proposed method is presented in
three phases.

In the first phase, the ongoing business process
model is extracted from the event log using process
mining techniques and tools. After validating this model,
it is applied as one of the inputs for the service
identification phase.

In the second phase, the goal and data model are
defined. These models help identify business and entity
services. Moreover, using them allows finding
conceptual relations and potentially reusable services.

Finally, in the third phase, services are identified by
introducing some matrices and proposed algorithms.
These matrices make a connection between BP, goal, and
data model. Also, structure and semantic relations
between tasks are identified using them. In this phase,
the tasks that address the common goals or use the
mutual data are considered the potential services
method because of their internal conceptual relations.

Having real data-aware business processes,
considering conceptual and structural interconnection
between tasks (with the help of goal and data models
and presenting semi-automated methods for service
identification), leads to more accurate services.

Phase 1: Process Mining

Discovering an accurate business process model by
process mining techniques needs different activities.
They include collecting event logs and converting them
to an acceptable format for process mining tools.
Besides, applying discovery techniques and validating
the output model is necessary in this regard [8]. In this
phase, we investigate the mentioned activities.

In general, event logs generated by ERP systems,
workflow management systems, or other information
systems can be used as a primary input for process
mining [8]. However, according to [40], they should be
converted to the most common mining formats, i.e.,
extensible Markup Language (MXML) and extensible
Event Stream (XES). There are different tools and
methods for this purpose [8], [9], [40].

Since this paper focuses on service identification
methods with the help of process mining techniques, we
adopt a valid real-life event log format that is ready to
use and exists in the process mining website®. This event
log is related to the fine management process. The
system's duty is to support and manage driving fines.

It contains activities, timestamps, and data related to
the activities. We use the Prom tools for processing
because it supports different process mining algorithms
and related plug-ins [41].

4 J. Electr. Comput. Eng. Innovations, 11(1): 1-20, 2023



Prom is one of the most popular and comprehensive
tools that researchers use. The Manual and tool
base/automatic part of this phase is shown in Table 1.

Table 1: Manual vs. automated part of Phase 1

steps User(manual) Automated/tool support
1 Import the log to Processes the log to find
Prom for process activities and data in the
output
2 Import the step 1 Processes the inputs,
output to the mining create process flow
algorithm
3 Import both Processes both inputs,
previous outputs to inspects and assesses the
conformance validation of the model

checking algorithm

4 Applying data-aware
algorithm

Generates process model
with assigned data

Event per case

1

Cases

150370

Events

561470

Event Min 2 Mean 4

classes

- Event classes per case

Event
Typesl

Originator

— Mean 4

A Multi-Aspect Semi-Automated Service Identification Method

Step 1: Finding Log Information

In this step, we inspect the log to discover activities
and their assigned data using Prom tools. The results
show that the event log contains 150,370 events. There
are at least two and at most 20 trails of events in each
set of events (called case). Also, the log demonstrates 11
different activities that happen in one process. These
activities are created fine, send fine, add a penalty, fine
notification, payment, credit collection, appeal to the
prefecture, appeal to judge, send and receive appeal and
notify result. Fig. 1 shows the extracted information
about the log.

Step 2: Mining Process

In this step, we try to find the process flow in the event
log by applying the inductive miner algorithm, which is
one of the best techniques for finding business processes
[42], [43]. There are different mining algorithms in the
Prom. However, studies show that the Inductive miner
produces more accurate and comprehensive results than
others in dealing with noises and making models [42],
[44]. The output is presented as a Petri net shown in Fig.

(relative)
26.781%
18.52%
14.223%
14.223%
13.821%
10.51%
0.746%

0.738%
0.178%

0.16%

0.099%

Fig. 1: Log inspection.

# ProM Ulfopia

ey e

crrrmmmn OO ® ® @ 6@

Send fine

Fine Notification
Create fine

Appeal to judge

Payment

Fig. 2: The workflow created by the inductive miner algorithm.
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Some black squares are placed parallel to other events
in the figure, meaning that this event can be avoided, and
another route can be taken. However, this rule does not
apply to ‘create a fine’ and ‘add the penalty’ events. The
output model needs to be checked for complying with
the event log. This procedure, called conformance
checking, can be performed using different algorithms
and tools [45]. We use the “reply a log on Petri-net for
conformance analysis” algorithms and plug-in, which is
simple and the most accurate algorithms in Prom tools
for this. Purpose [46] Conformance checking tries to
answer the question of “what is the probability of re-
establishing this process with this event log?”. Fig. 3
presents a 91% fitness for this process, suggesting the
validity of the extracted model.

Step 3: Data-Aware Process Mining

In this step, the log and the validated primary Petri net
are imported to the Prom for detecting data. The output
Data Petri net is shown in Fig. 4. In the resulting Data
Petri net, each task is presented by a transition. Variables
demonstrate the data associated with each transition.
Here, transitions perform CRUD operations on data
variables and identified data present attributes of the
four main entities which flow in the process. For the sake
of simplicity, this paper considers the entity instead of
the attributes. The entities and the corresponding data
models are shown in Phase 2 (Step 2).

Step 4: Mining BPMN

With the previous step’s output and utilizing

converting data Petri net to BPMN plug-in in Prom tool,
the final BPMN model with data is mined. To check the
validity of the outcome, we use BPMN to Petri net
converter plug-in in Prom to see whether it generates the
same data Petri net from obtained BPMN or not. The
results analysis reveals that the BP model completely
represents the same data as Petri net. If the model needs
to be re-engineered for any reason (e.g., having better
performance), it can be done in this step. For
transforming As-is to the To-Be model, following the best
practices proposed in [47] will be helpful. Following
these rules, we create To-Be Models and the final output
is demonstrated in Fig. 5.

Many plug-ins and algorithms in Prom directly
produce the BPMN model from the event log [44], [48].
However, their output just shows workflows without
presenting data, data streams, and their effect on
decision gates. Having such a process model does not
address the questions of this paper.

In this respect, by following our solution to reach the
data-aware BPMN model, not only the accuracy and
validation of the model in each step are checked but also
data entities play a key role in discovering a more
accurate BPMN model. Moreover, the Create, Read,
Update and Delete operation (CRUD) on each entity is
recognizable, which will be used in the service
identification phase to find conceptual relations
between tasks and entity services. It will be done by
defining the entity-task relation matrix.
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Fig. 3: Conformance checking by Prom.
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Fig. 5: The Business process model after applying process mining.

Phase 2: Modeling Goal and Data

This phase contains two steps: creating a goal and a
data model. Table 2 presents the automated vs. manual
parts of this phase.

Table 2: Manual vs. Automate parts of Phase 2

steps Manual (user) Automate
1 Create Goal Model
2 Assess the output of the

previous phase to create a

data model

Step 1: The Goal Model

In this phase, a goal model is created for the case
study. Using this model helps find business requirements.
Then, in the service identification phase, we will establish

a relationship between the BPMN model’s task and
related requirements in the goal model by introducing the
task-requirement matrix.

Such a relationship helps us to find the tasks with
reusability features. The tasks addressing the same goals
can be reused in similar service-oriented systems. There
are different methods to creating the goal model [49]-
[52]. We adopt GBRAM [50] in this research regarding its
simplicity. In this model, only one identifier is considered
for each requirement, and other characteristics of each
need are omitted. The goal model in this method has
different levels. The general goals are located at the
highest level. These goals are decomposed into smaller
ones to extract the requirements.

It is necessary to mention that if the goal model is
documented and exists in the organization, it can be used
as a basic model in this step, and there is no need to be
recreated.
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Fig. 6: Goal model.

Step 2: Data Model

In this step, we create the data model by utilizing data
that flow in the system. As mentioned in the last step of
Phase 1, this model helps find entity services. The data
model for the case study is depicted in Fig. 7.

Fine Payment

-Fine No -Fine Amount

“Wehicleclass
-Driver license no

balance

. -Drriver license no
-Points

-Amount
-Amount -Total Amount
-Date _Date
-Article
-Penalty
I
Fine Notificaticn Appeal

—Drriver license no -Drriver license no

-Fine No -Fine No

-Amount -Date

-Diate -Description

-Type -Besult] prefecture)
-Last ==nt -Result: judge

-Cue date

Fig. 7: Data model.

Phase 3: Service Identification

In this phase, services are identified based on data and
goal models in the BPMN. Combining these models and
using process mining techniques helps find both semantic
and structural relations between tasks. In this paper,
semantic relation is defined when either one or both of
the following conditions occur: 1) two or more tasks
either directly or indirectly (collaboratively) address the
common goals and 2) when tasks do the CRUD operation
on common entities. Considering these conceptual
interrelations between tasks helps have highly coherent
methods and more accurate services. Automated and
manual parts of this phase are depicted in Table 3.

Table 3: Manual vs. Automated part of Phase 3

Steps Manual (user) Automate
1 Can be created by user or Tools (Visual Paradigm)
Process input, find relations
) Import required Generate task-entity matrix
input (BPMN) Generate First relational
matrix
. Process input, find relations
Import requires .
3 input Generate a second relational
matrix
4 Generate final relational
matrix
. lragiatrs gl Finding services
5,6  inputs/Analyze the . .
rasullis Merging services

Step 1: Create Requirements Task Array

In this step, a requirement- tasks two-dimensional
array is created by adopting the goal model (Phase 2) and
the BPMN model (Phase 1). This array shows the
relationship between each task and related business
needs.

To fill out the cells of this array, for each requirement
set existing in the last level of the goal model, we
investigate the tasks on the BPMN model; if the tasks
support the needs, tasks are written in the related cell the
array.

Having this array helps find reusable tasks. If
organizations have the same goals, the tasks that address
these goals can be reusable.

Therefore, identified services with this attitude meet
the reusability factor, which is one of the service design
principles. We use this array later to identify candidate
services.

This matrix is indicated in Table 4.
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Step 2: Create First Task-Task Matrix

This step is divided into two-part. First, the relationship
between tasks and related data in the BPMN model is
investigated. For this purpose, we explore the data and
associated tasks in the BPMN model and determine the
type of operation that each task does on the related
entities. As mentioned before, each task can perform
different CRUD operations on entities. Then, an entity-
task matrix is created. The matrix rows are tasks, and the
columns are entities.

The cells show each task's type of operation on the
related entities.

To quantify the relationship rate between tasks and
the relevant entities, we need to convert their degree of
relativity to a numerical value. For this purpose, we adopt
this concept from [26]. Accordingly, it is assumed that
CRUD operations have different degrees of importance.
Their strength order is as C>U>D>R and their values
(between 0 and 1) are determined as Create(c)=1, Update
(U)=0.75, Delete= (D)=0.5 and Read(R)=0.25. As shown,
the highest degree of importance is attributed to Create,
and the lowest to Read [26]. The entity-task matrix for our
case study is presented in Table 5.

Table 5: The task entity matrix
E1: Fine, E2: payment, E3: Notification, E4: Appeal

El E2 E3 E4

tl
t2
t3
t4
t5
t6
t7
t8
t9
t10 R

D X C ™ C CO
(@]

cC ™ ™ O

)

A Multi-Aspect Semi-Automated Service Identification Method

In our case study, we consider each entity as a service
to find entity services. Since each service comprises some
methods, to determine them, in the task-entity matrix
(Table 5), we look for the CRUD operations presented in
the column associated with that entity. Entity services are
derived from a business data model and can be reused to
automate different business processes. Table 6 shows the
entity services and related methods:

Table 6: Identified entity services

Methods Entity services

Update (), Read (), Create ()  Fine

Create () Payment
Create () Notification
Create (), Read(), Update()  Appeal

In the second part, using the matrix shown in Table 5,
the following algorithm created the first task-task matrix

(Fig. 8).

Algorithm 1

1. foreach pair of tasks(i,j) in To-Be Model
2. sum = 0

3 foreach Entity e in Entity Set

4 if [Task-Entity]; . & [Task-Entity]; . have value

5. sum+ =1/2(Value[Task-entity]; e + Value[Task-Entity]; )
6. end if
7

g

9

1

end for

sum=sum*(count(shared entities)/count(available entities))
. [TT-First]; ; = [TT-First]; ; = sum
0. end for

Fig. 8: The first task-task matrix algorithm.

This matrix illustrates the relations between tasks
based on their access to entities. Thus, it helps determine
semantic relations between tasks. To develop this matrix,
for every pair of tasks in the business process model, if
they operate on one or some similar entities, the average
of their accessing types to each common entity will be
calculated. Afterward, these values will be added
together. In the next step, the number of shared entities
by these tasks is divided by the total number of entities
accessed by these tasks. The result is multiplied by the
value calculated in the previous step. This output is placed
in the cell, i.e., at the intersection of the two tasks in the
matrix. Applying this algorithm has two benefits. First, it
helps understand tasks’ relationships considering their
impact on shared entities. Second, it allows finding the
hidden and semantic relations between tasks. For
example, if task x and task y impact similar data, they are
conceptually related.

Applying the above algorithm and identifying such
relations lead to identifying tasks that can be potentially
considered for service detection (Table 7).
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Step 3: Finding Structural Relation by second task-task matrix

In this step, the second task-task matrix is generated to
illuminate the structural relations between tasks in the
business process model.

Some analysis and design tools such as Visual Paradigm
can automatically generate this matrix using the BPMN
model; however, the matrix created by such tools has
some shortcomings. For instance, it only considers the
direct relationship between two tasks. Also, if a gate or
event exists between them, they will not be considered as
related tasks. Additionally, this tool neglects some series
of patterns in business processes, such as tasks placed
before or after a gateway that can be considered as
services. We develop new tools that get the XML version
of the BPMN model as an input to tackle these problems
and analyze them. Then, it tries to find and quantify the
structural relation between tasks by applying the
following algorithm. In our proposed algorithm, if the
connection between the two tasks of Ti and Tj is direct in
the business process model, the value of the cell (Ti, Tj) in

Table 7: First task-task matrix

the second task-task matrix will be equal to 1. There
should be a gateway between Ti and Tj, 0.5 will be
assigned as the value. The value will be set to 0.25 if two
gate ways are placed in a row and between the tasks. The
value will be equal to 0.75 under the condition that Ti and
Tj appear on branches positioned before or after a
gateway (Fig. 9).

Algorithm 2

1 foreach pair of tasks in To-Be model like Tiand Tj
2 if there is a direct edge between Ti and Tj

3 [TT_second]i,j=1

4. else if there is a gateway between Ti and Tj

5. [TT_Second]i,j=0.5

6 else if there are two gateways between Tiand Tj
7 [TT_Second]i,j =0.25

8 else if Ti and Tj are tasks in branches after/before a gateway
39, [TT_Second] i,j=0.75

10. end if

11. endfor

Fig. 9: Quantify second task-task matrix procedure.

tl t2 t3 t4 t5 t6 t7 t8 t9 t10
tl 0 0437 0.875 0312 0.875 0312 0312 O 0.312 0.625
t2 0473 0 0.375 0.166 0375 0.166 0.166 O 0.166  0.25
t3 0.875 0375 O 0.25 0.75 0.25 0.25 0 0.25 0.5
t4 0.312 0.166 0.25 0 0.25 0.083 0.083 0 0.083 0.125
t5 0.875 0.375 0.75 0.25 0 0.25 0.25 0 0.25 0.5
t6 0.312 0.166 0.25 0.083 0.25 0 1.125 0.312 1.125 0.125
t7 0.312 0.166 0.25 0.083 0.25 1.125 0 0.825 0.75 0.25
t8 0 0 0 0 0 0.312 0.125 0 0.25 0
t9 0.312 0.166 0.25 0.083 0.25 1.125 0.75 0.25 0 0.125
t10 0.625 0.25 0.5 0.125 0.5 0.125 0.25 0 0.125 0
Table 8: Second task-task matrix
t1 t2 t3 t4 t5 t6 t7 t8 t9 t10
tl 0 0.25 0.5 0 0 0 0 0 0 0
2 0 025 0 0 0 0 0 0 0 0
3 0 0.25 0 0.5 0 0 0 0 0 0
t4 0 0.25 0 0 0.5 0.25 0 0 0.25 0.25
t5 0 0.25 0 0 0 0.25 0 0 0.25 0.5
t6 0 0 0 0 0 0 1 0 0.75 0
t7 0 0 0 0 0 0 0 1 0 0
t8 0 0 0 0 0 0 0 0 0.25 0.25
t9 0 0.5 0 0 0 0.75 0 0 0 0.25
t10 O 0 0 0 0 0 0 0 0 0

10
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t1 t2 t3 t4 t5 t6 t7 t8 t9 t10
tl 0 0.723 1375 0312 0875 0.312 0.312 0 0.312  0.625
t2 0.473 0.25 0.375 0.166 0375 0.166 0.166 0 0.166 0.25
t3 0.875 0.625 0 0.75 0.75 0.25 0.25 0 0.25 0.5
t4 0.312 0.416 0.25 0 0.75 0.333  0.083 0 0.083  0.375
t5 0.875 0.625 0.75 0.25 0 0.5 0.25 0 0.5 1
t6 0.312 0.166 0.25 0.083 0.25 0 2125 0312 1875 0.125
t7 0.312 0.166 0.25 0.083 0.25 1.125 0 1.125 0.75 0.25
t8 0 0 0 0 0 0.312 0.125 0 0.5 0.25
t9 0.132  0.666 0.25 0.083 0.25 1.875 0.75 0.25 0 0.375
t10  0.625 0.25 0.25 0.125 0.5 0.125 0.25 0 0.125 0

The output matrices generated by the suggested
algorithms facilitate the identification of structural
relations between tasks. Thus, the challenge of
insufficient attention to the structural relationships
between tasks in other service identification methods is
overcome by creating this matrix. The second task-task
matrix is presented in Table 8.

Step 4: Final task-task Matrices

The final matrix is equal to the sum of the first and the
second communication task matrices, which shows the
relationship between tasks from both structural and
conceptual points of view. Therefore, each cell’s value in
the first and second communication matrix is summed
and written in the corresponding cell in the final task-task
matrix. Table 9.

Step 5: Recognizing candidate services

In this part, we create a service based on the business
needs identified in Step 1 of Phase 1. For each business
requirement, a new service is defined. Then, related
methods for each service are determined by applying an
algorithm presented in Fig. 10. According to this
algorithm, the requirement-task array is first reviewed,
and the tasks that address each business need are
recognized and assigned to the related services. Suppose
the algorithm faces some tasks previously assigned to
another service. The first service with those tasks will be
the owner of such methods in this situation. However,
they are called in when their functions are needed to
complete another service. Second, in this step, the
algorithm reviews the final task-task matrix to find the
remaining method for each service that is not assigned to
any services.

Moreover, the algorithm looking for the tasks that may
not be directly aligned with any business requirements,
but are semantically related to the other methods, is
identified for a particular service. This semantic
relationship can be of two types: implicit control flow or

data flow, both prerequisites for executing the identified
service. Then, each task that remains unassigned to any
service is allocated to a new service. Finally, the algorithm
elucidates the relationships between the identified task
services and other types of services such as entity and
utility services. The candidate services for our example
are shown in Table 10.

Table 10: Primary services for the case study

Methods  Services

t1 Create fine S1
t3 Notice of fine S2
t5 Increase fine S3
t4 Fine warning sS4
t2 Payment S5
t10 Check credit S6
t6 Appeal to prefecture  S7
t9 Appeal to judge S8
t7 Appeal check S9
t8 inform result s10

After recognizing primary services, we investigate
whether merging services is possible or not. To do so, we
define variable RD as a ratio of dependency between
services. It shows the ratio of the average internal
correlation between each service’s methods to the
average connection degree between the methods of
different services (1).

In some business processes, like our case study, only
one task is suitable to consider as a method of the
identified services. In such a circumstance, having fewer
services with more abilities would be helpful to decrease
the costs.

RD = average cohesion/average coupling (1)
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Variables of the above relation are defined in (2) and
(3).
Y Cohesion(S;)
N
where N is the total number of services; and
1 IS|=1
Cohesion(S) = Z task — task(t;, ;) Vt;,t; €S [S| > 1
=
*If the service has o]ne method, its cohesion is equal to 1.
If the number of service methods is greater than 1, the
formula calculates the value of cohesion.
and

(2)

Average Cohesion =

Average Coupling(S)
3 i Coupling(s;, ;) (3)
B D

Table 11: Dependency matrix

where D is the total number of connections between

services; and

Coupling(S1,S2) = Ztask — task(t;, t;) V4 €S1,¢ €S2
i

Using above relations, we present a complementary
algorithm (Fig. 11) to refine identified services based on
these relations.

This algorithm needs a service dependency matrix as
an input. The rows and columns of this matrix are the
services. The matrix’s main diagonal indicates the
cohesion of methods within each service that can be
calculated by cohesion(s) relation, which exists in (2).
Other cells of this matrix are filled by the coupling
variable’s value, which is shown in relation (3). For our
case study, this matrix is depicted in Table 11.

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
S1 1 1375 0875 0312 0.723 0.625 0.312 0.312 0.312 0
S2 0.875 1 0.75 0.75 0.625 0.5 0.25 0.25 0.25 0
S3 0.875 0.75 1 0.25 0.625 1 0.5 0.5 0.25 0
S4 0.312 0.25 0.75 1 0.416 0375 0.333 0.083 0.083 0
S5 0.437 0.375 0.375 0.166 1 0.25 0.166 0.166  0.166 0
S6 0.625 0.5 0.5 0.125 0.25 1 0.125  0.125 0.25 0
S7 0.312 0.25 0.25 0.083 0.166  0.125 1 1.875 2125 0.312
S8 0.312 0.25 0.25 0.083 0666 0.375 1.875 1 0.75 0.25
S9 0.312 0.25 0.25 0.083 0.166 0.25 1.125 0.75 1 1.125
S10 0 0 0 0 0 0.25 0.312 0.5 0.125 1

After creating the dependency matrix, in this step, the
value of the RD variable is calculated for the services using
relation (1). If this ratio increases. Two services will be
merged, and the set of services will be updated. The other
situation is depicted in the algorithm

The final services for our case study are shown in Table
12.

Table 12: Final identified services

Considering the definition of utility services from the
identified services, each one can handle automatic tasks
can be considered utility services.

For example, t3 can be considered a notification
service, and when merged with t1, they can be identified
as a composite service.

services

Methods

S1
S2
S3
sS4
S5
S6

11,3
t4
t5
t2
t10
6, t7, 8, t9
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Input: Task-Requirement matrix, Task-Task matrix
Output: the set M of candidate services

1.

e ol o o

10.
11.
12.
13.
14.
15.
16.
17.
18.

19

21.
22,
23,

23.
26.

32,

ZEBESE

Begin
M=0 /i the set of candidate services
T=0// the set of business process tasks
flag=0; //temporary variable
Used[T,S]=0; //fmatrix that shows each task belongs to which service
foreach (requirement R £ requirement set)
Create a new service S; and add S; to M
foreach task tj in T that supports requirement R //check from Task-Requirement
matrix
for (k=0; K<M; K4++)
if (Used[t;, Si] = 1){
Connect S; to Sy in service model;
Flag=1,
Break;
end if
end for
if (fag=0)
Add t_]' to S-i;
Set Used[t;, Si] to 1;
Remove tj from T;
end if
foreach task te in task-task matrix
if (task-task[tg , t;] has value and tp doesn’t support any R)
Add tp to Si;
end if;
foreach simple tasks not yet assigned to any service
Create a new service Sy and add S, to M;
end for
end for

end for
end for

. foreach task service S that performs CRUD operation on entity e //check from task-entity

matrix
Find entity service Se in entity service model that performs CRUD operation on
entity e
Connect service 5; to 5, in service model
end for
foreach task service 5 that use utility U
Find utility service Su in Utility service model that performs Utility function U
Connect service 5¢ to 5S¢y in service model

. end for

return M;

. end

Fig. 10: Service identification algorithm.
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Refine Services

Input: Services dependency matrix (SD)

Output: the refined set M of candidate services

1. begin

2. Compute RD; (From (1))

3. Count=0.

4. Mew service set=M; //buffer

5. foreach row in 5D matrix correspond to 5 service

6. Cohesion [5] = 5D [S;, 5;

7. foreach column in 5D matrix correspond to 5 service
E. Coupling [5i, 5] = 5D [5;, 5]

Q. If Coupling [S;, 51> Cohesion [5i]

10. Aggregate 5 and 5 into a new service S
11. Compute the AverageCohesion/AverageCoupling ratio RDy;
12. If [(RD2=RD)

13. Add Sijto new service set;

14. Rernove 5 and 5 from new service set;
15. M= new service set;

16. RD=RDz

17. end if

18. end if

19 end for

20. end for

21. end

Fig. 11: Aggregation algorithm.

Results and Discussion

To evaluate our method, we sought to reach four
different data. First, we needed to assess the accuracy of
identified services, i.e., the number of services identified
correctly based on their correct assigned tasks to the total
number of services. Also, this kind of service should highly
comply with business needs. Second, it was necessary to
know how the complexity of the process can affect our
method’s accuracy. Here, complexity included both
process size and the number of gateways. Then, we
needed to compare our proposed method with other
service identification methods in case of common service
quality metrics. Finally, we needed to examine the
performance of the proposed method compared to other
methods. In this paper, performance could be defined as
the ability of the method to provide services at an
acceptable level of accuracy and time. The ratio of
accuracy to consumed time was calculated, and the
results were expressed as a percentage in Table 14

In this study, ten different processes were given to five
experts two times and asked to identify services based on
their selected method. The processes had various degrees
of complexity and sizes. On the first try, we gave them
predefined business processes, and on the second try, we
presented them with ongoing business processes
resulting from process mining techniques.

Ultimately, we compare their results with the results
arising from our proposed method. Average results are
shown in Figs. 12, 13, and 14. As shown in the figures, the
results of our method are more accurate than others
(=12%). and this superiority does not depend on the size
or degree of complexity of the processes. Also, the results
keep superiority when the basis process results from
process mining techniques, and it shows about 8%
improvement. In the next comparison, we compared our
combination method with each goal, data, and business
process-driven method separately as the basis of the
proposed method. Next, we calculated the RD ratio for
these service identification approaches on different
processes. Simultaneously, we asked three experts to
apply each approach to different given processes and rate
them between 1 and 10 based on the quality of identified
service and related assigned tasks. If they faced each
misaligning task with a service identified by each method,
they had to deduct one mark from their score. Finally, the
average of scores was calculated for each approach. The
result showed that our method's cohesion to coupling
ratio was higher than others (=7%). Moreover, results
showed that the identified services were more compliant
with the business needs whenever the base business
process applied process mining techniques. Table 13
demonstrates the results.
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Fig. 12: Investigate the accuracy of the proposed method.
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Fig. 13: Investigate accuracy and process size.

12

(&}

Accuracy Rate)
o B 888 8

=m experts selected method

= propoased method

Number of Gates (Number)

Fig. 14: Investigate accuracy and complexity.

Table 13: Comparing methods based on RD variable (PM: Process mining)

Method Business processes without PM  Goals  Entities  Business processes with PM  Proposed method
/Service
RD variable 2.146 1.092 1.726 2.274 2.389
Experts’ evaluation 7.23 5.73 6.92 7.78 8.5
Table 14: Performance comparison between methods
Accuracy to
time Ratio i
Business processes without - Business Proposed
Goals Entities processes
Average of PM . method
with PM
Performance = %
Process size <10 95.6% 92.24% 94.69% 97.47% 98.54%
Process size >10 77.25% 72.47% 76.33% 78.69% 79.96%
Number of gates <10 86.59% 83.59% 85.76% 88.36% 91.02%
Number of gates >10 76.59% 69.98% 74.49% 77.81% 82.67%
As mentioned earlier, in the Next step, the In Table 15, our method is compared with other

performance of our method has been calculated and
compared with other methods. Table 14 shows that when
the complexity of the process increases, the proposed
method keeps the superiority over others to identify
acceptable services in a more efficient time. In total, the
average performance for the proposed method is almost
86% which is about 8% more than others.

J. Electr. Comput. Eng.

related methods from different perspectives, such as
service guideline features, semantic and structural
behavior, and automation.

As this table shows most of the service quality metrics
have been considered in our method in comparison with
others.
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Table 15: Compare proposed method with others
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Conclusion

This paper offers a new combined semi-automated
method for service identification. The method considers
different aspects of the business, including goals, data,
and ongoing business processes, to recognize closely
relevant tasks as a service. Since the Business process
plays a key role in the method, we use process mining
techniques to have deep and accurate knowledge about
it. In the first phase, using such techniques, we extract the
ongoing processes and associated data that flow in the
organization from the real-life system event log. Then, we
check the fitness of the output model with the verified
conformance checking algorithms using Prom tools.

After validating the ongoing data-aware business
process model, we create a goal and data model that
helps find both structural and conceptual relations
between tasks. These relationships' degree of correlation
and coupling determines which tasks can be reused or
recognized as services.

As a result, the process of moving to SOA will be easier,
more flexible, and more accurate.

For this reason, the mentioned relations will be found
by defining three matrices and considering different
points of view: 1) addressing the same business needs
(goal view and conceptual), 2) working on the same entity
(data view and conceptual), and 3) structural interrelation
between tasks in the business process model. Then, we
link these matrices by introducing first, second, and final
relational task-task matrices. These matrices’ cells show
the dependency rate between tasks and use to
understand cohesion and coupling relation between them
by emphasizing conceptual and structural relations.

In the end, we propose two algorithms for identifying
and merging candidate services that use the relational
matrices mentioned earlier. These algorithms introduce a
variable to measure the internal and external relationship
between tasks. It means that if the cohesion value
between tasks is more than the value of the coupling
relation, the related tasks should be assigned to one
service.

In this way, the cost of additional calls between
services is decreased. The reusability feature (a crucial
quality factor in service-oriented systems) is covered by
tasks that address the same business needs. Whenever
the business goals are the same in other processes, the
related services can be replaced, or if the needs are
changed, only its related services will be changed.
Besides, working on common entities not only increases
the cohesion between tasks but also helps increase the
ability to reuse services.

To do all the subjects mentioned above, we received
help from experts and different processes.

Our method is evaluated from different points of view.
The results indicate the superiority of the proposed

A Multi-Aspect Semi-Automated Service Identification Method

method in the case of accuracy, performance, and
cohesion to cohesive ratio. Also, other comparing metrics
states the same result.

Using the proposed method helps company to have
more knowledge about the conceptual and structural
relations between the tasks in the business processes.
This capability enables them to reengineer these
processes and improve them to have more accurate
services.

As the method considers multiple aspects of the
business domain, it can be extended.

Here, the potential path to extend this method for the
future is suggested:

This method can be extended by considering other
aspects of the business domain between tasks to reach
high-quality services. Also, the method can be extended
to cover other phases of service software development.
In addition, the automated part of the method can be
improved by decreasing human intervention; for
example, by integrating the whole process through
developing a tool that supports both the mining and
identification phases.
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Background and Objectives: IP multimedia subsystems (IMS) have been introduced
as the Next Generation Network (NGN) platform while considering Session
Initiation Protocol (SIP) as the signaling protocol. SIP lacks a proper overload
mechanism. Hence, this challenge causes decline in the multimedia QoS. The main
propose of overload control mechanism is to keep the network throughput at the
same network capacity with overload.

Methods: NGN distributed with IMS is a complex innovative network consisting of
interacting subsystems. Hence, multi-agent systems (MAS) receiving further
attention for solving complex problems can solve the problem of overload in these

Keywords: networks. To this end, each IMS server is considered as an intelligent agent that
IMS can learn and negotiate with other agents while maintaining autonomy, thus
SIP eliminating the overload by communication and knowledge transfer between the
Overload agents. In the present research, using MAS and their properties, the intelligent hop

by hop method is provided based on Q-learning and negotiation capability for the
first time.

Results: In the proposed method, parameters of overload controller are obtained
by reinforcement learning. In order to check the validity of controller performance,
a comparison is made with the similar method in which the optimal parameters are
achieved based on trial and error. The result of the comparison confirms the
validity of the proposed method. In order to evaluate the efficiency of the learner
method, it is compared with similar and standard methods, for which the results
are compared to show performance. The results show, the proposed method has
approximately improved the throughput by 13%, the delay by 49% and the number
of rejected sessions by 17% compare with methods, passing control messages
through the network such as CPU occupancy methods. While compare with
external controller methods like holonic, throughput is improved by 1% and the
number of rejected requests is decreased by 10%, but delay is increased by 6% due
to the convergence time of the learning and negotiation process.

Conclusion: To overcome overload, complex IMS servers are considered as learner
and negotiator agents. This is a new method to achieve the required parameters
without relying on expert knowledge or person as well as, heterogeneous IMS
entities can be inserted into the problem to complete study in future.

(CMOM

Multi-agent system

Reinforcement learning
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NGN, in which all types of fixed and mobile access
networks are integrated based on the IP platform. NGN
can provide multimedia services based on the standard
IMS platform. IMS has been used by most mobile

Introduction

Packet switching allows service providers to provide
multimedia applications to their subscribers. The future
approach of the telecommunications industry is towards
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network operators since the third generation. In this
regard, the SIP protocol has been adopted by 3GGP as
the basic IMS architecture. Most cell phones and
wireless devices support SIP as a multimedia session
protocol [1]-[3].

SIP lacks a proper overload mechanism despite its
positive features such as text-based, IP-based, data-
independent, relocation support, and end-to-end
properties. It uses the retransmitting mechanism to deal
with packet loss when running on the UDP protocol. This
is done by keeping different timers for each request to
be sent. When the relevant response is not received
within a specified time, the requests will be resent,
which makes the situation worse in case of overload [4].

When the SIP encounters an overload, the overload
control mechanism is activated rejecting the new session
request messages by sending a 503 response. In this
method, the messages must first be analyzed to
generate a rejection response for new requests. The
capacity devoted by the server to analyze messages and
generate reject responses is wasted. All the server
capacity is spent on rejecting repeated requests in
addition to the negative effect on the overload.
Therefore, it is inevitable to design an efficient overload
controller for IMS. The overload controller must be able
to gather the information needed to decide about
overload. Based on this information, it must determine
the appropriate response to the overload and apply it to
the network. Depending on the type of overload and the
location of the controller, different methods and policies
have been proposed to deal with the overload [5].

Due to the complexity and heuristic nature of the
overload problem in IMS, approximate mathematical or
heuristic methods are used in designing the controller
leading to occasionally a huge deal of errors and not
acceptable answers. Therefore, in this paper, a new
machine learning method is proposed to design an
overload controller. In this regard, IMS servers are
considered as intelligent learning agents able to
negotiate with other network agents. These agents learn
the amount of tolerable load by interacting with the
dynamic environment and through unsupervised trial
and error, and they control the overload in the network
by negotiating with other agents.

In the following, the background and related works
are given. Then, the proposed method is presented and
the performance evaluation and analysis of the results
are provided. Finally, deals with conclusions are
presented.

Related Backgrounds

Since the papers’ objective is to design an overload
controller based on intelligent agents in IMS, it is
essential to explain the related concepts and works
briefly.

A. Multi-Agent Systems (MAS)

An agent is defined as a software or hardware located
in the environment and acts autonomously to achieve its
goals. The agent perceives the environment through its
sensors and affects the environment through its
stimulants. Everything around the agent except itself is
called the agent environment. Today, the use of MAS to
solve complex problems has received a huge deal of
attention. MAS is made up of several agents trying to
solve problems that are sometimes difficult and
sometimes impossible to solve for a centralized and
integrated system. On the other hand, communication is
an important concept in MAS. Without communication,
agents should rely only on decisions based on their
observations, while communication enables agents to
make more coordinated decisions. Negotiation is the
dominant way to reach an agreement without the
involvement of others to gain mutual benefit in common
areas of interest to agents. A negotiation protocol is a
set of rules that all agents know. In negotiation, an
agreement is obtained when there is a common ground
between the proposals. Agents have a personal
preference for the outcome of the negotiation and may
also have limitations on the use of the proposals [6], [7].

In learning the agents, there are problems for which
scarce or incomplete resources exist for solving, thus,
unsupervised learning  has  been considered.
Reinforcement learning is unsupervised learning in
which the system tries to optimize interaction with the
dynamic environment through trial and error without
specifying the action for the agent. Reinforcement
learning is indeed to map different situations into
actions to get the best results with the most reward. The
two characteristics of "trial and error" and "reward with
delay" are the most important characteristics of
reinforcement learning [8].

Standard reinforcement learning, or Q-learning, is a
model-independent method, in which the agent has no
access to the transfer model. Q-learning based on
Markov's decision-making process, with a delayed
reward function, can learn the optimal policy. In this
method, the agent estimates the pair (action, state) by
continuous interaction with the environment as trial and
error. The Q-learning steps are based on Algorithm 1.

The algorithm starts from an initial state and reaches
the goal state by performing a series of actions and
receiving a reward. In this situation, the agent state is
not changed with each action while not receiving any
reward from the environment. The action can be
selected by exploration and exploitation. Selection of
action by exploration means selecting the action
randomly regardless of the values in Q-Table. This may
discover optimized actions not selected yet and add
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them to the table. In the exploitation form, the best
action is selected based on Q-Table [9].

Algorithm 1: The Q-learning method algorithm

Begin
Q[states][actions]=0;
S=Get_Current_State ();

While (S! = absorption state)
a= Select_Action ();
r= Calculate_Reward ();
s/= Get_New_state ();
max=For_All_Possible_Action_Find_Max_Q (s/, a) ();
Q (s, a) =a*(r+max) +(1-a) *Q (s, a);
Update_Q_Table ();
S=¢/;

End While

End

In the Q-learning algorithm, a € [0, 1] is the agent
learning rate. A value of one causes the agent to
consider only the most recent information, while zero
leads the agent to have no learning. Parameter y € [0, 1]
is called the discount factor. Zero means that the agent
only considers the current reward, however, the values
close to one cause the agent to wait a long time to reach
a higher reward. When all pairs (action, state) are
experienced repeatedly while reducing the learning rate
over time, Q-learning converges with a probability of one
to the optimal value of Q’(s,a). Some applications of
reinforcement learning include continuity of services in
IMS [10], [11], unsupervised learning in next-generation
networks [12], [13], intelligent transportation systems
and urban traffic control [9], [14], [15], management of
wireless distributed sensor networks [16]-[18], and
complex software systems [19].

B. IP Multimedia Subsystems (IMS)

Unlike traditional applications, the purpose of IMS is
to integrate different types of multimedia services and
applications and converge between wired, wireless, and
mobile networks. Other features of IMS are control of
sessions, development of services, Quality of services
(QoS), and the possibility of calculating costs under a
single standard. IMS is a packet switching network
extending over the IP platform and has a three-tier
architecture. The users connect to IMS using IP-based
networks. The simplified IMS core architecture is shown
in Fig. 1 [20], [21].

There are two databases in the IMS architecture
including Home Subscriber Server (HSS) and Subscription
Locator Function (SLF). HSS is the place for storing
subscribers' information and related services, and SLF is
used to find subscribers' HSS addresses. ASs provide
multimedia value-added services. Call Session Control
Functions (CSCF) are SIP proxy servers each with a
specific function. Their common role is during the
registration, session creation, and routing process.

Fig. 1: The IMS core architecture.

The servers can be configured stateful or stateless,
depending on the situation and needs. The stateful
server stores transaction information, however, in the
stateless server, no transaction is created on the server,
and the server is solely responsible for receiving and
routing messages. P-CSCF is a stateful SIP server. This
server is the first point of users’ contact with IMS. All
user traffic is transferred to this server and also network
traffic is transferred to users through this server. S-CSCF
is also a stateful SIP server always located on a home
network domain. This server is the central point of the
IMS responsible for managing the registration process,
routing, maintaining session status, and storing service
information. All SIP signaling packets pass through the S-
CSCF to determine the next action by processing. I-CSCF
is a stateless SIP server, contacting point of an operator
to connect with subscribers within that operator. I-CSCF
allocates an S-CSCF server based on the defined policies
when registering by receiving information from the HSS.
Another task of this server is to get the next step in
routing through HSS as well as directing requests to the
assigned S-CSCF or AS.

While receiving the IP, the user receives the P-CSCF
address and has to register in the IMS. After registration,
the relevant P-CSCF knows the S-CSCF assigned to each
user according to the response package. The S-CSCF also
knows the P-CSCF to contact to reach the user. This
information is used to establish the sessions.

As shown in Fig. 2, when user A wants to make a
session with user B through SIP, it sends an Invite to P-
CSCF. P-CSCS sends the packet to the S-CSCF assigned to
A in the registration process. Based on ID B, S-CSCF finds
the corresponding I-CSCF in domain B and delivers the
package to it.

By contacting the HSS, the I-CSCF finds the S-CSCF
assigned to B and delivers the package to it. The S-CSCF,
with the information obtained at the time of
registration, delivers the Invite package to the P-CSCF
and then to the B. After receiving Invite by B, the
response is generated and sent to A of the same route as
Invite reached. After exchanging messages, a session is
formed between A and B [1].
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A SIP transaction is a request and all related
responses exchanged between two adjacent SIP entities.
Since in most cases the 503 mechanisms embedded in
the SIP cannot cope with overload, an overload
controller is inevitably required in IMS. The overload
controller consists of three main components. The
monitoring unit collects information from the specified
parameters and provides them to the control function.
The control function determines the policy and the
amount of load received based on a defined algorithm
and provides it to the stimulator unit, which rejects the
overload based on the policies received [22], [23].

If all the controller components are on one server,
this is called the internal method otherwise, it is termed
external control. External controls are divided into two
end to end and hop by hop categories.

In the end to end method, the edge server is
responsible for regulating the load sent to the
overloaded server. The challenge in this method is how
to inform the edge server about the server with overload
and how the edge server detects the request passing
through the overloaded server. In the hop by hop
method, two tandem servers determine the amount of
load sent from the server upstream to downstream by
different policies [24], [25].

In the window policy, the downstream server allows
the upstream server to send the request in the specified
window size without receiving confirmation. The size of
the window on the upstream server can be determined

using incoming messages, acknowledgments, 503

Domain of Subscriber A

2. Invite

g 1. Invite

13.183

I
1
1
A \ 4 |
1
1
1
1

messages, timers expire, or calls delay. The overloaded
server can also dynamically and continuously estimate
its response capacity and notify upstream servers as the
number of windows available [24], [26]-[29]. A window-
based holonic mechanism (WHOC) is used holonic multi-
agent system to control and manage overload in SIP
networks.

Based on past observations, the normalized least
mean square algorithm is used to estimate each agent
window size. The size of the windows is adjusted in the
way that no overload will occur in network paths, which
could be fulfilled through using holonification properties,
negotiation process and communications. WHOC offers
an appropriate window size for edge servers to control
the load from the beginning of the network and prevent
network overload [30].

In the loss-based policy, the downstream server
specifies the percentage of reduced load sent by the
upstream servers. In this method, the rate of
retransmissions can be reduced by modeling the
interactions between the downstream and upstream
servers as a controller [31]. Also, sometimes the
upstream server predicts overload on the downstream
server by methods such as 503 received message rates
or uses mechanisms such as the leaky-buckets technique
[32], [33]. Intelligent methods are provided to monitor
the overloaded server and then prevent overload by
classifying packets, intelligently deleting repeated
packets, controlling active sessions and obtaining
thresholds [34], [35].

Domain of Subscriber B

4. Find S-CSCF

5. Invite

10. 183 A

6. Invite

Fig. 2: Establishing a session between two users in two different IMS domains.

In HOC, a loss-based mechanism is implemented to
control overload, using multi-agent with holonic
organization to implement a user perspective of fairness
if possible. HOC uses a greedy method on the network
graph to obtain constant holarchy. When a proxy server

is overloaded, the sending load is adjusted from the
source servers, causing fewer network resources to be
involved in the overload. Load fitting is done based on
received requests and used as predictor. Therefore, each
holon uses the server capacity amount of its offered
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load. In HOC, when a holon involved in overload is
recognized with a request from the due holon, the
overload is most likely solved because servers with high
dependency are placed in a holon in terms of load
exchange with each other. Complexity decreased by the
use of holonic organization and cooperation between
holons through the communication, agreement and
knowledge that is exchanged among them [36].

In the rate-based policy, the rate of sending the
upstream server to the downstream server is limited.
Setting a threshold for CPU consumption and sending
this value at regular intervals is one of these techniques
controlling the rate to enter the requests into the
downstream server [5], [24], [37]. In the on-off policy,
the downstream server can stop or connect the received
load for a while. Determining the time required to
process messages within the downstream server queue
and announcing the downtime to the upstream server is
among the methods of this policy [24].

Finally, a hop by hop method can be developed based
on new policies, especially the concept of software
networks, Network functions virtualization (NFV), and
cloud environments [38]-[40].

Designing Load Controller

In many IMS load control algorithms, there are
parameters determining the efficiency of the algorithm.
For example, in the proposed algorithms [5] a threshold
value is considered for the amount of CPU occupation.
Whenever the percentage of CPU occupation exceeds
this threshold, the overload control algorithm will
operate. Method [28] also determines a delay threshold
in the upstream server.

Te Tw

> Coercion Warning Safe Area

Area Area

S-CSCF

It determines the window size in the upstream server by

comparing the delay of the received responses with this
threshold. The best and most accurate way to calculate
the wvalues of strategic parameters is to use
mathematical relations. Nonetheless, mostly due to the
complexity or heuristic of the method, it is not possible
to calculate the desired values using mathematical
equations [41]. Trial and error is another way to
determine the values of the parameters and check the
value producing the most optimal answer by simulating
and placing different values. The problem with this
method is that the obtained values are only suitable for
that network situation, and by changing the network
conditions, the answers are no longer acceptable and
the calculations must be performed again. Learning-
based methods help in such situations. According to Fig.
2, IMS has three tandem SIP servers (S-CSCF, I-CSCF, S-
CSCF) in which the |-CSCS server is stateless not
contributing to overload. However, the two tandem
servers are stateful and play a role in organizing and
managing the sessions. Since the servers connected
through one hop, the proposed controller used the hop
by hop overload control [42].

As seen in Fig. 3, for each proxy server queue, two
warning (Tw) and constraint (Tc) thresholds and thus
three regions are defined determining the decision and
controller response. If the number of session requests
exceeds T (constraint region), requests will be rejected
locally by messages 503. If the number is between two
thresholds (warning region), the negotiation process
with the upstream server begins. Nevertheless, if the
number of requests is less than Tw, no reaction occurs.

Fig. 3: Two tandem servers in IMS.

Tc

Coercion Area

Warning Area

E3s|_—-12 |1 Lmin E> 2 1

Te Tw
Coercion Warning Safe Area
Area Area
S-CSCF
Tw
Safe Area
Lmin El —_— 2 1 Lmin
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L3 L2

L1

Fig. 4: Assigning states to the agent queue.
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In this regard, each proxy server is defined as an
intelligent agent with the ability to learn and negotiate.
Agents learn the values of Tw and Tc by Q-learning
through monitoring their resources and the knowledge
from the environment. Q-learning allows the controller
to be independent of expert knowledge and prior
environmental information. Among the requisites for
designing a Q-learning algorithm is the definition of
states space, actions space, and appropriate reward
function. In the designed controller, the control function
implements the learning algorithm, the stimulator unit
negotiates with the upstream agent, and the monitoring
unit collects information about the queue length and the
rate of incoming and outgoing requests. In the proposed
controller, the monitoring unit, the control function, and
the stimulator unit are located in the agent.

A. Defining Agent Q-Learning Requirements

The actions defined for each agent determine how
the constant queue length is divided into each region. To
define each action by the agent, a minimum constant
length is assigned to each region. Moreover, a certain
number of length increases are considered as an
extension. The action space is defined by <Na, Lmin, Nex,
Lex>. Na indicates the number of regions, Lmin represents
the minimum length assigned to each region, Nex
denotes the number of extensions, and Lex indicates the
length of each extension. Server queue length (L) is
obtained from (1).

L = Ng * Lyin + Nex * Loy (1)

The length assigned to each region is obtained from
(2). In Fig. 4 the length of each region is equal to the sum
of the minimum initial lengths and the number of
allocated extensions

Li = Lipin + €; % Loy (2)

where, ei is the number of extensions of the i region.
Since the sum of the extensions considered for all 3
regions is constant, the method of allocating the
extensions to each region is calculated by (3) [14].
Nll
Zei=Nex ;i e EN (3)
i=1

The answer of (3) specifies the number of actions of
each agent and depends on the value of Nex. As the Nex
increases, the number of responses, and consequently
the number of actions of each agent increase. With (4),
the number of extensions of each region can be
controlled by the parameter © to reduce the action
space to accelerate convergence [14].
Na
ZeizNex; e EN; e,<6 ; 1<0<N, (4
i=1

The values of the parameters used to determine the
actions space are given in Table 1. According to these
values, the set of actions is 19 actions, which are given in
Table 2. The actions are selected through an exploration.

To determine the states space, the number of
transactions in each region is used. In this regard, the
number of transactions in each region is arranged
according to their order of entry and each arranged list
corresponds to a state. The total number of states Table
3 is equal to the sum (ten states) of the inequality
permutations of the number of areas transactions (six
states) plus the possibility of equalizing the number of
areas transactions (four states). For example, if T;
indicates the number of transactions in the it area, T1>
T2> T3 will represent the highest number of transactions
in the safe region and the lowest number of transactions
in the constraint region.

Table 1: The parameters used in determining the actions space

Parameters Volumes
L 110
|-min 20
Lex 10
Nex 5
Na 3
S] 5
| Actions| 21
| States| 13

Table 2: The values of the length assigned to each region for
possible actions

Actions
Normal  Warning Coercion Normal Warning Coercion
area area area area area area

20 70 20 30 60 20
20 60 30 30 50 30
20 50 40 30 40 40
20 40 50 30 30 50
20 30 60 30 20 60
20 20 70 50 40 20
40 50 20 50 30 30
40 40 30 50 20 40
40 30 40 60 30 20
40 20 50 60 20 30
70 20 20

Table 3: The different states defined for each agent

States
Inequality States  Equality States
T1>T2>T3 T1:T2>T3
T1>T3>T2 T1:T3>T2
T,>T1>Ts T,=T3>T,
T2>T3>T1 T1:T2:T3
T3>T1>T),
T3>T>T,
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The directing of the agent in the states space and
actions to achieve an optimal policy is done by the
reward function. The reward function determines how
much closer an agent is to a goal through a state. In the
proposed learning method, the concept of Goodput is
used as a reward function.

The amount of reward received by an agent for acting
is proportional to the amount of increase given by
Goodput compare with the previous states. Hence, the
values in Q-Table are updated with a delay step [35], the
reward function for the it" agent is predicted by applying
the Normalized Least Mean Square method (NLMS),
Table 4.

Table 4: The agents’ reward value prediction by NLMS

Number Equations
1 Ry =0Gpyg — G_n—l
_ Rn—2*Gn—2
2 V_VR_V_V21—1+(U* ”£n_2"2
3 Gy = combineG,_ and G,_,
4 En =Wy * Gy

In Table 4, the underlined variables are vectors and
the over-lined ones are to hold the predicted values. The
W is the vector of prediction coefficient filter at size g
and G is a vector to hold the g value of process reward.
The initial value of W is zero which can be updated per
each new data. G,, is predicted reward of Gn.

Q-Table is used during the learning process to store
and update Q-function values. This table is considered as
a two-dimensional matrix in which rows and columns
specify states and actions, respectively. The initial value
of Q-Table is considered zero. After the learning stage,
according to the values of Q-Table, the thresholds Tw and
Tc of each agent are extracted based on the length of the
regions [30], [36].

B. Negotiation Protocol for Implementing the Policy

In negotiation, a set of agents is involved along with a
set of variables dependent on agents. Agents negotiate a
set of possibilities (values). To reach an agreement, the
possibilities are assigned to the variables through
negotiation. In the controller, the set of agents
participating in the negotiation are the agents in Fig. 3.
The variables define the amount of load sent to the
downstream agent. The possibilities are also the values
suggested by the agents to obtain the amount of load
sent or received.

The agents will participate in the negotiation based
on a defined strategy presented in Table 5. A suggestion
cycle includes the initiator suggestion and the response
of other agents to it. The initiator is the downstream
agent initiating the negotiation process by passing the
load through Tw, while the respondent is the upstream
agent.

Table 5: The negotiation protocol to reduce the load

1 K=1

The downstream agent (j) asks the upstream agent (i) to
reduce the number of requests sent in the period At
based on Rj; according to (5).

2 R, — (loadj—ij)*(l_CPUj

ij = At Occupancy

Jj
) * CPUCapacity

(5)

Load is the number of sessions within the queue.

If agent i is in the safe region, it calculates the number of

requests that it can process during At while not leaving

the safe region according to (6) and notifies agent j.

Otherwise, agent, i asks the upstream agent (P-CSCS) to
3 reject the request as Rij + Rpi randomly.

(TW;—load;) i i
Dij = l,\r = % (_CPchcupanCy) & CPUéapacity (6)
Agent j receiving the answer of agent i, rejects the
request locally and randomly as Rj-Dj. If it enters the
safe region, it sends the value Rj; = 0 to agent i and the
negotiation ends. Otherwise, agent i recalculates the

load reduction rate according to (7) and sends it to j.

4 1
Ry = (ZR;;—D{;) * B 7
k

=1
Where, 6 is the reduction coefficient and K is the

number of negotiations.

5 K=K+1

The above process is repeated until the end of the
6 negotiation.

Results and Discussion

The proposed method is implemented based on RFCs
3261 and 6026 in NS-2 (2.34). NS-2 is run on the same
software and hardware platform to compare the studied
mechanisms (Fedora Linux 20, Intel(R) Core(TM) i7-
6700K CPU @ 4.00GHz 4.00 GHz, Cache Size 8.0 MB,
Install RAM 16.0 GB). UDP is considered as the
transmission layer protocol. The servers have a
processing capacity of 300 sessions per second (SPS).
The users have unlimited capacity and can send or
receive multiple session requests at the same time. The
priority of processing agents is to negotiate messages
because failure to process these messages on time
causes an overload on the network. If the queue is full
when receiving a request, the request will be deleted.

Goodput, sessions delay, number of rejected sessions,
stability, and rapid response are the main criteria for
evaluating the performance of Reinforcement Learning
Overload Controller (RLC).

Goodput is the number of successful sessions that the
agent handles per unit of time. A session is successful,
which is created in less than 10 secs. A session delay is a
time for creating a session. Session response time is
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exponential with average of 30 secs. Stability means that
the overload controller should not cause throughput
fluctuations on the proxy servers and prevent the
Goodput from being zero. On the other hand, by the
sudden reduction in the traffic imposed on the server, all
the applied controls should be removed quickly and the
situation should return to the normal state [25], [43].

The offered load was entered into the network as a
Poisson distribution by the acceptance and rejection
method. The performance evaluation criteria were
extracted with a confidence interval of 95%. In the
diagrams and tables, the offered loads were divided by
the network capacity and normalized. The parameters
used in the Q-learning algorithm were shown in Table 6.
To obtain the values of Tw and T, different input modes
with consecutive performances are considered and then
the values of these two thresholds are used in RLC.

Table 6: The values of parameters in Q-learning

Parameters Values
a 0.7
Learning rate 0.9 Decreasingly
Discount factor (y) 0.4
Exploration rate 0.7

A. Evaluating the Accuracy of RLC Performance

Table 7 shows the average and variance of Goodput,
sessions delay, and the number of rejected sessions of
RLC, and Overload Controller (OC) when the average
number of different input sessions is more than the
network capacity; otherwise Tw and T. have no role in
the normal operation of the network. The optimal value
of Tc is 37 and the optimal values of Tw are 13, 17 and 25,
obtaining as trial and error for OC. In Table 7, the
columns of improvement show the percentage which
RLC improve performance relative to selected

Table 7: Checking validity and accuracy operation of the RLC

thresholds. In OC, thresholds have better performance,
providing better average and less variance. Goodput at
Tw= 17 has better performance, Tw = 17 performs better
at delaying sessions, and Tw = 25 rejects sessions more
efficiently. Since the rejects sessions are approximately
equal for Tw=17 and Tw=25, the values Tw =17 and Tc=37
are chosen to compare the performance of RLC with OC.
Therefore, Goodput is improved through 1.25%, sessions
delay is decreased through 3% and number of rejected
sessions is reduced through 1.07% by RLC compare with
selected OC.

B. Performance Evaluation of RLC

RLC performance is compare with the known
overload control methods of CPU occupancy end to end
(EOCC), CPU occupancy hop by hop (HOCC) and Holonic
overload control (HOC) [5], [36]. The reason for choosing
these methods for comparison is 1) They are well-known
and include standard codes 2) They have been used in
many studies to compare performance, and 3) The end
to end methods such as EOCC and HOC have better
performance than hop by hop methods. Therefore,
comparison with these methods can be a good
benchmark to test RLC. Since there is no overload, when
the offered load is less than the network capacity,
comparisons are only made for offered load more than
network capacity. Table 8 shows the improvement of the
RLC over the compared methods.

Goodput is shown in Figs. 5. In HOCC, when the
downstream S-CSCF is overloaded, it notifies its
upstream S-CSCF. Upstream S-CSCF receives this
message to reduce the load on the downstream S-CSCF,
however, it continues to send since P-CSCF has no
knowledge causing overload in the S-CSCF upstream and
eventually the entire network.

RLC  Tw=13 Improvement Tw=17 Improvement Tw=25 Improvement
Goodput Average 0.963  0.942 2.2% 0.951 1.25% 0.944 1.97%
variance 1571  1.611 2.48% 1.600 0.68% 1.710 8.13%
Sessions dela Average 0.291  0.301 3.32% 0.300 3.00% 0.311 6.43%
Y lariance 0022 0043 48.8% 0.032 31.3% 0.033 33.3%
Number of reiections Average 1.022  1.051 2.76% 1.033 1.07% 1.031 0.87%
) variance 2984  317.1 5.89% 301.7 1.09% 300.6 0.73%
Table 8: RLC performance compare with studied mechanisms
RLC Compare with HOC EOCC HOCC
Goodput 0.6% 13.5% 40.4%
Session delay -6.7% 49.17% 62.35%
Number of rejections 9.4% 17.3% 31.04%
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Fig. 5: Goodput for the studied mechanisms.

In EOCC, the probability of acceptance of sessions is
adjusted so that the amount of CPU consumption is less
than 90% so under heavy load, 10% of CPU capacity is
wasted. Hence, the servers do not process at full
capacity and Goodput is never exactly equal to C. In
HOC, CPU capacity is fully utilized. In addition, overload
occurrence is prevented in the proxy servers by holons,
and the sending load is adjusted from the edge servers.
Thereafter, the proxy servers are not overloaded. In RLC,
whenever it detects that one of the agents leaves the
safe region, it reacts quickly and tries to prevent
overload from entering the network by preventing the
additional load from entering the source. In RLC, the
average of Goodput is almost 0.6% more than HOC
because of the hierarchical structure of the HOC, it
reacts more slowly than RLC. Goodput of RLC is 13.5%
more than EOCC also 40.4% more than HOCC.

The results of sessions delay are shown in Fig. 6. Due
to the local view of the overload, the HOCC spends some
of the server capacity on processing requests that are
eventually deleted, causing delays the processing of
other requests. In EOCC, the probability of accepting
load from the destination server to the source servers is
reported. Upon receiving the restrictions, each server
changes its information and sends the updated values to
the source servers. As a result, updating the parameters
and sending the appropriate amount of load to the
destination take time, inadvertently causing the
additional load to enter the network and delay the
establishment of sessions. HOC has smaller sessions
delay (average is 0.13 secs). In HOC, the retransmission
mechanism is rarely activated due to keeping the servers
in the safe section and not permitting the extra load to
enter the network. The due delay exists because of
corresponding holon calculation. RLC starts negotiations
with the upstream server as soon as the load passes
through the secure region. However, in RLC, negotiation
process delay is added to RLC delay therefore, sessions
delay is 6.7% more than HOC. But RLC sessions delay is
49.17% less than EOCC and 62.35% less than HOCC. Fig.
7 shows the total number of the rejected sessions. By
increasing the number of rejected sessions, the network

resources are spent to process the requests with no
results.
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Fig. 6: The sessions delay for the studied mechanisms.

When the number of input sessions is equal to the
network capacity, OCC methods reject the sessions due
to the CPU consumption threshold of 90%. HOCC reject
31.04% and EOCC reject 17.3% of the session more than
RLC. However, in RLC and HOC there are no restrictions.
Thus, no session is rejected until the load passes through
the network capacity, after which RLC has fewer rejected
sessions. Because the rejection of the sessions is based
on an intelligent process in accordance with the existing
conditions, the negotiation of the agents makes the
rejection of the sessions more logical, rather than selfish
behavior in HOC. Therefore, RLC reject 9.4% of session
less than HOC.
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22
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Fig. 7: The number of rejected sessions for the studied
mechanisms.

To test the stability and rapid response of the
mechanisms, the number of input sessions is initially
considered equal to 200 SPS below the network capacity,
which lasts up to 100 secs. During this period, Goodput
corresponds to the offered load. At 100 secs, the
number of offered load suddenly increases to three
times the network capacity (900 SPS). With this
technique, it can be seen how quickly the mechanisms
under study react in the face of sudden load changes and
maintain their stability or not. The offered load is
returned to 200 SPS at 200 secs. The Goodput and
sessions delay of tests are shown in Figs. 8 and 9. In Fig.
8, all mechanisms respond quickly to the offered load
sharp changes. Moreover, HOC achieves better Goodput
because the offered load is predicted. In HOC, the holons
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react quickly to a sudden increase in the offered load
and control it from the sources. However, its Goodput is
more than RLC due to consecutive switching between
the holons. RLC responds steadily to sudden load
changes due to the negotiation. This is because the
agents act quickly by increasing the offered load and
entering the warning area. Moreover, they prevent
overload from occurring through negotiation. In HOCC,
the Goodput is initially decreased and then increased.
Because the control parameters are updated based on
200 SPS and until the next update, sessions are
accepted. EOCC methods require time to propagate
overload information from destination to the sources,
causing temporary instability. At 200 secs, Goodput of
RLC returns to its previous value without any fluctuation.
Therefore, RLC completely satisfies stability.

0.80 - s R[C HOC

EOCC == HOCC

Goodput (SPS)
o
&
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Time (Sec)

Fig. 8: Goodput of the studied mechanisms when the offered
load changes suddenly.

In Fig. 9, RLC has less delay than other methods.
When the load returns to its previous value, the RLC
delay will return to the value before the change. As the
offered load increases due to the lack of up to date
parameters in OCC methods, a large amount of load
enters the network, and the delay increases. By
removing the overload, the delay is slightly reduced.
Parameter values in EOCC are updated with more delay
due to being end to end and passing of control values
over the entire network. The HOC makes a temporary
error because it predicts load based on previous
observations and the current load is very different from
the previous.
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Fig. 9: Sessions delay of the studied mechanisms when the
offered load changes suddenly.

To evaluate the performance of RLC in a real VOIP
environment, the Goodput and sessions delay for
variable offered load with Poisson distribution are shown
in Figs. 10 and 11. According to Fig. 10, RLC follows the
changes in the number of incoming sessions well and
adapts to it without network failure. When the offered
load and Goodput are not distinguishable, they have
been overlapped because Goodput is equal to offered
load. In addition, the delay is controlled and fluctuated
with the load changes and the system becomes stable.
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Fig. 10: Goodput of RLC under real offered load.
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Fig. 11: The sessions delay of RLC under real offered load.

Conclusion

IMS will become the most important platform for
multimedia applications. By increasing the number of
users, the throughput of the IMS servers is decreased.
On the other hand, the issue of overload control in IMS is
a complex system, for which multi-agent systems are
good alternatives to classical solving methods. In multi-
agent systems, a large task can be divided into a set of
smaller tasks so that each agent performs a task
partially. In this study, IMS servers are considered as a
learner and negotiator agents. Agents learn the values of
thresholds by Q-learning and they implement a hop by
hop control method through negotiates strategy with
the upstream agent. To prove the performance of the
proposed method, it was compared to similar methods.
In Table 8, we reported the efficiency, the mean sessions
delay, the average of Goodput and number of rejected
sessions for different methods. As shown, RLC has better
performance on all three measured parameters; while
only, its delay is more than HOC. Because holonic
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communication of HOC is faster than negotiation process
of RLC. In the proposed method, the learning process is
done independently by each agent. Although this type of
learning is suitable for obtaining the parameters related
to each agent, to show the optimal reactions by all
agents, it is better to perform learning in the whole
network to implement end to end methods through
clustering. On the other hand, in IMS, there are HSS and
DNS that are not based on SIP and contribute to the
overload. These heterogeneous creatures can be
inserted into the problem. Nowadays, by moving the
process to cloud environments with NFV, the cost of IMS
structure and platform has decreased. By quickly
developing this method in scalable form, the proposed
method can be implemented in cloud environments
using NFV.
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Abstract

Background and Objectives: The Field-effect Bipolar Junction Transistor (FEBJT) is
a device with a bipolar junction transistor (BJT) characteristics except that it is
designed with standard CMOS technology. Therefore, it can be implemented in
nanometer dimensions without the usual restrictions in fabricating the nanoscale
BJTs. In addition to the advantages that FEBJT has as a bipolar junction transistor
in analog circuits, it can also be used to design digital circuits. Here, we have
investigated the capability of FEBJT as the base of a new digital family in
nanometer scales.
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. dimensional TCAD Mixed-Mode simulator has been used for the simulations.
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Results: The value of maximum frequency, PDP, dynamic power, and ring
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frequency are calculated 0.25THz, 38x107'7 J, 94uW, and 85GHz, respectively.
Conclusion: The excellent function of the FEBJT-based inverter gate and oscillator
demonstrates that this device can be used as the base of new digital circuits and
can open a doorway to the nanoscale CMOS digital family.
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Introduction

The first semiconductor transistor was built in 1947. This
element was called the bipolar junction transistor (BJT)
developed by Schokley, Barden, and Brattain at Bell Lab
[1]. The BIJT has high current gain, high speed, and low
input capacitance. With the advent of technology and the
shrinking of electronic circuits, the fabrication of BJTs on
the nanometer scale faced some restrictions. Reducing
the width of the base area to nanometer dimensions was
a significant obstacle to making this transistor smaller.
MOS Field-Effect Transistors (MOSFETs) were another
type of transistor that evolved rapidly, and CMOS
technology replaced BJT in many circuits. One of the
reasons for the development of CMOS technology was
the possibility of manufacturing these elements in

Doi: 10.22061/JECEI.2022.8287.503

nanometer dimensions. Despite the recent advances in
field-effect transistors, the specific features of bipolar
transistors such as high current gain have led researchers
to continue to look for solutions to utilize BJT transistors
alongside MOSFETs. To this end, several papers have been
presented that attempt to use both transistors at the
same time or provide a solution to fabricate a smaller
bipolar junction transistor to utilize the powerful features
of the BJT transistor in today's small-scale digital
industries [2]-[20].

By integrating BJT and CMOS transistors, BiCMOS
technology simultaneously uses each of these transistors'
special features [2]-[8]. The BIJT transistor has been
implemented horizontally, allowing for a smaller base
area width. Plasma charging and polarity control of
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electrodes have been proposed as other methods to
avoid the need for silicon doping to create bases,
collectors, and emitters in the BJT structure [9]-[17].
Another proposed device is the Field-Effect bipolar
junction transistor (FEBJT), which is a BJT that is designed
based on the idea of changing the doping level of the
semiconductor by the electric field of the gate electrodes
[18]-[20]. In other words, this device enables the
implementation and fabrication of a BJT transistor with
CMOS technology. In FEBIT, a BIT transistor's base,
collector, and emitter regions are created using three-
gate electric fields, called the gate-base, gate-collector,
and gate-emitter, respectively. This structure can reduce
the width of the BJT transistor to 7 nm. In addition to the
analog advantages of FEBJT, this device can turn on and
off with the base, emitter, and collector gates [18]-[20].
Therefore, digital electronics can be designed based on
FEBJT without the current shrinking of the base electrode
in BJT-based digital circuits. What this paper aims to
present is to show the feasibility of digital applications for
FEBJT.

In this paper, an inverter logic gate, as the base block
of the digital family, is simulated and presented. The
circuit design and transition characteristic diagrams are
examined. The transient state responses of the segment
and the times of the ups and downs have also been
measured and calculated. Noise calculation at the primary
logic gate is also performed and presented.

Field-effect Bipolar Junction Transistor (FEBJT)

Fig. 1 shows the schematic of FEBJT. This structure is
simulated by the TCAD-3D simulator. Fig. 1(a) is the side
view of this element. The design parameters are detailed
in Table 1. The structure has three electrodes on the
insulator: gate-collector, gate-base, and gate-emitter. It
also has three common BJT electrodes: the collector, the
emitter, and the base. The base electrode can be on either
side of the structure. Fig. 1(b) shows the top view of the
structure and the location of the base electrode. By
applying a positive voltage to each gate, the n-type region
can be created, and by using a negative voltage, the p-
type region can be formmade on the silicon surface under
the gate. Thus, it can be said that the structure is similar
to MOSFET, except that the three gates are placed on the
oxide instead of one gate [18], [20].

Due to the positive or negative voltage applied to the
gates, there are eight modes for the silicon channel under
the gates. The eight modes are shown in Table 2. Among
the eight possible modes for the transistor channel, mode
3, which creates the npn structure within the channel,
which is in accordance with the npn-BJT, is considered as
on mode. Mode 6 of this table is considered as OFF mode
[18]. Fig. 2 illustrates the circuit schematic of this device.
Using this segment, two types of n-channel and p-channel
can be designed according to npn and pnp BJTs. The

device is designed based on SOI (Silicon on Insulator)
technology. The base width of the proposed FEBIT is
considered 20nm. The feature that determines FEBJT's
speed and current gain is the size of the base gate, which
is 20nm. The mixed-mode module of the ATLAS simulator
is used for circuit model extraction. Using this module, the
devices can be simulated numerically. A SPICE-like circuit
description is provided in the MixedMode module. In
other words, after the definition of a new concept device
(like FEBJT) in the ATLAS-TCAD 3D simulator, the
MixedMode module can extract the library of the new
device. Different analog or digital circuits can then be
defined in a SPICE-like description.

->

wuQQ [-------

(a)

Gate Emitter Gate Base Gate Collector
Emitter Collector

(b)
Fig. 1: (a) Side view of FEBJT. Three gates over a silicon channel
induce the channel's emitter, base, and collector area. (b) Top
view of the FEBJT structure. GE, GB, and GC are gate-emitter,
gate-base, and gate-collector, respectively.

collect
mu collector
Gate Base | Base
|
W{mw Emitter
(a)
Emitter
; \‘ )Gate Emitter
Gate Base | ‘ Base
] {}ale collector
collector

(b)
Fig. 2: (a) Circuit schematic model for npn FEBJT, (b) Circuit
schematic model for pnp FEBIJT.
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Table 1: The design parameters of FEBJT

Symbol Value
Thickness of Silicon film 100nm
Thickness of buried oxide 400nm
Thickness of gate oxide 5nm
Width of Structure 100nm
Length of Ge and G¢ 30nm
Length of Gg 20nm
Emitter Length 40nm
Collector Length 40nm
Emitter Doping Concentration 1x10%%cm?3
Collector Doping Concentration 1x10%8 cm-3
Channel Doping 3x10Y7 ¢cm?3

Table 2: Possible modes for silicon channels in the FEBJT
structure

STATE Type of Structure Ve Ves Vac
1 n-nnn-n + + +
2 n-nnp-n + + -
3 n-npn-n + - +
4 n-pnn-n - + +
5 n-ppn-n - - +
6 n-pnp-n - + -
7 n-ppn-n - - +
8 n-ppp-n - - -

Inverter Logic Gate Based on FEBJT
A. Static Characteristics

Fig. 3 shows the designed inverter logic gate using
FEBJT. Like CMOS inverter gate, which is designed using
two complement n-channel and p-channel MOSFETSs, the
FEBJT inverter gate is also designed by Table 1: The
structural design parameters for FEBJT. Combining two n-
channel and p-channel transistors. The voltage applied to
the electrodes of this structure is illustrated in Fig. 3.

Table 3 shows how to apply voltage to the device gates
to generate the low and high logic outputs. Important
parameters must be considered to check the quality of an
inverter gate. The most important of these factors are
voltage transient characteristic, output transient mode
characteristic, output capacitance, output resistance,
Power Delay Product (PDP), and speed [21]-[30]. The
voltage transfer characteristic is a graph showing the
output voltage changes relative to the input voltage. Fig.
4 shows the transient voltage characteristic of the
inverter logic gate circuit with the FEBJT device. The input
voltage is swept from -1 to 1 volt to obtain this
characteristic. As specified in Table 3, the input voltage is
applied to the gate-emitter (GE) and gate-collector (GC).
Gate-base (GB) is also biased with VCC (1V).

The values are shown in Fig. 4 are used to calculate the

noise margin. Vou refers to the maximum output value
known as logic 1. VoL refers to the minimum output value
known as logic 0. Vix refers to the maximum input value
known as logical input 1. Vi refers to the minimum input
value known as logical input 0. Table 4 shows the values
of the parameters extracted from the voltage transient
characteristic. The Noise Margin Low (NML) and Noise
Margin High (NMH) values can be calculated from (1) and
(2) [31]:

NM, = Vi, — Vg, (1)
NMy = Vo — Viy (2)

By placing the values extracted from Fig. 4 in the above
equations, the NML and NMH are calculated 0.43 and
0.79 volts, respectively. It is worth noting that depending
on whether the input signal is applied to the gate or base
electrodes, different circuits can be designed as NOT-gate
based on FEBJT. Fig. 4, the manuscript shows one possible
configuration for the NOT-gate circuit in which the input
is applied to the side gates of both transistors. Each
designed inverter circuit would have specific voltage
transfer characteristics curves (VTC), which the carrier
concentrations and dopant densities can change through
the channel. The reason for this change is the resistivity
of the channel, which is controllable by different doping
concentrations.

Fig. 5 shows the VTC for four different doping levels of
the channel. To explain the reason for changing the curves
shown in Fig. 4, look back at the schematic of the inverter
gate in Fig. 3 inside the manuscript. As shown, there are
two complementary FEBJT in a NOT-gate to create
inverting behavior. Increasing the doping level of each
transistor results in decreasing the channel resistivity in
that transistor. By increasing the hole concentrations in
pnp FEBIJT, the resistivity of the above transistor decrease,
and consequently, the VTC shifts to higher voltages in the
right side of VTC. When the electron densities increase in
npn FEBIJT, the resistivity of the bottom transistor
decrease and the VTC shifts to the smaller voltages and
right side of the curve.

Ve

+lv |—)—c -1v
I

Qutput Input

© tlv

Fig. 3: The designed inverter logic circuit based on FEBJT.
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Table 3: Truth table for FEBJT-based inverter logic gate

Input  Q,  Q, G, G, G, Output
Low on off input input Bias(+1v) High
High off on input input Bias(+1v) Low
104 V;’” ‘fluum/ Gl |+ Voul(v)
0.5
?;’ 0.0 L Vin=Vour=Yqy
(o]
>
0.5
1.0
Ty ' T T T
-1.0 05 [ 000w 05 1.0
Vin (v)

Fig. 4: The voltage transfer characteristic of the inverter logic
gate circuit or not gate with the FEBJT device.

0.5
Increasing the
hole density of

0.0 VS i
. pnp transistor

Vout (v)

-0.5 4

1.0 05 0.0 05 1.0
Vin (v)

Fig. 5: The VTC for four different doping levels of the channel.
By increasing the hole concentrations in pnp FEBJT in NOT-
gate, the resistivity of the above transistor decreases.
Consequently, the VTC shifts to higher voltages in the right side
of VTC. When the electron densities increase in npn FEBJT, the
resistivity of the bottom transistor decrease and the VTC shifts
to the smaller voltages and right side of the curve.

B. Dynamic Characteristics

Fig. 6 shows the transient response of the inverter
circuit based on FEBIJT. As is demonstrated in Fig. 6(a), a
voltage pulse in the range of (-1V to 1V) with a period of
2 microsecond is applied as the input signal. The output
signal is also demonstrated in this figure. As can be seen,
the output signal exactly follows the input in reverse. To
characterize the dynamic performance of a logic-circuit
family, the propagation delay of the basic inverter gate is
usually examined [31].

2 microsecond is applied as the input signal. The
output signal is also demonstrated in this figure. As can be
seen, the output signal exactly follows the input in
reverse. To characterize the dynamic performance of a

logic-circuit family, the propagation delay of the basic
inverter gate is usually examined [24].

Table 4: The value of voltage transfer characteristic parameters

Voltage Amount (v)
Vou 0.95
VoL -0.88
\"n -0.27
Vin 0.16
A -0.04

The inverter propagation delay time (tp) is defined as
the average of the high to low and low to high
propagation delays as follows [31]:

T, = Tphl:Tplh (3)

In this equation, tTpniand Tpnare defined as the required
time for the output to reach 50% of the rail-to-rail voltage.
Two other parameters to examine the dynamic
performance of digital circuits are the rise and the fall
time of the output pulse. These two parameters (tr) and
(t) are defined as the required time for the output to
change from 10% to 90% and from 90% to 10% of the rail-
to-rail voltage, respectively. The transient responses are
zoomed-in Figs. 6(c) and 6(d). The calculated dynamic
parameters for the FEBJT inverter are listed in Table 5.

We have measured the output of the proposed
inverter gate for four different load capacitors. The
propagation delay times decrease when the output
capacitor decrease. The rise, fall, and propagation delay
times are shown in Fig. 7 as a function of the load
capacitor. This curve shows that the parasitic capacitor at
the output node is around 500fF. One of a digital circuit's
most important design parameters is the Power Delay
Product (PDP). This parameter indicates the amount of
energy needed to change the output from the maximum
value to its minimum value and vice versa. PDP can be
calculated from the following equation [31]:

PDP = Cipgq X Vaa® (4)

Cioad is the load capacitance that indicates the output
node capacitance, and Va4 is the power supply voltage.
There are different solutions for estimating the output
node capacitance [31]. Here, we first put an external 1pf
capacitor at the output node to calculate the output
resistance from the time constant of the output curve
(see Fig. 6(b)). After determining the output resistance,
we looked back to the output curve of the inverter when
no external capacitance was connected (see Fig. 6(a)). By
knowing the value of the output resistance (25kQ), the
output node capacitance (Cioad) Was calculated 0.06 fF
from the time constant of the output curve. Using (4), PDP
was calculated about 38x10Y J. Dynamic power, and the
maximum frequency of the inverter logic gate are the
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other important dynamic parameters that estimate the
performance of a new digital family [24]. Using (5) and (6)
[31], the maximum frequency and the dynamic power of
the FEBIJT inverter gate were calculated 0.25THz and
94uW, respectively.

1
F, = — 5
MaxX " (Tppi+ Tpin) )
Pp = Cipaq %X Vdd2 X Frax (6)

The important digital factors of the FEBIT inverter are
compared with other field-effect transistors with an
almost similar gate length in Table 6.

C. Ring Oscillator

In this part, a three-stage ring oscillator based on FEBJT
is designed and simulated, and its performance is
evaluated and compared with other technologies. Fig.
8(a) demonstrates the designed ring circuit based on
FEBJT. This oscillator is a combination of an odd number
of inverters, and the output of each stage is given as input
to the next stage. The output of the last stage is
connected to the first stage, thus forming a ring. Each
inverter stage provides a specific delay time; thus, the
three-stage circuit starts to oscillate at a particular
frequency [30]. The oscillation frequency is the function
of the delay time of each stage and the number of stages
used in the ring circuit [30]:

1
2ney

(7)

Fose =

N is the number of the stages, and 1, is the delay time
of a single inverter stage. Considering n=3 and 1,=2.01p,
the oscillation frequency of the designed ring is calculated
85GHz. The output voltage of the ring oscillator based on
FEBJT is demonstrated in Fig. 8(b). The performance of
the designed ring oscillator is compared with other
technologies in the almost similar gate length in Table 7.
As can be seen in this table, the operation frequency of
the ring oscillator based on FEBJT is larger than the other
comparable proposed devices in many published works,
and that’s while the dynamic power of the inverter stage
is smaller than the others.

Voltages (v)
L o
1

T T T T
00 50000 1.0y 1.5 2.0p 25p 3.00
TIME (s)

(a)

——V
in

——V

0.5

0.04

Voltage (v)

-0.5

R P S S —

T T T T T T T
0.0 500.0n 1.0p 1.5 2.0p 2.5p 3.0p

TIME (s)
(b)

V out (v)

T T T T T T T T 1
] 10p 20p 30p 40p 50p 80p 70p
TIME (s)

(c)

——V

T g T T T T 1
4] 10p 20p 30p 40p 50p 60p
TIME (s)

(d)

Fig. 6: The transient response of the inverter circuit based on
FEBJT. (a) without the external capacitor, (b) with 1pf external
capacitor. (c) The rise up of the output voltage is zoomed, t:is
measured 7.79 ps. (d) The fall down of the output voltage is
zoomed, tris measured 0.84 ps.

Results and Discussion

The static and dynamic simulation results for the
inverter logic gate based on FEBJT and the calculated
performance of the ring oscillator built with FEBJT
demonstrate the ability to use FEBJT in the design of
digital circuits.
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Fig. 7: The output of the proposed inverter gate for four
different load capacitors. The rise, fall, and propagation delay
time as capacitor function. As can be seen, the propagation
delay times decrease when the output capacitor decrease.

Table 5: The value of transient state parameters

Time Amount (s)
tohl 1.11p
tolh 2.89p
trall 0.84p
trise 7.79p

tp 2.01p

Table 6: Comparison of the Field-effectBJT Reverse Logic Gate
with other devices [29], [32]-[36]

Gate
Device  Structure  Tp(ps) PDP (j) Length
(nm)
This Field-
-17
work effectBJT 2.01 38x10 20
[29] S-FED 1.04  6.2x10°18 25
[32] FINFET 8 7.0x1018 20
[33] Shulk 53000 3.0x1013 17
Finfet
[34] HTFET 710 3.6x1020 20
[35] FINFET 2.3 0.01x1021 16-32
[36] CNTFET 24 0.04x1018 20
VEE
Vermp s || « VB | « VB \_.'rm.p T' « VB

1.5 [+ frststate |
~—second state
—+—third state |

Voltage (v)

Fig. 8: (a) The designed three-stage ring oscillator circuit based
on FEBJT. (b) The oscillation of the three-stage circuit shown in
Fig. 6(a). The oscillation frequency is measured 84GHz.

Table 7: The performance of the designed ring oscillator is
compared with other technologies [37]-[47]

o z Iy E €

S 3 e &= s g =

2 g e 305 N &g

° 3 B2 3 S

(%) (=9 -
This FEBJIT 3 82 94x10% 20

work
[37] DJ-INT 3 4 - 20
[38] FDSOI 3 2.45 - 32
[39] Dg-JNT 3 52 - 20
[40] CMOS 4 8.33 435x10® 65
[41] FDSOI 3 49 3.77x103 28
[42] CMOS 4 16 46.2x103 20
[43] FINFET 3 40 - 20
[44] V-TFET 11 0.6 86x10° 20
[45] DG-FET 4.14 12x106 20
[46] TFET 9 - 1.5x10°15 14
[47] NCFET 17 2.9 - 18
Conclusion

A digital circuit was designed using the FEBJT element.
This circuit is an inverter logic gate. Important features
and values calculated, such as voltage transient
characteristic, transient state, output capacitance, output
resistance, and PDP, indicate that FEBJT is applicable for
digital applications. Further, it is recommended to
research other digital basic circuits with the help of this
device with unique features.
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Background and Objectives: Residue number system (RNS) is considered as a
prominent candidate for high-speed arithmetic applications due to its limited carry
propagation, fault tolerance and parallelism in “Addition”, “Subtraction”, and
“Multiplication” operations. Whereas, “Comparison”, “Division”, “Scaling”,
“Overflow Detection” and “Sign Detection” are considered as complicated
operations in residue number systems, which have also received a surge of
attention in a multitude of publications.

Efficient realization of Comparators facilitates other hard-to-implement
operations and extends the spectrum of RNS applications. Such comparators can
substitute the straightforward method (i.e. converting the comparison operands
to binary and comparing them with wide word binary comparators) to compare
RNS numbers.

Methods: Dynamic Range Partitioning (DRP) method has shown advantages for
comparing unsigned RNS numbers in the 3-moduli sets {2, 2™ + 1} and {2™,2" —
1,2™*1 — 1}, in comparison with other methods. In this paper, we employed DRP
components and designed a unified unit that detects the sign of operands and also
compares numbers, for the 5-moduli set y = {22",2™ 4 1, 2™ 4 3}. This unit can
be used for comparison of signed and also unsigned RNS numbers in the moduli
sety.

Results: Synthesized comparison results reveal 47% (54%) speed-up, 35% (32%)
less area consumption, 25% (24%) lower power dissipation, and 60% (65%) less
energy for n = 8 (16) in comparison to the straightforward signed comparator.
Conclusion: According to the results of this study, DRP method for sign detection
and comparison operations outperforms other methods in different moduli sets

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

including 5-moduli set y = {22",2" + 1,2" + 3}.

Introduction

Nowadays, with the increased versatility of electronic
products, high-performance computations with low-
power consumption are of vital importance. Residue
number system has offered the advantage of high-speed
and low-power addition, subtraction, and multiplication
operations, and thus it has received much attention for
high-throughput computations, particularly in digital

Doi: 10.22061/JECEI.2022.8321.505

signal processing [1], data transmission [2], cryptography
[3], steganography [4], and image processing [5].

Residue Number System (RNS) is a number system
with k integer modulus {m,, m,, ..., m;}. A number X is
represented as (xq, X5, ..., Xy ), Where x; = |X|mi (i.e., the

remainder of integer division % ). Cardinality of the
i
residue number system is maximized (i.e., M =m,; X

... X my), where the moduli are pair-wise prime. In RNS,
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which is an unweighted number system, some arithmetic
operations such as division, scaling, comparison and
sign/overflow detection are difficult to implement.
Whereas, these complicated operations are fundamental
to develop processors with practical interest. For
example, comparison, sign and overflow detection are
essential for some nonlinear procedures, such as median
and rank-order filtering [6].

Sign detection is needed in applications dealing with
positive and negative numbers. In such cases, dynamic
range (i.e., M) is partitioned into two parts of [0, |M/2])
and [|[M/2],M) in order to represent positive and
negative numbers, respectively. The straightforward sign
detection method in RNS is based on converting the

operand to binary format and then comparing it with %

Comparison plays a crucial role in the development of
division and overflow/sign detection units in RNS,
therefore an efficient comparison method would be cost-
effective to implement other complicated operations [7]-
[9]. Contrary to the parallelism that residue number
system offers to the addition and multiplication, no
parallel RNS comparison scheme can be envisaged via
independent modular comparator in concurrent residue
channels. For example, in the moduli set {64,7,9,11,5},
44352=(0,0,0,0,2) is greater than 6=(6,6,6,6,1), which is
not clearly apprehended from their modular
representations.

The RNS comparison schemes proposed so far [6], [10]-
[16] can be categorized into a conversion-based method
[6], [10], [11], [15], parity checking technique [12], [14],
and mapping function [13], [16]-[23] that will be
described in second Section. For RNS unsigned number
comparison in 3-moduli sets, Dynamic Range Partitioning
(DRP) method [17] yields the best performance [17], [18].
However, we have not encountered any DRP-based RNS
comparator for moduli sets with more than three moduli.

In many RNS applications, domain of numbers is
expanded. Utilizing wider moduli and increasing the
number of moduli, are two different ways to fulfill the
need for expanded range of numbers, while both of them
make reverse conversion and complex operations more
complicated. However, since the conversion process is
not frequent, the burden of a lengthier reverse
conversion for moduli sets with more than three moduli
is bearable [18]. Several moduli sets with four to eight
moduli have been reported in the literature. For example
moduli set y= {22",2" + 1, 2™ + 3} with 6n-bit dynamic
range whereas its signed/unsigned reverse converter
have been introduced in [24], [25].

In this paper, we focus on the realization of a DRP-
based sign detector and comparator for the moduli set
y. To this aim, we convert the 5-residue operands of y to

an equivalent 3-moduli set {22 22" —1,22" — 9},
where the DRP can be applied.
For evaluation of the proposed comparator, we have not
found any hardware realization of a comparator for v,
thus, we compare our method with the straightforward
comparators [24], [25] and one of the recent previous
general comparators [24].

We also compare the proposed sign detection method
with the y-sign-detection unit of [25]. The proposed work
has considerable merits on the reference works [24], [25],
in terms of latency, area, and power, presented through
analytical and synthesized evaluations.

The rest of the paper is organized as follows. The
second section reviews briefly different RNS comparison
and sign detection methods. In the third section, the new
sign detector and signed/unsigned comparator for y are
proposed, while its implementation scrutiny is discussed
in the fourth section.

Evaluations are found in the fifth section and finally in
the last section we draw our conclusions.

Background Materials and Related Works

In this section, we describe the representation of
signed numbers in RNS, sign identification methods, and
then review a number of comparison methods briefly.

In RNS, numbers are defined as positive integers in the
range between [0, M-1], but in applications with signed
numbers, as shown in Fig. 1, dynamic range is divided into
two parts, positive and negative numbers. The sign of an
RNS number X can be detected by (1).

0 if 0<X<|M/2]

Sign(X) :{1 if IM/2l<X<M @)

Sign(X) usually indicates by the most significant bit
(MSB) of X, therefore in fast and low power sign detection
methods, before complete conversion of the operand to
binary format via mixed radix representation (MRC) [26]
or Chinese remainder theorem (CRT) [26], MSB of the
operand is extracted.

In [27] and [28], with the usage of last MRC digit, MSB
of the operand and consequently sign bit extracted. In
[25] a sign detection unit and signed reverse converter is
proposed for y, based on CRT.

A wide variety of techniques have been proposed for
RNS comparison in the literature [6], [9]-[23], some of
which are summarized in Table 1. Most of the comparison
methods compare two unsigned numbers and cannot be
easily extended to compare signed RNS numbers due to
the complexity of sign detection process.

In conversion-based methods [6], [9]-[11], [15], before
full reverse conversion, comparison takes place.
Comparing the corresponding MRC digits [26] or New CRT
coefficients [29] fall into this category.
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Unsigned Numbers in Dynamic Range T T

Signed Numbers in Dynamic Range

(M/Zi—l M‘/Z (M}2)+1 M-2 M-1

(M/2)-1 M/2 -(M/2)+1 2 A

N

Negative Range

Fig. 1: Distribution of positive and negative numbers in dynamic range.

In parity checking technique [12], comparison is based
on the parity of the operands and their difference. One of
the major drawbacks of this method is that it is applicable
only on moduli sets which do not have even moduli, while
in practice numerous moduli sets comprise at least a
power-of-two modulo, owing to an efficient arithmetic
channel realizations.

In the mapping technique [13], a number is assigned to
each RNS number in the dynamic range. For comparing
two numbers X and Y, D(X) and D(Y) are compared,
such that D(X) > D(Y) leads to X > Y. This method,
similar to the CRT, is based on alarge modulo SQ
operation, where SQ =Y-,(M/m;). Since direct
implementation of diagonal function is not efficient for
comparing two RNS numbers, some modifications for
diagonal function computation were proposed [23], [30].
In [23], D(X) is computed in modulo 2%, where u =
log(m,, — 1)SQ and m,, is the largest modulo in the
moduli set. Although 2% is smaller than SQ, in comparison
to other methods, [23] still needs computation in the
large module 2%.

Efficient computations of diagonal function results in
introducing new moduli sets that allow for efficient
hardware implementation of D(X). Some algorithms
were introduced in [30] to generate 3- and 4- moduli sets
in such a way that SQ =2 and SQ =2"-1,
respectively, for some v. In [31], similar to [30], several
methods proposed to design moduli sets with SQ forms
2™, 2" —1,and 2™+1.

In [16], [19], for implementing non-modular
operations including comparison, sign detection, division,
and scaling, the authors proposed a method to compute
the interval evaluation of X = (x,x3,..,%;). Such
computations are performed in limited precision of
fractional representation of X.

Ambiguity cases arise when X is very small or big, in
such cases MRC digits were used for non-modular
operations in this method which leads to sequential
computations.

In [20], [21], dynamic range [0, M) is divided into M, =
my; X my..X my_q intervals. With a large amount of
computations, the numerical intervals which contain X
and Y are determined and after that, comparison can be
done by comparing numerical intervals of X and Y.

Minimum-range monotonic core function is proposed
in [22] which is a modification of core function [32].

In this solution, comparison of every two number is
carried out through comparing their core functions. In
[22], core function is monotonic and computed in module
M,,. They also show that diagonal function is a special case
of core function.

DRP [17], divides the dynamic range of any 3-moduli
set into m, partitions of size m, X m3, where each
partition is divided into m, sections of size ms. For any
moduli set {m;, m,, ms}, DRP components (i.e. p; (X) and
p2(X)), are defined in (2), where x,3 = |X|pm,m,, X2 =
1X|m,, X3 = |X|m, and My = m; X m3. p;(X) and p,(X)
are the number of partition and section that are
computed for an RNS number X, respectively.

p1(X) = ||M1_1|m1(x1 - x23)|m
1

p2(X) = ||m3_1|m2(x2 - x3)|m2

(2)

Comparison of two numbers X = (xq,x,,x3) and Y =
(¥1,¥2,¥3) can be reduced to the comparison of [p, (X),
p1(N)], [p.(X), p.(V)], [x3, y3] in three different
comparators.

Sign detection and signed number comparison of [6]
for the moduliset {2™ — 1,2"* %, 2™ + 1} are based on an
optimized version of the MRC. It performs the comparison
through utilizing the sign bits of comparison operands and
their difference. In this method, the sign of RNS numbers
can be identified by comparing the third MRC digit with
2n+k—1.

Proposed Sign Detector and Comparator

In this section, a new DRP-based method is derived for
sign detection and comparing two RNS numbers X and Y.
As mentioned earlier, DRP has been utilized in unsigned
numbers comparison methods [17], [18]. However, in this
paper, DRP is applied to sign identification (Theorem 1)
and comparison for the 5-moduli set y.

The above DRP scheme (2) for 3-moduli RNS
comparison can be extended to 5-moduli cases. In fact,
the aforementioned 5-moduli set y, can be reduced to
the 3-moduli set T = {2%7,2%2" — 1,22" — 9}, where the
conjugate moduli 2™ + 1 and 2™ + 3, are combined to
moduli 22" — 1 and 22" — 9 through two simple reverse
conversion operations.
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Table 1: Comparison of 10 previous RNS comparators

. Signed / Unsigned
Ref. Category Moduli set Method
numbers
. {2+ 1,2, mj, .
[9] Reverse conversion Unsigned New CRT
me {21 + 1,271 — 1}

[17] Mapping function {2" + 1,2"} Unsigned DRP

[18] Mapping function {2n —1,2m, 271 — 1} Unsigned DRP

[10] Reverse conversion {2™ + 1,2™} Unsigned MRC-CRT

[11] Reverse conversion Arbitrary moduli set Unsigned New CRT

[12] Parity checking 0Odd moduli set Unsigned Parity checking
[13], [23] Mapping function Arbitrary moduli set Unsigned Diagonal mapping

[14] Parity checking 2" +1,2"* £ 1} Unsigned parity checking

. . . . . floating-point interval
[16], [19] Mapping function Arbitrary moduli set Unsigned .
evaluation, MRC

[20], [21] Mapping function Arbitrary moduli set Unsigned interval evaluation

[22] Mapping function Arbitrary moduli set Unsigned Core function

(6] Reverse conversion {2n —1,2n*tx 2n + 1} Signed MRC

[15] Reverse conversion {2tk 2n 4 1,2n41 — 1} Signed MRC

Therefore the 3-moduli DRP method can be applied to
the new 3-moduli set. Here we compute DRP components
for the new 3-moduli set 7. Prior to that, the required
multiplicative inverses are described as §;, 5, and 5.

Property 1: B; = |(2" + 3) 7 Y|,n_5
2"l

3
2n-1_2

3

Property 2: B, = [(2°" — 9) | ,2n_, = —22"73

n=2k+1

n =2k

Property 3: 5 = |((2%" — 9)(2%" — 1)) ,2n

(22n+3+1
_ =3
9 nEop

22n+1+1

={ =3p+1
9 n=2p
2n—1

2n—1 271 +1 —

2 + 9 n=3p+2
Let m, =2",m,=2"-1m;=2"+1,m, =

2" —3,mg = 2™ + 3 and the corresponding residues of
an operand X for the new moduli set 7 based on CRT and
New CRT be denoted as (xy, X33, X45) where x; = |X|,2n,
X3 = |Xlpen_y = |xg + (2™ + )21 (x, — x3)|,2n_4
and x5 = |X|p2n_g = x5 + (2" + 3) |B1 (x4 — X5) 573
In the following Egns. 3 and 4, we derive p,(X) and
p1(X) as DRP components in moduli set 7, based on Egn.

set 2, where X345 = |X|p2n_g)p2n_g) = x5 + 27" —
NIERH = 9) " (xa3 — Xas)lp2n_y.

p2(X) = |B2(x23 — Xa5) |32n_4

= |22n_3(_x23 + x45)|22n_1 (3)

p(X) = |((22n - 9)(22n - 1))_1(x1 — X3345) |2n
= |.33 (x1 — X45 + 9P, (X))|22n (4)

Theorem 1: X in the moduli set y is negative if and only if
MSB(p; (X)) = 1.

Proof: Based on the DRP method [8], in the moduli set T
we have X =p, (X)M; + x,3 = p,(X)(2%" — 1)(22" —
9) + x,3 and p; (X) < 22" With consideration of %z
22n=1(22n — 1)(22™ — 9), our proof consists of two parts
as follows:
a. (MSB(p,(X) =) =X2%
fMSB(p,(X))=1=p,X) =21 =X >
22n=1(22n — 1)(22" — 9) = X is negative.
b. X > 2= (MSB(p, (X)) = 1)
let x,3 = 22" — 2 to find the minimum value of p; (X),
where X is negative. The following condition must hold:

PLX)(2" — 122" = 9) + 22" — 2

> 22n—1(22n _ 1)(2211 _ 9)
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which leads to p;(X) > 22" and MSB(p;(X)) =1.m

Therefore by implementing one of the DRP
components (i.e., p; (X)), the sign of an RNS number (i.e.,
sign(X)) in the moduli set y is identified. For comparing
two signed RNS numbers, which belong to the same range
and both have the same sign (positive or negative),
comparing them without considering their signs
determines the result. Therefore, for comparing two RNS
numbers X and Y, first the signs of operands are
identified. If only one of them is positive, the result of
comparison is clear, whereas both of them are positive or
negative, comparison is undertaken via DRP components
(i.e. p1 (X)), p1(Y), po(X) and p,(Y)). Comparison can be
reduced to the comparison of p;(X) and p;(Y). In the
case of p; (X) = p,(Y), p,(X) and p,(Y) are compared. If
p1(X) = py(Y) and p,(X) = p,(Y), comparison of x,
and y,s yields the final result. Flowchart of the proposed
comparator is illustrated in Fig. 2.

Inputs :
X: (x1, X2, X3, X4, X5)

Y: (V1. Y2, Y3, Y4 ¥5)

!

p1(X) > py(Y) <«—Yes—— Sign(X) =Sign(¥) —
Yes
No

Output:

’7 p1(X) <p1(Y) X>Y
4

Yes \

No

| o

ves— P2(X) <p2(Y) l

Output: d

X<y N Yes Sign(X)=0
A :

Yes—

p2(X) > p2(Y)

No No

X5 <Yss

No
v

X45 > Yas Yes

Output:
X=Y

\—No—b

Fig. 2: Algorithm of the proposed comparator.

Since sign detection is performed with p; (X), and it is
also required for comparison, with eliminating first step
of Fig. 2 (comparing sign(X) and sign (Y)), it can be used
for unsigned comparison. The overall architecture for

signed/unsigned comparator is visualized by Fig. 3 where
E and C show that X =Y and X > Y respectively.
Example 1. Consider y = {256,15,17,13,19} with n =
4. Llet X=1=(1,1,1,1,1) and Y =1000000 =
(64,10,9,1,11) be two RNS numbers to be compared. The
equivalents of X and Y in the corresponding moduli set
T = {256,255,247} are (1,1,1) and (64,145,144)
respectively. Based on Egns. 3and 4, p;,(X) = p,(X) =0
, p1(Y) =15 and p,(Y) =223. According to the
Theorem 1 and Fig. 2, both X and Y are positive and
p(¥)>p,(X)soY > X.

Implementation

Sign detection and comparator units in the proposed
work are based on DRP components, therefore, in this
section, we provide the implementation details of p, (X)
and p,(X) generators. Here with the assumption of n =
3p + 1 and usage of the properties 1-3, we investigate
implementation-friendly equations for p; (X) and p,(X).
Computation and implementation of DRP components
with n # 3p + 1 are quite similar.

p1(X)
n-1 _
_ 22n+1 +1 (_(ZTL + 3) 3 (X4 - xs) >
- 9 2n-3
3, = X5 + 9 ()
(5)
n-1 _
po(X) = [22n-3 <(2 +3) 3 (x4 — x5) 2n_3>
X5 — X3 — (271 + 1)2n_1(x2 - X3) 22n_q
(6)

Replacing —x3 = x5 —2""1 + 1, —x, = x, — 2" + 1,

n—-1_
—x5=x_5—2n+1+1, U=|2 1(x4—x5) _
3 2"-3
=2 _ on—1_4 —
Yico® 2% (x4 +%5) — 5% - and -U=U-
2n-3
2™ + 1in (5) and (6) result (7) and (8), respectively.
22n+1 + 1 . _
—2™2 4 4) + p,(X) Jn
X) = 22073y 4+ (2773 + 3 x 22 U 4 2270 +
D2 - 22n-3 _ pn-2 4 (2211—4 + 2n—4—)(x3 + x—z) oy
(8)

One (n—1, 2™ — 3) multi operand modular adder
(MOMA) [33] followed by an n-bit modular adder is
required to generate U expression. Based on (8), after
computation of U, p, (X) is obtained with a two-level CSA
followed by a 2n-bit modular adder. In parallel with p, (X)

22n+1 44 _ —
5 (¢, +x5+ (2" +3)U -3 X 2"+ 4) is being
obtained through a (2n — 4 ,22") MOMA. The required

architecture for generation of p;(X) and p,(X) is
depicted in Fig. 4.

’
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< p1(X) and p2(X) Generator >

_____ ______l______

Unsigned Comparator

sign(Y) p1(Y) ‘

I
|
|
sign(lX) p.(X)

C E

p2(X)

p2(Y) ‘ Xas Vas ‘

Binary Comparator ) < Binary Comparator > < Binary Comparator )

c| E C|E

1

Fig. 3: The proposed signed/unsigned y —comparator.

Evaluation

In this section, we present the performance evaluation
of the proposed design and compare it with previous
related works.

The proposed design consists of sign detection module
and comparator. In the literature, two reverse converters
[24], [25] and one sign identifier [25] designed for moduli
sety.

In [25], a y — signed reverse converter proposed
wherein the sign of operand is extracted in the middle of
conversion. In the case of negative sign, the output of
reverse converter should be added to 2’s complement of
M.

In [24] a y —reverse converter proposed which is
based on New CRT [27] and the output is positive number
in the range [0 M).

We evaluate the proposed comparator against a
straightforward comparator which consists of two
reverse converters for converting the operands to binary
format and a binary comparator for comparing two
operands. Moreover, we evaluate unsigned general
comparators of [16], [19]-[23], which are based on
mapping function that has recently received attentions in
literature.

In addition, we evaluate the proposed sign detection
method with sign detection module of [25] and
straightforward sign detection method of [24] (i.e.,

Conversion of operand to binary format and comparing it
with % ).

The delay and cost measures of the proposed
comparator and sign detector are compiled in Tables 2
and 3, based on the unit gate model [34].

In our analytical evaluations, the cost and delay of one
simple 2-input logic gate (e.g., AND, OR, NAND, NOR) are
considered as 1 unit of cost (#G) and delay (AG). For
example, delay and cost of an n-bit carry ripple adder is
assumed to be 2nAG and 7n#G respectively. The
comparators of [28], [29] have less delay in return of extra
cost.

Between general comparators described in Tables 2
and 3 (i.e., [16], [19]-[23]), the comparators proposed in
[22] and [27] have reasonable delay and cost.

So as to find better insight into merits of the proposed
design, we have synthesized the proposed comparator
and y —comparators of [24], [25], and comparator of [22]
in case of n = 8 and n = 16, with the TSMC 90nm CMOS
standard logic cell library by Synopsys Design Compiler.
Synthesized results are compiled in Table 4 which approve
superiority of the proposed comparator in comparison
with the reference designs, in terms of delay, area, power
and energy.

Based on the results of Table 4, the ratios of delay and
power (n = 8) of straightforward signed comparator are
higher than other methods.
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Fig. 4: p1(X) and p,(X) generator and sign detection circuit.
Table 2: Analytical delay comparison
Adder Comparator
Operation Method - 2n- 4n- 6n- 7n- CSA n- 2n-  6n- 7n- Total Delay
bit bit bit bit bit bit bit bit  bit
(32n+12logn
24 1
[24] 3 3logn+1 1 +4)AG
(38n+4logn
i 2 1 1 1
Sign [25] 4 logn +5 + 20)AG
Detection
log 2n (10n + 81
n ogn
+logn
proposed 1 2 g +16)AG
+3
(32n+12logn
24 3 1 1 1 1
[24] 3logn + + AG
(50n +4logn
25 1 4 1 1 1 1
[25] ogn+5 T 20086
log 2n (14n + 81
il n ogn
Comparison proposed 1 2 ogn 1 + 16)AG
+3
[23] 1 log2n 1 (28n + 8logn)AG
[16],[19] 4 1 12logn 1 1 (18n + 48logn)AG
[22] 1 logn 2 (16n + 4logn)AG
[20], [21] 2 logn 1 (12n + 4logn)AG
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Table 3: Analytical cost comparison

Adder Comparator
CSA
Operation  Method n 2n-  4n- 6n- 7n bt n 2n- 6n- 7n- Total Cost
-bit bit bit bit  -bit -bit bit bit bit
(56n?
24 1 5 1 8n+6 1
[24] " +2730)#G
Sign (35n?
25 1 4 1 5n+42
Detection [25] " + 141n)#G
(35n2
d 1 2 5n+ 14
propose " +133n)#G
(56n?
24 1 5 1 8n+6 3
[24] " +357n)#G
(35n?
25 1 4 1 2 5n+42 1
[25] n + 267n)#G
(35n?
d 1 2 5Sn+ 14 3
propose " + 175n)#G
Comparis [23] 1 10n 1 (70n? + 98n)#G
on
(70n?
16], [19 4 1 1 10 4 3
[16], [23] " + 1400)#G
[22] 1 6n 4 (42n? + 84n)#G
4(2211 2
2" —1) 427
_ 1)(2211 ( ) ( , (22n _ 1)(2211
[20], [21] (22n —1D(2
-9) 9 —9) —9)(14n)#G
+5 —9n
Table 4: Synthesis based comparison results
Delay Area Power Energy
Design n Ratio 5 Ratio Ratio Ratio
(ns) (nm?) (mW) (p))
[24] 8 10.80 1.56 84075.61 2.22 69.74 221 720.79 331
[25] 8 13.20 191 58972.18 1.56 42.15 1.33 556.38 2.55
[22] 8 12.70 1.84 212472.50 5.62 110.85 3.51 1407.79 6.46
proposed 8 6.90 1.00 37800.76 1.00 31.54 1.00 217.62 1.00
[24] 16 16.30 1.58 189451.71 1.32 191.22 1.25 3116.88 1.98
[25] 16 22.70 2.20 210462.79 1.47 200.03 1.31 4540.68 2.88
[22] 16 14.8 1.43 350311.09 2.45 178.43 1.16 2640.76 1.67
proposed 16 10.30 1.00 142929.73 1.00 152.81 1.00 1573.94 1.00

Conclusion

In residue number systems, one of the most
complicated operations are sign detection and
comparison which also play a prominent role in the
development of division and overflow detection
components in RNS. The 5-moduli set y = {22, 2" +
1,2™ + 3}, has been shown to have efficient RNS
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arithmetic circuits as well as efficient reverse converter.
To extend applicability of this moduli set, we provided the
first efficient signed/unsigned RNS comparator circuit in
this work.

In the proposed comparator, with the advantage of
dynamic range partitioning technique, sign of the
operands are identified and then comparison performed
effectively. Synthesis-based results confirmed analytical
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evaluation and revealed 47% (54%), 35% (32%), 25%
(24%) and 60% (65%) delay, area, power, and energy
improvements, respectively, for the new signed RNS
number comparator in comparison with the reference
design.

As regards the relevant future work, we plan to apply
DRP method to other 4- and 5-moduli sets, to improve
comparison operation and so other complicated
operations.
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Article Info Abstract

Background and Objectives: Depth from defocus and defocus deblurring from a
Article History: single image are two challenging problems caused by the finite depth of field in
Received 22 January 2022 conventional cameras. Coded aperture imaging is a branch of computational
Reviewed 17 March 2022 imaging, which is used to overcome these two problems. Up to now, different
Revised 28 April 2022 methods have been proposed for improving the results of either defocus
Accepted 28 May 2022 deblurring or depth estimation. In this paper, an asymmetric coded aperture is

proposed which improves results of depth estimation and defocus deblurring from
a single input image.
Keywords: Methods: To this aim, a multi-objective optimization function taking into
consideration both deblurring results and depth discrimination ability is proposed.
Since aperture throughput affects on image quality, our optimization function is
defined based on illumination conditions and camera specifications which yields
an optimized throughput aperture. Because the designed pattern is asymmetric,
defocused objects on two sides of the focal plane can be distinguished. Depth
estimation is performed using a new algorithm, which is based on perceptual
*Corresponding Author’s Email image quality assessment criteria and can discern blurred objects lying in front or
Address: masoudi@hsu.ac.ir behind the focal plane. Results: Extensive simulations as well as experiments on a
variety of real scenes are conducted to compare the performance of our aperture
with previously proposed ones.
Conclusion: Our aperture has been designed for indoor illumination setting.
However, the proposed method can be utilized for designing and evaluating
appropriate aperture patterns for different imaging conditions.

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
BY

Introduction conventional apertures, there are some drawbacks
rooted in the inherent limitation of circular apertures. For
example, single image DFD methods and even some of
multiple image DFD methods are unable to distinguish
between defocused objects placed before and after the
focal plane. In addition, in single image DFD methods, the

captured image. The concept of DFD was first introduced ~ loWer depth of field, which provides enhanced depth
in [1], [2] and then various techniques were proposed discrimination ability, is obtained at the cost of losing
which are briefly reviewed in Sec. 2. image quality. In larger blur scales, most of image

Despite the desirable results of DFD techniques in  frequenciesare lost. It makes the estimation of depth and

Coded apertures
Depth from defocus

Defocus deblurring

When a scene is captured by a limited depth of field
camera, objects lying at different depths are registered
with varying degree of defocus blur. Depth from defocus
(DFD) is a method that recovers depth information by
estimating the amount of blur in different areas of a
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deblurring more ambiguous and vulnerable to image-
noise [3].

Coded aperture photography is a method used for
modifying the defocus pattern generated by lens. The
shape of PSF (Point Spread Function) can be changed by
using a coded mask on lens. So far, a variety of mask
patterns have been proposed for improving the results of
depth estimation [3]-[5] or defocus deblurring [6]-[8].
However, there are a few number of techniques for
extracting both depth and high quality deblurred image
[9], [10]. These methods use multiple images captured by
a single aperture [9] or multiple aperture patterns [10].

In this paper, we propose an asymmetric single
pattern, which is used for capturing a single image. This
image is processed to achieve a depth map and an all-
focus high quality deblurred image.

To find the proposed optimal aperture pattern, a new
multi-objective function containing two evaluation
functions is defined. The first function determines the
expected value of deblurring error using the correct PSF.
The second function computes the expected value of
deblurring error using the incorrect PSFs. Both functions
are defined in the frequency domain. A non-dominated
sorting-based multi-objective evolutionary algorithm [11]
is used to find a Pareto-optimal solution. An optimal
pattern is chosen in a way that it can also distinguish
between defocused objects placed before and after the
focal plane. As a result, an asymmetric pattern is
proposed which is appropriate for depth estimation and
deblurring in a single captured image.

According to [12], [13], illumination conditions and
camera specification affect the performance of coded
aperture cameras. Therefore, our objective functions are
formulated by considering the imaging circumstances. In
this way, the designed mask acquires a reasonable
throughput that ensures the acceptable signal-to-noise
ratio (SNR) of the captured image.

The proposed mask is compared with circular aperture,
and a number of state-of-the-art coded aperture
patterns. The performance comparison includes depth
estimation accuracy and the quality of deblurring results.

In accordance with the proposed multi-objective
function, a depth estimation algorithm is introduced in
which a blurred image is deblurred by a set of PSF scales.
Then, a PSF with the best quality deblurring result is
considered as the correct blurring kernel. The quality of
deblurred images is measured by an aggregate measure
of no-reference image quality assessment criteria.

A. Key Contributions

1) A new multi-objective function is proposed for
defining a single pattern, which yields the minimum
deblurring error with correct PSF and the maximum
deblurring error with incorrect PSFs.

2) The blurring problem is redefined with respect to

the aperture throughput and imaging system conditions.
Hence, in the design of coded aperture, the amount of
additive noise and image brightness are taken into
account.

3) An aggregate no-reference image quality assessment
measure is used for depth estimation. The quality of
images deblurred by different PSFs is measured and the
PSF that yields a deblurred image of the highest quality is
chosen as the true PSF.

4) The results of simulation on a dataset show less
variance in correct depth/kernel estimation across the
entire range of depths/kernel sizes compared to previous
aperture patterns.

B. Scope and Limitations

1) The image formation model is assumed to be linear.

2) An affine noise model is used to describe the
combined effects of signal-dependent and signal-
independent noise. Signal dependent Poisson noise is
approximated using a Gaussian noise model. Signal
independent noise is assumed only read-noise.

3) The aperture pattern is designed based on the
assumption that the exposure time and lighting condition
is fixed.

4) The proposed aperture pattern and depth estimation
algorithm can be used for both grey-level and color
imaging systems.

The rest of this paper is organized as follows: In Sec. 2,
related works are briefly reviewed. In Sec. 3, the blurring
problem is formulated and pattern evaluation functions
are introduced. Section 4 describes the optimization
method used to find the optimal pattern. The proposed
aperture is analyzed in accordance with spectral
properties and depth sensitivity in Sec. 5. Our depth
estimation algorithm is presented in Sec.6. Experimental
results in both synthetic and real scenes are presented in
Sec. 7. Finally, conclusions are drawn in Sec. 8.

Previous Works

The concept of DFD was first introduced in [1], [2] and
then a variety of techniques were proposed that used a
single image [14]-[19] or multiple images [20]-[24].

Single image DFDs usually estimate the blur scale
either by assuming some prior information about PSF
[14], [18], texture [16], color information [17] or by using
learning methods [19]. However, multiple image DFDs are
more variant and use various techniques to extract depth
information. Some methods capture two or more images
from a single viewpoint under different focus settings or
various sizes of aperture [1], [2], [22], [24], [25]. Other
methods use two or more images from different
viewpoints such as stereo vision with identical focus
setting [26] or different focal settings [9].

As mentioned in Sec.l, DFD with conventional
apertures suffers from some drawbacks. In the past
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decades, coded aperture photography has been used to
resolve these problems. Here, some of the proposed
apertures and DFD methods are briefly reviewed.

Hiura et al. [27] use multiple images taken by a single
aperture pattern from a single viewpoint under different
focus settings. Zhou et al. [10] propose a pair of aperture
masks. Two blurred images are taken from a single
viewpoint with a similar focus setting and two different
asymmetric aperture patterns. In real applications, a
programmable aperture is needed to ensure that the
viewpoint of the two captured images remain unchanged.
Otherwise, images should be first registered, and then
depth estimation algorithm be applied. Takeda et al. [9]
use stereo imaging with a single aperture pattern, yet
different focal settings to improve the results of depth
estimation presented in [10].

Levin et al. [4] design a single symmetric pattern with
the aim of increasing the depth discrimination ability.
Kullback-Leibler divergence between different sizes of
blur is used to rank aperture patterns. The optimal
symmetric pattern is achieved through a full-search of all
binary masks. An efficient deblurring algorithm is also
used to create high quality deblurred results. Since the
proposed mask is symmetric, before and after focal plane
cannot be differentiated.

Sellent et al. [5] define a function in the spatial domain
for the aperture pattern evaluation. A parametric
maximization problem is defined to find a pattern that
produce the most possible difference among images
blurred of different PSF scales. By solving this problem,
non-binary patterns are obtained that can be pruned to
binary forms. This technique is then used to find
asymmetric patterns suitable to discriminate the front
and back of the focal plane [3].

Aperture Evaluation

In this section, first the blurring problem is briefly
reviewed and then our criteria for evaluating aperture
patterns are introduced. Based on the proposed criteria,
a multi-objective function is defined, which is capable to
compare aperture patterns with varying throughputs.

A. Problem Formulation

Image degradation due to out of focus blurring and
noise can be modeled by convolution of a PSF or kernel
function (ks) with the sharp image (fs) and then adding
noise (w):

f=k®fi+ o Y ki=1 w

the subscript d indicates that kernel size is a function of
depth of scene. The sum of kernel elements (i.e. k})
equals 1, meaning that the image brightness does not
change by blurring.

When we use a binary-coded aperture, the shape and

throughput of the aperture are determined by this mask.
As noted in [12], [13] an aperture pattern must be
evaluated by consideration of both shape and
throughput. Therefore, we redefine the well-known
defocus problem in terms of these factors.

A binary coded mask with n open cells can be
considered as a grid of size NxN, where n holes distributed
over the grid are kept open [5], [12]. The pattern of open
holes determines the shape of PSF, and their number
specifies the mask throughput.

For a simple fronto-parallel object at depth d,
defocusing is redefined as the convolution of a defocus
kernel (k) with a sharp image(f,,) that generates spatial
invariant blur:

f=ka®fn + wp,
w, ~N(0,52), Z ki =1 (2)

The subscript n shows that the brightness of sharp
image (f») and the amount of added noise (w») depend on
the aperture throughput (n). Due to the additive
properties of light, in a constant definite exposure time,
the brightness of sharp image (fa) is increased linearly
with an increase in the number of open holes. The value
of wn also changes with the number of holes. In this study,
the growth of wn is investigated by considering the
number of holes, imaging system’s specifications and
scene illumination. As mentioned earlier, the sum of
kernel elements (i.e. k}) equals 1, meaning that the
image brightness does not change by blurring. As we see
in Sec. 3. B, the added noise is modeled by normal
distribution, which its variance depends of the aperture
throughput.

Equivalently, if the Fourier transforms of each variable
is shown by its corresponding capital letter, the spatially
invariant blur in the frequency domain is defined as
follows:

F=K;.E, +10, (3)
where the convolution operation in the Fourier domain is
changed to a simple point-by-point multiplication. The

subscripts d and n indicate the depth of scene and
aperture throughput, respectively.

B. Noise Model

The imaging noise can be modeled as the sum of two
distinct factors: read noise and photon noise [12]. Read
noise, which is independent of the measured signal, is
commonly modeled by a zero mean Gaussian random
variable r with variance 2. Photon noise is a signal
dependent noise with Poisson distribution. When the
mean value of photon noise is large enough, it can be
approximated by a random Gaussian variable with
variance 0'3 = [,[12], [28]. J,, refers to the mean number
of photons received by a single pixel in a camera with an
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n open-hole aperture.
As noted in [12], the total noise variance is computed
as follows:

of=0f+0f=0f+],= o} +n.] (4)

In this study, the mean signal value in photoelectrons
() of a single-hole aperture is computed by [12]:

J= 10— .R.I.q.A* ¢t (5)

F#
where F#, R, and | refer to camera f-number, average
scene reflectivity that varies in range 0 to 1, and amount
of scene illumination ( measured in lux), respectively. g is
the quantum efficacy of the image sensor, which
measures the effectiveness of an imaging device to
convert incident photons into photoelectrons. A4 is the
size of a pixel in an image sensor and t refers to the
exposure time. In our experiments, the assumption about
scene and imaging system parameters, which represent
the typical settings in consumer photography, are as
follows:

g = 0.5 (typically CMOS sensors)

R=0.5t =10m, F# =18

A? =5.1x5.1m (SLR camera, typically Canon 1100D)
| = 300" (typically office light level)

In the following section, first our criteria regarding the
intensity level of images are proposed. Then, the
proposed formula in terms of photoelectron are
redefined so that masks with different throughputs can
be compared.

C. Mask Search Criteria

Suppose an image F, is blurred with an unknown
Kernel K1 (3). If it is deblurred with a typical kernel K2 and
Wiener filter is used for deconvolution, then the total
error of deblurring (es) is computed as (6):

E,—E =E K:F
O A TN
_F _ KZ*(Kan+ 'Qn)
" |K, 12 + |C, |2
_ FnKZ*(KZ _Kl) Fnlcnlz_Kz*ﬂn
|Kz |2 + |Cy|? |K, 12 + |C,l?
D P
—eW e (z) (6)

where |C,|? is defined as the matrix of expected value for
noise to signal power ratios (NSR) of natural images. (i.e.

2
C|? = a— where A is the expected power spectrum of
naturali |mages and o? is the variance of additive noise [7].)
According to (6), the total error consists of two parts:

a _ FRK(K, — K)

e,/ =—————"error of wrong kernel estimation (7
L TACEATNE 8 )
E,|C.? — K;Q
) nltn n .
e,/ = —————=— deblurring error 8
m T K+ (Gl s ®)

If an accurate PSF is used for deblurring (i.e. K1 = K2),
then the only term that determines the total error of

deblurring will be 67(12) (i.e. er(ll) = 0). On the other hand,

if a wrong kernel is used as PSF (K: # K2), both e(l) and

el )WI” generate errors in the deblurrmg result. As will

shown in sec. 4.A, the values of en ) are much greater than

e(z) (See Fig. 2). Therefore, when K: # Kz, the main

determinant of the total error will be e( ). Hence,

consistent with our objective, a suitable pattern is defined

2

as a pattern that minimizes the norm of e, and

maximizes the norm of e,(l ) The norm of en
as follows:

”6(1)”2 — <FnK2*(K2 - K1)>* (FnKZ*(KZ - Kl))

"2 |K> 12 + 1Cul? [K> 12 + 1Cul?

K, — Ky
[ZAREATAEEN

Since the power spectra of all natural images follow a
a )”

Vi computed

= |RI?IK, |

certain distribution, the expectation of ||e can be

computed with respect to Fn. According to 1/f law of

natural images [29], the expectation of | Fn|? is computed

as A, (&) = fF |E,(&)|?> du(FE,) where £ is the frequency
n

and u(E,) is the measure of sample F, in the image space

[7]. Accordingly, the expectation of ||e( )||

as (10):

is computed

2
Dy (Ky, Ky) = Epn{lle(”ll

(|K2|f +1C, |;)2 ilg

This measure can be considered as a distance criterion
between two kernels. It can also help distinguish between
defocus points lying in front or back of the focal plane. It
should be noted that the defocus PSF in front of the focal
plane is the flipped version of the defocus PSF at the back
of the focal plane (See Fig. 1. a), meaning that these PSFs
have an identical spectral response but different phase
properties. Equation (10) includes the term K2-K1, which
can compute both spectral and phase differences of two

kernels. Hence, by having an asymmetric aperture, the

deblurring with the flipped version of a PSF generates e( )

error and helps distinguish sides of the focal plane (See
Fig. 1. b)

e,

The expected value of ||e can be computed in a

similar manner. (Details are found in [7]):

n n 2 (11)
|K]|2§t+ |Cn|2,;

This value has been used by Zhou et al. [7] as a criterion
to find aperture patterns with least errors in deblurring
results. However, it has been redefined here to allow

54 J. Electr. Comput. Eng. Innovations, 11(1): 51-64, 2023



Depth Estimation and Deblurring from a Single Image Using an Optimized-Throughput Coded Aperture

studying  patterns  with  different  throughputs.
Additionally, we search for a pattern that is suitable for
both depth estimation and deblurring.

Focal Plane Image Plane
______ s
¥
oy ¥y

H*i s !

Vod !

| [ e |

i_ _____ I{'_‘I____ lD_f _______ .s’.‘\.di,

' I, -
L i

| I |

< i/ - | i .

I |

iy L
(a)
Sharp Image Blumred Image

Fig. 1: (a) the defocus PSF in front of the focal plane is the
flipped version of the defocus PSF at the back of focal plane.
(b) If an asymmetric pattern is used for imaging, then
deblurring with the flipped PSF yields more errors in the
deblurred image (see (10)).

If the camera response function [30] is assumed linear,
then relations (10) and (11) can be stated in terms of
photon as follows:

Jn® A1 Ko |

Dn(Kz’K1) = Z 2 |K, _K1|§
T (Kl + 72
< TR (12)
o,
Rn(Kl) = Z . zn
2,0 +]n
¢ |K1|g+ 2

where A1 refers to the expected power spectra of natural
images taken by a single hole aperture. Since we assume
the aperture has n holes and the camera has a linear
response function, the number of absorbed
photoelectrons in an n hole aperture, is n times of a single
hole aperture (i.e. J = n. J). We also assume 62 = ¢ + ],
based on what was described in Sec.3.B (See (4)).

The values of R, and D» grow with n. So, the range of
these values is different for apertures with a different
number of open holes. If we desire to study patterns with
different throughputs, then D, and R, must be
normalized. Hence, our multi-objective function s
defined as follows:

1
(min R(K,,) = Ra(Ks,)
,$1,S2 ESandn € [1..N?]

1
lmax D(K,,Ks,) = FDn(Ksl,KSz), S, # S,

s.to: 0<I|K,(¥)|<1, s€eS (13)

where S refers to a limited range of blur scales and N is
the mask resolution.

Aperture Pattern Design

In this study, the mask resolution (N) is determined in
a way that each single hole provides the least possible
diffraction. According to the formula proposed in [31], a
7x7 mask is appropriate for an imaging system with an
aperture-diameter of 20™™ and pixel-size of 5.1*™. Based
on the camera specifications used in our experiments, this
resolution is selected for our mask, and thus the number
of open holes (n) will be in the range of [1-49].

A. Optimization

Multi-objective optimization is usually described in
terms of minimizing a set of functions. Therefore, we
rewrite our objective functions as follows:

min {R(K;,),—D(Ks,,Ks,) },
for si,s, €[1..10] and s; #s, (14)

These evaluation functions are clear and concise, but
their solution in the frequency domain is challenging.
Since we search for a binary pattern with specific
resolution, the objective function must also be able to
satisfy some other physical constraints in the spatial
domain. It is difficult to derive an optimal solution that
satisfies all constraints in both frequency and spatial
domains. Therefore, a heuristic search method is used to
solve the problem. In evaluating each pattern, R and D
values are computed for 10 different scales of kernels
(See (14)). Then, the maximum value of R and minimum
value of D are used to evaluate the pattern.

The main goal of a multi-objective optimization
problem is to find the best Pareto optimal set of solutions
[11]. In this study, NSGA-II [32], which is an appropriate
method for solving multi-objective  optimization
problems, is used to optimize our objective functions. A
generation of binary patterns with a population size of
1500 is created. A pattern is defined by a vector of 49
binary elements. According to [33], this population size is
sufficient to converge to a proper solution. Other
parameters are set by default values adjusted in the
prepared software. Fig. 2 shows the values of objective
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functions in the Pareto-front. The values of proposed
objective functions are also computed for some other
apertures and then added to the figure.
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Fig. 2: D values vs. R values of final patterns in the Pareto
optimal solution (blue), Open circular aperture (black),
conventional aperture (red), pinhole aperture(magenta),
patterns proposed in [3] (green) and [4] (cyan). Final selected
pattern has been highlighted by the blue border.

According to Fig. 2, in the Pareto optimal solution, with
an increase in the symmetry of patterns, the deblurring
error (R) and the error of using a wrong scale kernel (D)
rises. However, it does not mean that any symmetric
pattern outperforms all other asymmetric patterns in
terms of discrimination ability (D). For example, objective
functions were also computed for the pinhole aperture,
open circular aperture and circular aperture with a
throughput equal to the selected coded pattern
(highlighted by the blue border)* as well as the symmetric
pattern proposed by Levin et al. [4]. Although these
patterns are symmetric, the provided D values are not
essentially greater than all asymmetric patterns. On the
other hand, R values provided by asymmetric patterns are
not essentially smaller than any symmetric ones. In fact,
R and D values depend on several factors such as mask
throughput and spectral properties.

As noted earlier, NSGA-II provides a set of solutions.
Since just one pattern has to be selected, we compute
D, = D(K,q,7rot(Ksq, 180)) for all patterns derived from
the Pareto optimal solution. In a similar manner, this
value is computed for asymmetric patterns proposed in
[3]. Fig. 3 shows the computed values.

As shown in Fig. 3, with an increase in symmetry, Dr
declines. Given the significance of criterion Dr, the pattern
highlighted by the blue border is selected as a sample of
the derived patterns.

1 In the rest of text, the circular aperture with the same
throughput of selected coded pattern is called conventional
aperture.
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Fig. 3: D value of wrong scale kernels vs. D, value of the flipped
correct scale for the patterns obtained by NSGA-II (blue) and
asymmetric patterns proposed in [3] (green).

It must be mentioned that the selected pattern is not
the best option under all conditions. However, since it
provides appropriate values of D, R and Dy, it is selected
as the final pattern. Indeed, the final pattern should
provide a minimum value for the weighted sum of all
criteria, which each weight representing the importance
of the associated criterion. This study adopts NSGA-II,
which does not use the weighted sum for optimization.

Aperture Pattern Analysis

In this section, a brief analysis of the proposed pattern
is presented. The transmission rate (compared to the
open circular aperture) of our optimized aperture is
0.265, which is almost equal to the Levin’s pattern [4].
Hence, the SNR of images captured by this aperture is
about 14.4dB?, which is in the range of [10..40], meaning
that the captured images have an acceptable (not ideal)
SNR [34]. In the following; the aperture pattern is
examined with respect to its spectral properties and
depth sensitivity.

A. Spectral analysis

At the first step, an analogy is drawn between the
spectral properties of the selected pattern and the
conventional aperture. It should be noted that both
apertures have similar throughput so under different
imaging conditions; the same amount of additive noise is
added to the captured images. In this situation, the
spectral properties of apertures determine the results.
Fig. 4 shows 1D slices of spectral response for each
aperture at five different blur scales. According to [4],

2 SNRcapture =10logy0(n/0n)
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when a pattern has various frequency responses in each
scale, it is more convenient to distinguish blur scales. As
shown in Fig. 4, in the conventional aperture, the zero
amplitude obtained from different scales overlaps in
some frequencies, making it difficult to distinguish
between blur scales. However, the coded pattern has
diverse spectral responses in different scales.
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Fig. 4: The 1D slide of spectral response at 5 different blur
scales for conventional and coded aperture.

The spectral response of these two apertures is also
compared at 4 different scales. As shown in Fig. 5, the
minimum spectral response of our pattern is greater than
the conventional aperture, especially in larger blur scales.
Therefore, in the proposed pattern, attenuation of
frequencies in the captured image is reduced and thus
deblurring results are improved.

blur size =5 blur size =7
conv. conv.
1 - 1 R
coded coded
0.5 05
0
0 05 1 % 05 1
blur size =9 blur size = 11
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1 V. | 1 conv. |
coded coded
0.5 0.5
0 0
0 0.5 1 0 0.5 1

Fig. 5: 1D slices of Fourier transforms for conventional aperture
(red) and the proposed pattern (blue) at 4 different scales.

B. Depth Sensitivity

Another advantage of the proposed pattern is its high
sensitivity to the depth variation. It is known that DoF
declines with an increase in the aperture diameter. In the
proposed pattern, open holes are located in the margin of
the mask. Hence, this aperture pattern is more sensitive
to depth variations than the conventional aperture. To

examine the depth sensitivity difference in these
apertures, the blur size is computed in a limited range of
depth (before and after the focal point) for a typical lens
(EF 50mm /1.8 11).

The blur size (s) is computed based on thin lens
formula [35]:

SZD“(U_UO), L= Fuy, = Fu (15)
Vo uy—F u—F

The parameters used in (15) were introduced in Fig.
1(a). The aperture diameter (Dq) is assumed 20™™ and
8.21™™ for coded and conventional patterns respectively.
As shown in Fig. 6, the proposed pattern is more sensitive
to depth variation. Therefore, depth estimation is easier
in images captured by the coded pattern. On the other
hand, according to Fig. 5, coded mask gives a higher
spectral response, and is thus expected to obtain better
results in both deblurring and depth estimation in real
imaging.

:| 1 1 r
=200 1] 200 400 800 B0

D epthimm)

Fig. 6: Blur size vs. depth for conventional (red) and coded
(blue) apertures (focus length (u) = 1200™™, v = 50m™). Code
aperture is more sensitive to depth variation.

Depth Estimation

Depth estimation is performed using an algorithm
described here. The method is based on the proposed
objective function (13) and can be used for detecting both
the scale and the orientation of PSF. The main idea is that
deblurring with inaccurate kernels, whether in scale or
direction, produces low-quality images while deblurring
with correct kernel yields high quality images (See Fig. 7).
For depth estimation, the blurred image is deblurred with
a limited set of blurring kernels. The quality of each
deblurred image is measured using an aggregate no-
reference image quality measure. A PSF, which generates
a deblurred image of the highest quality, is selected as the
true kernel. As stated earlier, if the aperture pattern is
asymmetric, this method can be used for detecting both
size and direction of the PSF (Fig. 1).

Several no-reference image quality measures have
been proposed in the literature. In one of the most
comprehensive studies [36] a weighted sum of 8 different
criteria is used for evaluating the image quality (Recent
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studies show that using an aggregate measure of image
quality assessment criteria is more precise [8], [36], [37]
Although this measure can be used for depth estimation,
it is more complicated than it is necessary. In our
application, a comparison is drawn between the qualities
of deblurred versions of the same image.

Sharp Image, Q = -8.9466

Blured with r = 3, Q = -12.1615

Deblured with r = 4, Q = -10.2133 Deblured with r = 5, Q = -12.503

Fig. 7: Deblurring results with different radii of the kernel
(r=1..5) in imaging with conventional aperture. Deblurring with
smaller kernels results in blurry images and deblurring with
larger PSFs yields images with artifacts. The quality of each
image is evaluated by the no-reference quality assessment
measure proposed in [36]. A larger Q-value indicates higher
quality.

In fact, here the quality measure is more of a relative
measure not a strict one. Therefore, measures of lower
complexity can be applied for quality assessment. The
speed of depth estimation algorithm is improved by
reducing the number of criteria. In this study, the quality
of deblurred images is evaluated by an aggregated
measure containing four criteria: Norm-Sparsity-Measure
[38], Sparsity-Prior [4], Sharpness-Index [39] and Pyramid-
Ring [36], which are well-suited for our application. These

criteria are sensitive to blur or artifact or both of them.
The no-reference aggregate image quality measure is
defined in (16), where higher values indicate greater
quality. The process of computing this measure has been
described in our previous work [40].

Quality = —12.65 * normSps +
0.073 * sharpIndex —
0.289 * sparsity — 9.86 = pyrRing
(16)
A similar measure has been used in [3] to find only the
direction of PSF. Sellent et al. [3] use a depth estimation
algorithm [35] to determine the scale of PSF. Then, a
quality assessment measure is used to find the direction
of PSF. Our proposed method is almost similar to [3], but
no prepared database is used for PSF estimation here. We
use the proposed measure to evaluate the quality of
deblurred images (or patch of images) derived by
different PSFs. A PSF, which yields a deblurred image with
the best quality, is chosen as true PSF. This method is used
for detecting both size and direction of PSF.

A. Handling Depth Variations

In real world scenes, there are depth variations.
Therefore, each part of an image might be blurred with a
different kernel. A common method of depth estimation
in these images involves using fairly small patches in
which the depth is assumed to be constant. The blur
kernel is estimated for the patch, and this estimation is
assigned to its central pixel. By repeating this stage for all
pixels of the image, a raw depth map is obtained. Then, a
coherent map labeling is performed using the raw depth
map, image derivative information and some smoothness
priors [4], [17].

In this study, first two blur scales that generate
deblurred patches of the highest quality are considered as
the possible true scales of the central pixel. The
probability of each scale is computed based on its relative
quality. Higher quality increases probability and the sum
of two probability values are equal to 1. At the end of this
stage, a three-dimensional matrix is obtained. In other
words, for a HxW image and S possible depths, matrix
DRreRHXWXS includes the raw depth map in which
Dr(h,w,s) represents the probability of depth s € Sin
pixel (h,w).

There may be some errors in the depth estimation of
the raw depth map, especially in depth discontinuities.
Therefore, in the second step, a coherent blur map is
obtained by minimizing an energy function defined as
follows [17]:

MinEDD) = Y Dy(s)+ Y ApgVsps)  (17)
P (p.9)EN

where p and g refer to image pixels. The first term D, (s,)

indicates fidelity to the previous probability blur scale (s)

estimation at position p. The second term V(sp,s,) is a

58 J. Electr. Comput. Eng. Innovations, 11(1): 51-64, 2023



Depth Estimation and Deblurring from a Single Image Using an Optimized-Throughput Coded Aperture

smoothness term, which guarantees that neighbor pixels
of similar gray levels have identical blur scales. D denotes
a solution for coherent data map with minimum energy
(E). A coherent map with min(Dc) is estimated by a
method proposed in [17].

To assign a penalty to depth change in Dy, the early
probabilities of blur scale (p,(s)) are convolved with a
Gaussian filter (N(0,0.1)) to reach the smoothed
probabilities (P, (s)). Then —log(p,(s)) is used as D, (s).
(See [17]). This function could also be used for cases in
which one or more probabilities are assigned to the initial
blur scale.

The smoothness term V(s,,s;) examines depth
discontinuity in neighboring pixels. For each pixel p, depth
similarity is investigated with its eight surrounding pixels
with V(s,,s,) = |s, — s4]-The relative significance of
the difference between depths of two adjacent pixels is
determined by the difference of their gray level (g, and

_ lop-gql
gq)- Hence, 4, 4 is defined as A, ; = A,e %

[17).

(a) A few number of patches used in the experiments.

In our experiment, parameters are set to Ao=1000 and
02=0.006. Finally, a-expansion is used to minimize the
energy function [41].

Experiment

The proposed mask and depth estimation method are
validated in several experiments. The mask is compared
with circular aperture, conventional aperture and two
other masks designed for depth estimation [3], [4] (It
must be mentioned that our study does not include
aperture patterns proposed for deblurring, which assume
to have sufficient information about blurring kernel and
only focus on deblurring results). Among the masks
proposed by Sellent et al. [3], we choose the 7x7 mask,
which is the best according to our evaluating criteria (see
Fig. 2 and 3). Our study contains synthetic and real
experiments. It is expected that the designed mask
increases the accuracy of PSF estimation and provides
desirable deblurring results.

16 Depth Estimation Error

" | =il Open Circ.
—©— Conv.

Levin et al.
====Sellent et al.

=== Our mask

0 0.005 0.01
o

(b) Average of depth estimation error of blur scales (s = 1:14).

Open Circ. Conv.

Levin et al.[4]

Sellent et al.[3] Our mask

o =0.001

o =0.001

o =0.001 © o=-0.001

5 10 15

15 5 10 15

(c) The average and variance of estimated blur scale (vertical axis) in comparison with ground truth scale (horizontal axis). Red
diagonal represents the ideal estimation.

Fig. 8: Results of depth estimation for five apertures at 3 noise levels (0=0.001, 0.005, 0.01) and 14 blur sizes (s = 1:14).
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A. Synthetic Experiments

1) Depth Estimation Accuracy

In the first experiment, a number of various images are
blurred uniformly with various blur scales (s=1:14). Then,
50 patches of these images are randomly selected and
their depth is estimated by the method described in Sec.6.
Fig. 8(a) shows some of the selected patches. In each
scale, the mean and variance of estimated size of PSFs are
computed over all patches.

This experiment is repeated for different aperture
patterns at three levels of noise (o = 0.001, 0.005, 0.01).
Based on the results shown in Fig. 8(c), the depth
estimation accuracy is reduced by increasing noise.
However, results are satisfactory especially in our mask
and the mask proposed by Sellent et al. [3]. It must be
mentioned that since both symmetric and asymmetric
patterns are studied in this experiment, only one side of
the focal plane is considered.

For better comparison of studied aperture patterns, in
each scale, the norm of difference between the ground
truth blur scale (s4.) and the estimated blur scale (s,s) is

computed over all patches (i.e.35%; (s?, — sfs)z). Then,
this value is averaged over all studied blur scales. Fig. 8(b)
shows the mean square error (MSE) of depth estimation
for different apertures at three noise levels. It shows that
under equal circumstances, where all imaging conditions
(including throughput) are the same, coded pattern has
greater performance than its corresponding conventional
aperture.

The depth estimation experiment is repeated for
asymmetric patterns with blur sizes in the range of -12:12
pixel. Since a blur size of 0 is meaningless and t1 indicates
a sharp image, 23 different sizes of blur are indeed
examined. According to Fig. 9, our method provides
favorable results at o = (0.001, 0.005) with the depth
estimation error (MSE) of the proposed aperture being
less than the patternin [3].

-4 4
4 19" Deblurring Err.(¢ = 0.001) 4210

Deblurring Err.(o = 0.005)

Il) Deblurring Results

In the second experiment, deblurring results of
aperture patterns are examined. For different scales of
blur, each blurred patch is deblurred with a correct scale
of PSF. Then, the Root Mean Square Error (RMSE) of the
difference between original sharp image and its deblurred
version is computed. The average of RMSE is calculated
over all patches.

As shown in Fig. 10, our pattern provides the least
error, especially in large blur scales, while the
conventional aperture is the best aperture in lower blur
scales.

A sample of deblurring result for Circular Zone Plate
(CZP) chart is shown in Fig. 11. In all experiments, images
are deblurred by the sparse deconvolution algorithm
proposed by Levin et al. [4].

15 o =0.001, MSE = 11.52 15

o =0.005, MSE =129

(a) Our mask

o =0.001, MSE = 12.16

15 o =0.005, MSE = 12.99

(b) Mask proposed by Sellent et al. [3].

Fig. 9: The average and variance of estimated blur scale
(vertical axis) compared to ground truth scale (horizontal axis)
at 2 noise levels (0=0.001, 0.005) in the depth range of -12:12.

Red diagonal represents the ideal estimation.

x10*  Deblurring Err.(¢ = 0.01)

=8~ Open Circ.
=0 Conv.
Levin et al.

Sellent et al.

== Our mask

5 blur size o

5 blur size 10 15

15 5 blur size 10 15

Fig. 10: Deblurring error of five apertures at 3 noise levels (6=0.001, 0.005, and 0.01) for 14 blur sizes (s = 1:14).

60 J. Electr. Comput. Eng. Innovations, 11(1): 51-64, 2023



Depth Estimation and Deblurring from a Single Image Using an Optimized-Throughput Coded Aperture

Focused Image (Ground Truth)

.I._

Conv.

Open Circ.

g 21

|
5 &

| 35
1_ 1_
Sellent et al.[3 Our mask
3

~
|||||||||i|

?%

1_

Fig. 11: Comparison of deblurring results derived from different aperture patterns (blur size = 13, 0=0.005).

B. Real Scene

For real experiments, the proposed pattern is printed
on a single photomask sheet. It is cut out of the
photomask sheet and inserted into a camera lens. In our
experiment, a Canon EOS 1100D camera with an EF 50mm
/1.8 Il lens is used. The disassembled lens and the one
assembled with the proposed mask are shown in Fig. 12(a,
b).

(a) (b)

(c)

(d)

Fig.12: (a) lens assembled with the proposed mask, (b)
disassembled lens. (c), (d) calibrated PSFs of evaluated pattern.

A very thin LED is used to calibrate the true PSF. The
LED is mounted behind a pierced black cardboard to make
a point light source. Since the position of focal point may
be changed in each experiment, the camera focus is set to
a sample point. Then, the camera is moved back and forth
up to 60cm in 5cm increments and an image is captured
at each depth. Each image is cropped according to the
surface in which the point light spreads. Afterward, using
some threshold values, the residual light is cleared and
the result is normalized. In some rare cases, there is a
jump in the PSF scale in consecutive measured PSFs.
Under these conditions, other PSF scales are generated
synthetically from the obtained PSFs. In this way, a bank
of PSFs is generated that covers all possible sizes of PSF in
the range [-19:+19]. The camera is set to F# = 2 and the
illumination is set to office room lighting condition (i.e.
300 lux). Fig. 12(c, d) shows some calibrated PSFs in
forward and backward points of focus.

In the first experiment, the focal point is set to the
farthest point and all objects are placed in front of it. The
captured images and results are shown in Fig. 13(a). The
index number in the color-bar shows relative distance to
the camera so that in each figure, the closer object is
colored with smaller index.

Although the results are acceptable, there are some
errors of depth estimation on the floor of the scene that
should be corrected by the user or other segmentation
techniques, which may not be so sensitive to intensity
similarity.
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In the second experiment, three objects are placed in
the back of, over and in front of the focus point.

Fig. 13(b) shows the captured image along with the
depth map. In the third experiment, the focal point is set
to the nearest object with all other objects being placed
behind that.

(1) Captured image

(a) -

(b)

(1) Depth Map

DepthMap

=
.

DepthMap

DepthMap

According to Fig. 13(c) our method can achieve
acceptable results in this case.

Each depth-map is slightly corrected and then
deblurring [4] is performed with the modified depth map.
Fig. 13(c) shows all-focus images derived from deblurring.

(1) Deblurring Result

Fig. 13: Depth map estimation of depth varying scenes: (a) in front of the focal plane, (b) both sides of the focal plane, (c) at
the back of the focal plane.

Conclusion

In this paper, a new method of aperture mask
evaluation was proposed, which could reduce estimation
error in both depth map and deblurring results.
Asymmetric apertures make different PSFs in the back
and front of the focal point. This feature could help
discriminate blurred objects on two sides of the focal
plane. The aperture pattern was designed for a specific
imaging condition. Our future work will be concerned
with defining an objective function in which the exposure
time is also considered as an unknown variable of the
problem and the SNR of captured images determines the
lower bound of the mask throughput. Our proposed mask
was intended for indoor illumination setting.

d
by considering the aperture throughput and imaging
conditions, an exact evaluation of masks with different
throughput could be done. Analytical and experimental
results showed that our proposed mask could estimate an
appropriate depth map of objects captured in one image
regardless of the side of the focal plane. This was achieved
with the help of a new depth estimation algorithm
proposed in this article. According to the proposed
algorithm, the deblurring result of correct PSF has the
highest quality, which helps PSF estimation. Although the
proposed no-reference quality measure yielded desirable
results in depth estimation, more studies are required to
obtain better measures which can reduce depth
estimation error in both conventional and coded aperture
imaging.
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Background and Objectives: The Hemispherical Resonator Gyroscope (HRG) is an
inertial sensor which is a good choice for space missions and inertial navigation
due to their low noise, low energy consumption, long life, and excellent accuracy
and sensitivity. It consists of three main parts: the shell, the excitation and
detection system, and the control circuits. In recent years, with using MEMS
technology in the construction of HRG, vibrating shells with low volume and low
price are made.

Methods: The hemispherical shell is the main part and the beating heart of
hemispherical resonator gyroscopes and is responsible for sensing. An optimized
shell is required to implement the excitation and detection system and operate
the gyroscope properly. In this research, the structure of a spherical shell with an
environmental base that does not need to release the shell from its environment
for its excitation and detection system is selected and the relationships governing
this type of shell to improve the parameters of the glass blowing method will be
investigated. Also, all sub-processes of this type method of fabrication to optimize
the glass-blown spherical shell are implemented.

Results: The process of making spherical shell by glass blowing using the chemical
foaming process is used to obtain shells with height to radius ratio greater than 1,
and finally, a glass shell with an etched cavity with a radius of 562 um and depth
of 524 um created by the CNC process, with height to radius ratio of approximately
1.8 has been achieved. In this method, using direct transfer of calcium carbonate
to the etched cavity, before anodic bonding, the glass shell volume has been
increased from 0.602 nL to 1.04 nL.

Conclusion: The result is that to achieve a glass shell with a height to radius ratio
of more than 1, in addition to improving the fabrication process, it is necessary to
transfer the solid foaming agent to the etched cavity. Finally, in the fabrication of
the glass-blown spherical shell, we have used the chemical foaming process (CFP)

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

to obtain shells with a height to radius ratio greater than 1.
ol

Introduction

Coriolis vibration gyroscopes are sensors in which the
angle of rotation or angular velocity is measured using the
Coriolis force applied to the vibrating mass [1]. One of the
types of Coriolis vibration gyroscopes is the vibrating shell

Doi: 10.22061/JECEI.2022.8737.549

gyroscopes that vibrate with a hemispherical resonator or
so-called "wine glass" [2], [3].

Hemispherical resonator gyroscopes (HRG) are
considered a suitable choice for space missions and
inertial navigation due to their low noise, low energy
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consumption, long life, and excellent accuracy and
sensitivity [4]. These types of gyroscopes can also be
made microelectromechanically [5].

The structure of a hemispherical resonator gyroscope
consists of three main parts: the shell, the excitation, and
detection system, and the control system. The resonator
shell is the main part and the beating heart of these
gyroscopes and is responsible for sensing. The resonator
shell needs a perfectly symmetrical structure for proper
operation to show desirable characteristics in terms of
equilibrium, natural frequency difference, vibration-
induced deformation, and damping [6].

Due to the diversity of the structure of resonator
shells, different methods are used to make the shell,
which can be mainly referred to as two methods of
silicon-based bulk and surface micromachining and
surface tension processes [7]. In the construction of the
shell by micromachining process using several stages of
photolithography and etching, the resonator shell is
created in the substrate [8].

The fabrication of the shell by surface tension
processes is also based on the surface tension force at the
melting point of the materials and is done in the two
methods of blow torching [9] and glass blowing [10].

In 2014, Taheri-Tehrani et al. Reported the
construction of a hemispherical shell with a diameter of 1
mm, depth of 250 um, and thick of 1 um by
micromachining process. In this method, the diamond
shell is fabricated by the chemical vapor deposition (CVD)
process in cavities created by wet and isotropic etch [11].

In 2015, Khalil Najafi et al. Created shells using the
blow torching process. In this fabrication method, the
shell with its solid stem is separated from the mold and
finally released using a type of wax and chemical
mechanical polishing (CMP) [12]. In 2018, Dingbang Xiao
et al. Also examined the process of making a shell by
blowtorching and releasing it with a femtosecond laser to
improve the cutting quality of the side walls [13], [14].

In 2015, Senkal et al. Reported the fabrication of a
micro-fused silica shell using the glass blowing process
[15].

In 2015, Senkal investigated the fabrication of pyrex
shells by the glass blowing process. In the mentioned
thesis, DRIE was used to etch cylindrical cavities with a
central post to a depth of 250 um on a 1mm silicon wafer.
In this reference, to evaluate the structure of the
hemispherical resonator shell, characteristics such as
structure symmetry, shell surface roughness, and
material composition before and after glass blowing have
been analyzed [10].

In 2015, AM Shkel et al. Reported the fabrication of a
spherical shell by glass blowing and surrounding
electrodes, in which a pyrex micro-spherical resonator
with a radius of 500 um was made by glass blowing

process and surrounded by four electrodes. In the process
of fabricating this shell, cylindrical cavities with a radius of
265 nm and a depth of 800 um are created by dry etching
(DRIE) on a 1 mm silicon wafer [16].

AM Shkel et al. In 2011 and Binzhen Zhang et al. In
2016 proposed a method for glass-blown spherical shell
fabrication with three-dimensional metal electrodes
created at the same time as the shell [17], [18].

In 2018, Jianbing Xie et al. Used a method of
transferring the solid foaming agent (CaCOs) using a
precipitation reaction to etched cavities by the DRIE
process before anodic bonding to achieve larger
sphericity. The tallest spherical glass shell, created by an
etched cavity with a radius of 250 um and a depth of 800
pm, has a height to radius ratio of 1.58 [19].

Jintang Shang et al. In 2011 and 2015 also used TiH>
foaming agents to fabricate glass bubbles [20], [21].

An optimized shell is required to use the shell as a
sensor and to measure the amount of input rotation to
the resonator. In fact, to implement the excitation and
detection system, one must first obtain a shell with the
desired structural features to design and then implement
the excitation and detection system according to its
geometry. In this research, we have selected to
implement a glass-blown spherical shell with an
environmental base that does not need to release the
shell from its surroundings for its excitation and detection
system. The sub-processes of the glass blowing method
include etching cavities, anodic banding, thinning and
polishing, and blowing. We used the CNC process to
create etched cavities in a silicon substrate. Using this
method in creating cavities with great depth takes less
time. After implementing all the sub-processes of this
type of method of fabrication and improving their
parameters, the glass shell with a height to radius ratio of
more than 1, was still not obtained. To achieve a glass
shell with a desired height to radius ratio (>1), in addition
to improving the fabrication process, we used the direct
transfer of the solid foaming agent (calcium carbonate) to
the etched cavity before the anodic bonding process.

Finally, we have achieved a spherical shell with a height
to radius ratio of approximately 1.8 by creating an etched
cavity with a radius of 562 um and a depth of 524 um
using the CNC process and direct transfer of calcium
carbonate to the etched cavity. Although our cavity
radius was greater, and our cavity depth was less than the
values used in similar articles, we were able to achieve a
glass shell very close to the sphere by the chemical
foaming process.

Governing Relationships the Spherical Shell with
Peripheral Base

To improve the glass blowing process, it is necessary to
study the governing relationships of the spherical shell.
The geometrical parameters of the glass-blown spherical
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shell are shown in Fig. 1 where Ro is the radius of the
etched cavity, h is the depth of the etched cavity, Rgis the
radius of the spherical shell and h: is the height of the
spherical shell.

'::l b

Ak

Fig. 1: Display of geometric parameters of a spherical shell with
peripheral base.

The impact of gravity and the viscous force of the
softened glass are neglected in the height model, and the
thickness of the glass shell is considered to be uniform;
hence, the volume of expanded gas confined obeys the
ideal gas law.

Using the geometric parameters shown in Fig. 1, the
volume of the etched cavity can be obtained from (1) [19]:

Vy = nR2h (1)

According to Fig. 1, where Ro is the radius of the etched
cavity, h is the depth of the etched cavity. The volume of
the glass shell can also be obtained using (2) [19]:

T
V; = (T_Z — DV (2)

where Vg represents the volume of the glass shell, Ve
represents the volume of the etched cylindrical cavity, Ts
represents the furnace's heating temperature, and Tb
represents the anodic bonding temperature. Thus,
considering the volume of the etched cavity and the
volume of the glass shell, the height of the glass shell as a
function of the furnace temperature, bonding
temperature, depth, and radius of the etched cavity can
be obtained using (3) [19]:

2
3
[(3]@ + ’Rgnz + 91@2>n2] — Rim?
1
3
s [(3]{9 + |RSm2 + 9ng>7'[2]

The mathematical equation describing the relationship
between the height of the glass shell (h1) and the radius
of the glass shell (Rg) is (4) [19]:

_ R§ +hi

97 2,

h1:

(4)

Fabrication of the Glass-Blown Spherical Shell

The steps of fabricating a glass-blown spherical shell
have five main sub-processes; include etching cavities,

transfer the solid foaming agent to the etched cavity,
anodic banding, thinning and polishing, and blowing. The
schematic of this type of fabrication is shown in Fig. 2.

o Bl
-1
Fig. 2: Schematic of the process of fabricating a glass-blown
spherical shell by chemical foaming process. (a) Paste the lamel
to silicon and preparing it for the CNC process, (b) Creating a
cylindrical cavity in a p-type silicon substrate using the CNC
process, (c) Direct transfer of the solid foaming agent (CaCO3)
into the etched cavity, (d) Anodic bonding of pyrex layer to
silicon substrate, (e) Decreasing the thickness of the pyrex
layer to 200 um using the thinning and polishing process, (f)

Putting the sample on a quartz base and transfer it to a furnace
to form a glass shell.

The young’s modulus of the substrate has a greater
effect on the quality factor (Q) of the resonator than its
density, in other words, the substrate with a higher
young’s modulus leads to less energy loss. Silicon
substrate with a higher young’s modulus is a better choice
than fused silica substrate [22]. Silicon substrate consists
of two common types n and p [23], for the reason that the
p-type silicon substrate has a better performance in the
anodic bonding process than the n-type substrate, it is
better to use this type of substrate [24].

In the cavities etching process, first, a p-type silicon
substrate with a thickness of 740 um is selected and a
cavity with a radius and depth of 550 um is created on it
using the CNC process. In creating a cavity with a CNC
machine, by measures such as changing the tool
movement program, reducing the tool speed, changing
the tool, and pasting the lamel on the silicon, it is possible
to improve the lip and the dimensions of the cavity and
bring it closer to the ideal (Fig. 2 (a), (b)). The crystalline
orientation of the silicon substrate does not affect the
creation of a cavity using CNC [30].

Then, to increase the height to radius ratio of the glass
shell, the solid foaming agent is transferred into the
etched cavity in the silicon (Fig. 2 (c)). Here, for the
process of adding the foaming agent, calcium carbonate
(CaCO0s) with the thermal decomposition temperature of
825 °C is used as a foaming agent, which its chemical
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decomposition is in the furnace heating temperature in
(5) [25]:

900°C
CaC05(S) — Ca0(S) + C0,(g) (5)

This material's thermal decomposition temperature is
lower than that of the furnace (~900 °C) but greater than
that of anodic bonding (~400 °C), thus it fits the
requirements of the following procedure.

Calcium carbonate (CaCOs) can be transferred into the
etched cavity inside the silicon substrate in two ways,
using direct transfer and the precipitation reaction of
Na2COs solution and CaClz solution. The chemical
equation (6) is used to place the foaming agent into the
etched cavity using a precipitation reaction:

Na,C05(aq) + CaCl,(aq) = CaCO5(S) + 2NaCl (6)

In the precipitation reaction method, two syringe
pumps and two microliter syringes with a needle with an
outer diameter of 190 um are used to inject solutions into
the cavity. The outer diameter of the syringe needle is
smaller than the diameter of the etched cavity. The
quantity of calcium carbonate in the etched cavity may be
adjusted by varying the injected volume and
concentration of the two reaction solutions. The sample
is put on a hot plate after the micron-injection procedure,
and the determined amount of calcium carbonate
(CaCOs) is left in the cavity [19].

In this paper, the direct transfer is used to transfer the
solid foaming agent into the etched cavity in silicon.
Directly transferring the solid foaming agent is very
difficult. There are two primary causes for this difficulty:
one, solid calcium carbonate (particularly powders) would
cause difficult-to-remove bonding surface contamination,
and the second, CaCO3 is insoluble in most solvents [19].
In the direct transfer of the solid foaming agent, calcium
carbonate powder is first mixed with DI water to form a
suspension. Using a microliter syringe with a needle with
an outer diameter of 300 um, the suspension is injected
into the cavity. After DI water evaporates, calcium
carbonate powder settles to the bottom of the cavity.

The cleanliness of the silicon surface is very important
at this step because the powder particles remaining on
the surface will not cause proper bonding of silicon and
pyrex and will lead to problems in subsequent processes
[24]. In this process, the amount of gas emitted by the
foaming agent may be regulated by adjusting the number
of moles of calcium carbonate (CaCOs), which is
equivalent to the number of moles of COa.

Next, the silicon wafer with the cavity is anodically
bonded to a pyrex layer, at a temperature of 400 °Cand a
voltage of 1500V, and the air and the solid foaming agent
are trapped inside the etched cavity in the silicon (Fig. 2
(d)). In the anodic bonding process, the roughness of the
two surfaces that are placed on top of each other is so

important that two samples with a surface roughness of
more than 50 nm in this process, at the higher the applied
temperature and voltage, are not connected.

Bond strength is a critical element in the anodic
bonding process since it is related to bond quality and
dependability. A good bond is created when the bond
strength is high. As the bonding temperature increases,
the bond strength increases [26]. In the fabrication of a
spherical shell by glass blowing, reducing the bonding
temperature increases the air pressure trapped inside the
etched cavity and improves the height to radius ratio of
the shell. This decrease in bonding temperature may
create unbonded points near the cavity, which will cause
problems such as reduced air pressure inside the cavity,
breaking pyrex during thinning, and asymmetry of the
shell.

The use of mechanical tests, such as pressure, pull,
shear, or bending tests to evaluate the anodic bonding
process is not desirable because it destroys the specimen
and makes it impossible to continue the fabrication
process [24]. In this paper, an optical microscope, which
is a non-destructive method, has been used to evaluate
the anodic bonding process. In this method, using the
color difference, the bonded spots and the unbonded
spots are determined. A visual evaluation to observe
unbonded spots is shown in Fig. 3.

Fig. 3: Examination of unbonded spots using color differences
using an optical microscope.

The thickness of the pyrex layer bonded to the silicon
substrate with an etched cavity should be something
around a few hundred micrometers [27], [28]. In this
paper, a thickness of 200 um is considered as the desired
thickness, which can be used to Achieve this desired
thickness using the thinning and polishing process (Fig. 2
(e)).

In this step of the fabrication process, in order to form
the glass shell, the bonded wafer with the pyrex layer
facing upwards is placed onto a quartz glass stencil and
then both together Are transferred into the quartz tube
furnace (Fig. 2 (f)). The type of furnace used in this step
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depends on the softening point of the bonded pyrex (820
°C). To prevent shock to the bonded wafer, it is
transferred to the center of the furnace in 3.5 minutes.

While glass can be shaped at a broad range of
temperatures, empirical tests show that if the furnace
temperature is less than 800 °C, the glass spheres will take
a long time to form. Also, because of the poor viscosity at
higher temperatures, the spheres tend to break if the
furnace temperature is higher than 950 °C. Therefore, the
best temperature range for the furnace is between 850 °C
and 900 °C [29].

By placing the bonded wafer at a temperature higher
than the softening point of pyrex (870 °C) in a furnace, the
trapped air in the cavity and the gas produced by the
calcium carbonate expand and increase the pressure
inside the cavity. However, this increase in pressure
occurs via the uniform surface pressure distribution
before driving the high-temperature molten glass
membrane to reshape into a hollow shell. As the pyrex
layer softens and the gas is released by the foaming agent
at the furnace temperature, the thin pyrex layer on top of
the cavity that has been etched in silicon substrate
becomes a spherical glass shell. The surface tensile force
in this method causes high symmetry and minimal
roughness on the surface of the spherical shell [18].

After 20-60 seconds, the formed shells will be removed
quickly to cool down in the air in order to avoid the
collapse of the shells. The heating time should be chosen
carefully because if the heating time is very long, the glass
shell would deform even break. On the other hand, if the
heating time is not long enough, the glass would not have
enough time to become soften and blown into
hemisphere shape [19].

Experimental Characteristics

In the governing relationships of the spherical shell,
the radius of the etched cavity (Ro), the depth of the
etched cavity (h), the temperature at which the etched
cavity was bonded to a glass wafer (Tv), and the heating
temperature in the furnace (Ts) are considered as inputs
and the height of the spherical shell (h1) and the radius of
the spherical shell (Rg) is calculated as output.

The hollow glass shell that is more similar to a sphere
could provide more favorable properties of the
hemispherical resonator gyroscope. The larger the height
to radius ratio of the glass shell, it is closer to being
spherical and therefore more desirable.

The advantages of the high ratio of height to a radius
of the glass shell can be referred to reducing four-node
wineglass resonant frequency, which is useful for the
excitation and detection of the HRG, and larger surface
area for adjustment higher aspect surrounding capacitive
electrodes, which can increase the sensitivity of HRG [19].
Therefore, two parameters of the height to radius ratio of
the glass shell (h1/Rg) and the height to diameter ratio of

the glass shell (hi/2Rg) are also considered as output
parameters. The effect of changing the radius of the
etched cavity on the height to radius ratio of the shell is
shown in Fig. 4.

1.6 —— |'[=860
14 « — m— TF=880
: - ¥- Tf=900
1.21 — - -Tf=1000
210
08
=
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0.0

400 600 300 1000 1200 1400
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Fig. 4: The effect of changing the radius of the etched cavity on
the height to radius ratio.

In the diagram in Fig. 4, the depth of the etched cavity
(600 um) and the anodic bonding temperature (400 °C) is
considered constant, and the radius of the etched cavity
and the heating temperature in the furnace has been
changed. As can be seen in Fig. 4, as the radius of the
etched cavity increases, the height to radius ratio of the
glass shell decreases, and as the heating temperature in
the furnace increases, the height to radius ratio of the
glass shell increases. Also, the effect of changing the
depth of the etched cavity on the height to radius ratio of
the shell is shown in Fig. 5.

1.5 T —
—e— TF=360
1.4 —m— =880
—v = T=900
1.3 - - - T£=1000
=
P12
= 1.17
1.0
0.9

SO0 600 700 800 900 1000
h (um)
Fig. 5: The effect of changing the depth of the etched cavity on
the height to radius ratio.

In the diagram in Fig. 5, the radius of the etched cavity
(500 um) and the anodic bonding temperature (400 °C)
are considered constant, and the depth of the etched
cavity and the heating temperature in the furnace has
been changed. As can be seen in Fig. 5, as the depth of the
etched cavity and the heating temperature in the furnace
increase, the height to radius ratio of the glass shell
increases. The effect of the temperature of anodic
bonding change on the height to radius ratio of the shell
is shown in Fig. 6.
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Fig. 6: The effect of the temperature of anodic bonding change
on the height to radius ratio.

In the diagram in Fig. 6, the radius (500 um) and depth
(600 um) of the etched cavity are considered constant,
and the anodic bonding temperature and the heating
temperature in the furnace have been changed. As can be
seen in Fig. 6, as the anodic bonding temperature
increases, the height to radius ratio of the glass shell
decreases, and as the heating temperature in the furnace
increases, the height to radius ratio of the glass shell
increases. The effect of the heating temperature in the
furnace change on the height to radius ratio of the shell is
shown in Fig. 7.
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Fig. 7: The effect of the temperature in the furnace change on
the height to radius ratio.

In the diagram in Fig. 7, Similar to the diagram in Fig. 6,
the radius and depth of the etched cavity are considered
constant, and the heating temperature in the furnace and
the anodic bonding temperature have been changed. As
it is known, in the diagram of Fig. 7, with increasing the
heating temperature in the furnace, the height to radius
ratio of the glass shell increases, and with increasing the
anodic bonding temperature, the height to radius ratio of
the glass shell decreases.

This result is obtained from the analysis of the above
diagrams that to achieve the height to radius ratio of the
glass shell of more than 1, the radius of the etched cavity
and the anodic bonding temperature should be reduced

and the depth of the etched cavity and the heating
temperature in the furnace should be increased.

The depth and radius of the etched cavity, the
thickness of the pyrex layer, the anodic bonding
temperature, the temperature at which the glassblowing
was executed, and even the cooling process of the
softened glass shell all play an important role in the final
shape of the glass shell [10], [19].

By performing the sub-processes of fabrication include
etching cavities, anodic banding, thinning and polishing,
and blowing, the glass shell is formed. It is difficult to
obtain a glass shell with a height to radius ratio greater
than 1 with these sub-processes. To obtain the glass shell
with a height to radius ratio of more than 1, methods such
as reducing the radius of the etched cavity and the anodic
bonding temperature and increasing the depth of the
etched cavity and the heating temperature in the furnace
have been performed. These changes applied have been
effective in increasing the height to radius ratio of the
glass shell, but the result is far from a spherical shell, and
the volume of the glass shell is still under restrictions from
the process parameters. In addition, applying these
changes has been faced challenges. For example, a thick
silicon substrate is needed to increase the depth of the
etched cavity (800-1000 um). In this paper, to increase
the depth of the etched cavity, a layer of pyrex with a
thickness of 2 mm is anodically bonded to the double side
polished silicon substrate from the back to provide the
depth of the cavity to be increased. Then, to create an
etched cavity using the CNC process, the sample is pasted
on the lam in such a way that the silicon is facing up, and
a lamel is glued on it to improve the lip. The image and
schematic of this prepared sample are shown in Fig. 8.

lamel Jamel
/ 5 adhesive
double side
_ polished silicon silicon
pyrex Pyrex
(2mm)
adhesive

lam

Fig. 8: Anodic bonding the pyrex wafer to the double side
polished silicon substrate to increase the depth of the etched
cavity.

Increasing the thickness of the sample causes
prolongation of time in the fabrication process and
increases the cost. In addition, it affects subsequent
processes and makes the anodic bonding and dicing
processes difficult [19], [29]. One of the problems with
increasing the thickness is the need to apply a very high
voltage (2600 V) to perform the anodic bonding process

70 J. Electr. Comput. Eng. Innovations, 11(1): 65-74, 2023



Fabrication of Micro Glass Spherical Resonator by Chemical Foaming Process (CFP)

of the upper pyrex layer at low temperatures (400 °C).
Applying excessive voltage during the anodic bonding
process increases the likelihood of the sample sparking
and breaking. Demonstration sample 1 is shown in Fig. 9.

Fig. 9: Demonstration glass shell created by optimizing the four
sub-processes of etching cavity, anodic banding, pyrex thinning
and polishing, and blowing.

In Fig. 9, the glass shell is created by optimizing the four
sub-processes of etching cavity, anodic banding, pyrex
thinning and polishing, and blowing.

As shown in this figure, the glass shell created is spaced
from the spherical shell and has a height to radius ratio of
below 1.

Results and Discussion

In this work, to achieve a glass shell with a height to
radius ratio of more than 1, in addition to improving the
fabrication sub-processes, transferring the foaming agent
to the etched cavity has also been used.

First, two cavities with the same conditions and
dimensions are created using a CNC process inside a
silicon substrate and some foaming agent (CaCOs) is
transferred into one of these cavities.

Fig. 10 (a) shows a spherical shell blown via an etched

cavity in silicon substrate without a foaming agent and
Fig. 10 (b) shows a spherical shell blown via an etched
cavity in a silicon substrate with a quantified foaming
agent.

Fig. 10: (a) Spherical shell blew via an etched cavity in silicon
substrate without a foaming agent, (b) Spherical shell blew via
an etched cavity in a silicon substrate with a quantified
foaming agent.

As shown in Fig. 10, the height to radius ratio of the
glass shell that in its fabrication process used the foaming
agent is greatly improved compared to the glass shell that
there is only air in the etched cavity.

The height to radius ratio of the hemispherical shell
resonators (HSRs), With the addition of foaming agent in
the etched cavity to a depth of 200 um may approach
(even exceed) the shell has been blown by the etched
cavity to a depth of 800 um without no addition foaming
agent [19].

Fig. 11 shows the optical microscope and scanning
electron microscope (SEM) images of spherical shells
created by the chemical foaming process (samples 2 and
3).

SEM HV: 20.0 kV
BI: 13.00

SEMMAG:100x | || |1 1(]

WD: 66.74 mm 500 pm
Det: SE Date(m/dly): 02/28/21
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SEM HV: 20.0 kV
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Fig. 11: Optical microscope and scanning electron microscope (SEM) images of spherical shells created by the chemical foaming
process. (a, b) Sample 2. (c, d) Sample 3.

The experimental parameters and the experimental
results of the samples in Fig. 11 are reported in Table 1.
According to the governing relationships of the spherical
shell, if the foaming agent not used in the fabrication of
the glass shell of sample 2, ideally it should have reached
a height of 472 um and a radius of 550 um, in which case
the height to radius ratio of the shell is below 1. Sample
2, using the foaming agent (CaCOs), the approximate
height and radius of the glass shell 931 um and 655 um
were achieved, respectively, and the height to radius ratio

of the shell reached 1.42.

Also, if the foaming agent not used in the fabrication
of the glass shell of sample 3, ideally it should have
reached a height and radius of 553 um and 560 um,
respectively, in which case the height to radius ratio of the
shell is less than 1. Sample 3, using the foaming agent
(CaCo0:s), has reached the approximate height and radius
of the glass shell of 1129 um and 637 um, respectively. As
can be seen, the glass shell of sample 3 is very close to the
sphere and its height to radius ratio is approximately 1.8.

Table 1: The experimental parameters and the experimental results of the glass shell samples

Input Output
e t
R, h . b T, T . h, h, R, R, h h
4m min . ]
(um)  (4m) wm)c)  (c) (predicted) (um) (predicted) (um) Ry R,
(um) (mm) (predicted)
el ©° 8 Y= Y— (%] —
g 2 5 0« 9w 3 £ S ° 2 28 33
.3 B 1] pr] = © c < _ w0 = 0 < oo = ﬁ
e o S 5y 2¢ g8 3 g by 5% o 20 T
) o et o o g S Q © (] [T c © c < [ _5 - n
K9] £ > < = [T a%s 82 £ c €Y < % s _ -5 = _ < r _ o
s ke B 02 gz (0 o5 5 o v s T T @ 5T T O6T +© B
1S 3 ©3 3 £, BT 9 TE wc e o < &8 a< Zo<c e 9
o WO £ 0O ww o Fo 82 Yo c5 O w e L w 5 © L5 v WS
w5 = o L8 £ E 55 B©F B g 2 T o S SR T 5
5 o % v W oy mc g Q2 c o 2 < © g . < ©°
© z o g _?:_, _qc,, = = s+ _ch o + ; o S g g
g g P ¢y 2l &2 & B 2R =
1 587.5 796 20 200 400 870 15 732 250 0.60 - 1.216 -
2 550 422 10 175 400 870 0.45 472 930.80 0.55 654.78 0.858 1.42
3 562.5 524 10 125 400 870 0.33 553 1128.71 0.56 636.25 0.987 1.77
Conclusion thinning and polishing, and blowing, have been carefully

In this study, to optimize the glass-blown spherical
shell, all the sub-processes of this type of fabrication
method, including etching cavity, anodic banding, pyrex

investigated and implemented in practice. In spherical
shell optimization, the result is that to achieve a glass shell
with a height to radius ratio of more than 1, in addition to
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improving the fabrication sub-processes, it is also
necessary to transfer the foaming agent to the etched
cavity. Finally, using the chemical foaming process (CFP)
and direct transfer of calcium carbonate to the etched
cavity by the CNC process with a radius of 562 um and a
depth of 524 um, before the anodic bonding process, a
glass shell with a height to radius ratio of approximately
1.8 has been obtained.
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Background and Objectives: This study aims to present a new structure based on
coaxial waveguide, which can change the bandwidth, return losses, and input
impedance by changing the plasma parameters of the coaxial waveguide. This
structure consists of a metal body and a gas tube inside it, which uses a high
voltage alternating current converter, can change the plasma parameters and,
consequently the waveguide parameters. The input and output of the waveguide
are also designed using the indirect capacitive coupling method.

Methods: In the Field of plasma research and related emerging technologies,
recently, it has achieved a special place in various industries such as radar and
Aerospace industries. The creation of telecommunication structures such as
antennas and Waveguides with plasma, has given features such as adaptability,
the ability to reconfigure the characteristics of the structure, and improve the
sensitivity of this type of structure.

Results: By applying and changing the plasma excitation parameters, a change in
the bandwidth was observed in the frequency band range of 0.5-4 GHz and a
maximum of 1.38 GHz. Also, increasing the intensity of the excitation current
improved the return losses in the resonance frequencies and, on the other hand,
increased the band ripple.

Conclusion: According to the results, the change of Plasma parameters depends
on the change of plasma excitation frequency, and the value of Excitation current
applied. As the Value of excitation current increases, the matching to the
resonance frequencies improves, but on the other hand, the passband ripple of
the plasma waveguide filter increases. As the plasma excitation pulse frequency
increases, the bandwidth and resonance frequencies change to higher
frequencies, and the matching to the resonance frequencies improves. But on the
other hand, the passband ripple increases. This new waveguide filter can be used
in cognitive/ adaptive telecommunication systems due to the constant change of

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

frequency band.
[

Introduction

With the idea of using Plasma as a substitute for metal in
telecommunication structures [1], researchers have

radio frequencies, including plasma waveguides [2],
plasma antennas [3]-[4]. and, frequency selective
Surfaces [5]-[6]. Plasma is a highly ionized gas whose

made great efforts make the most of this material with its
special properties. In recent years, various researches
have been conducted in the field of plasma structures in

Doi: 10.22061/JECEI.2022.8668.542

number of free electrons is approximately equal to the
number of its positive ions and is commonly referred to
as the fourth state of matter [7]. The existence of plasma
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was first proven by Sirviliam Crooks in 1879.

Plasma can be generated by a variety of methods,
some of which include: AC and DC excitation [8]-[9], radio
frequency (RF) excitation [10], high power pulsed laser
[11], and high-energy (nuclear) methods [12]. Meanwhile,
the high plasma ionization capability has made it possible
to use it as a substitute for metal in microwave conducting
structures [13]. In metal, free electrons move and radiate
along the metal conductor, causing electromagnetic fields
to pass through or radiate. in Plasma, electrons released
from positive ions formed during the ionization process
[14]. They pass or radiate electromagnetic fields. The
difference between metal and plasma RF structures does
not end here. For example, plasma waveguides, unlike
metal waveguides, have a reconfiguration property [15]
and can be changed and controlled by plasma parameters
such as plasma frequency, collision frequency, and
plasma density, waveguide parameters from Sentences
change the frequency bandwidth, Reflection coefficient
of the passing band, ripple of the passing band and input
impedance, a new generation of controllable and flexible
waveguides. Certainly, the nanosecond rate of change of
plasma parameters is remarkable compared to the speed
of mechanical change of metal structures and the many
advantages of Plasma. Waveguides are used in
telecommunication systems to transmit a wave from the
generating part to the antenna and vice versa or to
transmit a wave between different parts of a RF system
[16]. Waveguides have different dimensions, shapes, and
types depending on the application and transmission
wave parameters [17].

Due to the dependence of their parameters on their
physics, waveguides also have different filtering
capabilities and, consequently, have their frequency
bandwidth [18]. In some telecommunication systems,
such as some meteorological and monitoring radars,
depending on transmitter/receiver system, it is
sometimes necessary to change the frequency of the
wave transmitted from the generator and then transmit
it to the antenna [19]. In this case, the use of broadband
waveguides will be used. Broadband waveguides have
their advantages and disadvantages as power limitation,
ripple bandwidth, and fixed input impedance, and high
manufacturing costs [20].

In the field of adaptive/ cognitive radars, continuous
and instantaneous frequency band change is very
important [21]-[22]. Therefore, various filters have been
designed and manufactured for this purpose.
Configurable filters are usually microstrip, which is pass
frequency band controlled by MEMS devices or PIN
Diode. The most important disadvantage of these
structures is the low power and step change(Discontinuity
in change) of bandwidth [23]-[24].

The system proposed in this paper is a reconfigurable
coaxial plasma filter waveguide in terms of the frequency
band, ripple bandwidth, and input impedance. The
system follows a coaxial waveguide-based plasma
structure consisting of a plasma tube, body, capacitive
couplers, and alternating high voltage excitation circuit.
The proposed system will be able to change the plasma
parameters such as plasma frequency and collision
frequency by changing the output frequency or input
current of the excitation circuit. By changing the plasma
parameters, the waveguide parameters can be
configured and controlled. Weakpoints of the proposed
structure are sensitivity to temperature stresses, need for
independent high voltage excitation circuit, and more
passband ripple than conventional filters. Section 2 deals
with the theory and parameters of Plasma. Section 3 deals
with the results of coaxial plasma waveguide simulation,
and Section 4 describes the laboratory method of coaxial
plasma waveguide test with the proposed Excitation.
Section 5 deals with the results of applying Excitation
current waveforms at variable frequencies to coaxial
waveguide parameters. Finally, the conclusion will be
made.

Theory and Parameters of Plasma

The fourth state of matter is called Plasma. Plasma is a
quasi-neutralized ionized gas that has lost all or a
significant portion of its atoms to one or more electrons
and become positive ions. This highly ionized gas equals
the number of free ions in its positive electrons. The
degree of ionization can vary from 100% (fully ionized
gases) to low degrees (partially ionized) [25]. Plasma can
be created by electric and magnetic fields, radiated
heating, and laser excitation. The electric method itself is
divided into two sections: alternating current and direct
current. In the field of plasma antennas, it should always
be noted that the plasma frequency (w,) is quite different
from the frequency of the RF Structure (w) and must be
distinguished. The plasma frequency is the measure of
plasma ionization, while the frequency of the plasma
antenna is the frequency at which the plasma antenna
transmits and receives. The plasma frequency of a metal
antenna in the X-ray range of the stabilized
electromagnetic spectrum means that it has a plasma
frequency equal to 30 PetaHertz(3 X 10'%) up to 30
ExaHertz(3 x 10%). Still, the plasma frequency of the
plasma antenna can vary. Plasma, an environment that
contains free charge, generates natural oscillations due to
thermal and electrical disturbances. Because of these
coordinate oscillations, the density of electrons can
oscillate around the angular frequency (wp) [26].

Because the Plasma is a dispersive material, it has its
own electrical and magnetic properties, which occur at
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different excitations, each depending on the type of
Excitation. As mentioned, the plasma environment is
homogeneous, nonlinear, and dispersive in terms of
electromagnetic properties. Therefore, its electrical and
magnetic parameters can vary depending on the
frequency and other factors, and consequently the
Plasma is an environment with special properties. Thus,

the Plasma behaves differently against the
electromagnetic waves emitted at each specific
frequency and different degrees of ionization.

Electromagnetic waves are transmitted, scattered, or
transmitted by radiation to the Plasma [27]-[28].

The relation between the electrons and the electric
field in the excitation state with alternating current is as
follows [10]:

) ol
F = eE = eEje /%t = E(mv) (1)
dv
_ = m— 2
pn (mv) =m = + mvv, (2)
e 1
ey @

where F is the electric force, v, is the plasma collision
frequency, v is the velocity of the electron under the field
E, e is the electron charge, and m is the mass of the
electron. These interpretations, plasma inner surface
current, are defined by (4):

n,e? 1
]=neev=< )—E (4)
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where n, is the density of free electrons per cubic meter.
Plasma discharge power can be written as (5), and Plasma
electrical permeability is also described by (6):
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where w, is the plasma frequency, and Y is the natural
collision frequency of the electron. The Plasma in this
experiment has low temperature and is unbalanced. In
other words, the temperature of the electrons is higher
than the temperature of the ions [29]. As a result, the

plasma frequency is calculated according to (7). By placing
the values of the charge and mass of the electron on (7),
(8) will result. According to (6), if the wave frequency
delivered to the plasma surface is greater than the plasma
frequency, that is, w > w,, in this case, the propagation
constant (y) is imaginary (9), and the Plasma is found for
the wave as a transparent medium, and the wave from It
passes. However, if the frequency of the wave delivered
to the plasma is lower than the plasma frequency, that is
< wp,, in this case, the wave propagation constant is real,
the wave does not pass through the Plasma, and the
Plasma acts as a metal [27].

Simulation of Coaxial Plasma Waveguide Filter

Initially, to evaluate the proper functioning of the coaxial
plasma waveguide filter, it was simulated with CST
software. This software, which is one of the most
powerful software in the field of antenna and microwave
simulation, can simulate Dispersive environments with
special properties such as plasma. The model used in this
software for plasma simulation is called the Drude model.
to create the structure of Plasma, this model requires two
main parameters of Plasma, namely collision frequency,
and plasma frequency. Fig. 1 and Fig. 2 show the
simulation scheme of a coaxial plasma waveguide filter.

Fig. 1: Capacitive coupler view with connector and cut view of
coaxial plasma waveguide filter.

Fig. 2: Full and transparent view from inside the structure of
coaxial plasma waveguide filter with details and parameters.

physical parameters of waveguide filter, including
waveguide length, tube glass radius, Shield radius,
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coupler width, and capacitive coupler distance from the
end of the waveguide.lt is presented in Table 1. It should
be noted that the values of these parameters are defined
based on the actual values of the 9-watt linear fluorescent
lamp.

Table 1: Physical parameters of simulated plasma waveguide
filter

Size (mm) parameter of the waveguide
200 waveguide length(L)
7 tube glass radius(r;,)
20 Shield radius (rg)
10 coupler width(W,)
30 capacitive coupler distance from

the end of the waveguide(L.)

Then, by calculating these two parameters using the
above relations and in different excitation frequency
values, the plasma frequency value (w,) is 3.6 x 10,
2.6 x 1011, and 1.6 x 10%, and the collision frequency
(u,) is defined in all three cases 4 x 108, Fig. 3 shows the
S-parameter for different plasma frequencies.

S-Parameters [Magnitude]
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Fig. 3: S-parameter of simulated coaxial plasma waveguide
filter at different plasma frequencies.

As you can see, the waveguide with plasma frequency
transmits the wave in the bands 1-2, 2.2-2.8, and 3-3.5
GHz, which with the change of the plasma frequency (wy,),
the values of the resonance frequencies and the
bandwidths decrease. On the other hand, by reducing the
plasma frequency, the matching in the resonance
frequencies decreases, which can be compensated by
increasing the collision frequency (v,).

The simulation results of the matching reduction
compensation at low plasma frequencies with increasing
collision frequency (v.) are shown in Fig. 4. In plasma
frequency 1.6 x 10%, the value of collision frequency is
increased from 4 x 108 to the value of 1.4 x 10°, and the
results are recorded. As can be seen, the matching to the
resonance frequencies is improved, but on the other
hand, the ripple bandwidth is increased, which is not
desirable. For Coaxial Plasma Waveguide Filter operation
at higher pass frequencies, It is necessary that Increase
the plasma frequency(w < w,). On the other, the plasma
frequency will not increase to a certain extent, because it
depends on the density and material of the gas used, the
value of excitation voltage and current, and the size of the
gas tube. By changing the mentioned parameters (in
order to increase the plasma frequency), the dimensions
of the structure will increase and the pass frequency band
of Plasma Waveguide Filter will decrease. Also, in this
structure, due to its special design (coaxial waveguide) at
higher frequencies, high-order modes are excited and the
structure will not be a TEM transmission line [30].

In the following, the laboratory equipment and how to
change the plasma parameters to change and improve
the plasma coaxial waveguide parameters are discussed.

S-Parameters [Magnitude in dB]
0 vy
-5 4
104

-15 +

dB

=20 4

25 4

-30 — 52,1 (Vc=1.4e9)
----- $2.1 (Ve=4e8)

0.5 1 1.5 2 25 3 35 4
Frequency / GHz

Fig. 4: S-parameter of coaxial plasma waveguide filter with
constant plasma frequency and increase of collision frequency
to compensate for the reduction of matching.
Implementation of Coaxial Plasma Waveguide

Filter and Excitation Circuits

In this section, According to the simulation results, the
construction and design the coaxial plasma waveguide
filter and its most important part, the excitation circuit,
are discussed. To implement the structure of the plasma
tube, a 9-watt linear fluorescent lamp is used, which has
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an effective length of 20 cm. Since the designed
waveguide is of coaxial type and needs a metal body
(shield), an aluminum tube with a thickness of 0.5 mm and
a length of 20 cm has been used as a metal body. The
whole set of excitation circuits is embedded in one box.
Fig. 5 shows a general schematic of the laboratory
equipment.

Capacitive couplers
N
\

Portl

Port2

- Shield
Fluorescent lamp (plasma tube)

Designed AC

Excitation Module

Function Generator

Fig. 5: Schematic of laboratory equipment to test plasma
coaxial waveguide filter.

Fig. 6 shows the view of the plasma coaxial waveguide
filter. It should be noted, however, that it is not possible
to measure the parameters of the Drude model, plasma
frequency, and collision frequency without access to the
Plasma inside the tube (by Langmuir probe), so the exact
Value of these parameters varies in different stimuli. And
so far, there is no clear method for measuring or
calculating them. Therefore, in the measurements section
of this article, the exact Value can not be calculated for
them, and only the waveguide parameters are
considered.

Fig. 6: Real view of plasma coaxial waveguide filter.

Plasma Excitation Circuits

Since the change of plasma parameters to change and
improve the waveguide parameters depends on the
excitation circuits, the excitation circuit was designed
with several capabilities [31]. The circuit in Fig. 7 can
generate pulses from 500 Hz to 40 kHz using an internal
stable multi-vibrator circuit. But since we want to test the

excitation current with different waveforms, we have a
wider frequency and, at the same time, change the
excitation voltage and current by the function generator.
Using the key embedded in the surge box, we will be able
to change the excitation circuit state by applying an
internal excitation waveform (stable multi-vibrator) to an
external excitation waveform (function generator). The
transistor used acts as a buffer to provide more excitation
current.
step-up

transformer

R

c2
470
RE EF WEC | CONT
EEEE 10nF - .
P1 THRES  OUTF—#—— E“‘”
220K 555 L 220
TRIZ DISCH R3 ||
1 1 1K
10nF FHD
Fluorescent
L ] lamp

Fig. 7: Plasma AC excitation circuit with the ability to apply
adjustable internal and external excitation waveforms.

The function generator device is used to apply the
external excitation waveforms and adjust the frequency
and amplitude of the wave. Depending on the supply
voltage and the amplitude of the applied waveform, this
circuit can generate an output voltage of 500 to 20,000
volts. The output current is also 0.1 to 1 amp, depending
on the input values.

Signal Coupler

Because there is no direct access to the Plasma inside
the tube to send or receive radio signals, as with
conventional metal waveguides, we have to use a signal
coupler. This coupler consists of a conductive copper strip
with a thickness of 0.1 mm and a width of 1 cm, which is
wrapped around the two ends of the lamp at a distance
of 4 cm from the ends of the fluorescent lamp. The SMA
connector core is connected to this coupler, and its body
is connected to a metal body (Shield). Fig. 8 shows how
the capacitive couplers of the signal are positioned
around the two ends of the fluorescent tube and a view
of the coaxial waveguide.

Fig. 8: Connecting the capacitive signal coupler to the
fluorescent tube.

J. Electr. Comput. Eng. Innovations, 11(1): 75-84, 2023 79



S. H. Mohseni Armaki et al.

Plasma Coaxial Waveguide Test constant at 30 kHz, the excitation input current applied to
the Plasma Waveguide from 0.45(A) to 1.05(A) with steps
0.1(A) increased, and the effect of increasing the
excitation input current on the ripple passband and
improving the matching at resonance frequencies was

observed. The general results can be seen in Table 3.

To test the plasma coaxial waveguide with different
excitation frequencies and its effect on plasma
parameters and compare it with the simulation results of
a function generator device manufactured by EZ-Digital
with model FG-7005C and to Plasma waveguide, S-
parameter was measured using an Agilent network vector
analyzer (VNA) model E5071C. After applying the
Excitation to the fluorescent lamp and keeping the input

Table 2: Results of square wave excitation method (pulse)

Max, Min Waveguide Pass Excitation Excitation
current to the module constant, as well as the amplitude Pass Band Bandwidth (GHz) Current (A) Frequency
of the external Excitation waveform, the measurement Ripple (dB) (KHz)
parameter and its results were recorded Fig. 9. 0.76-2.01=1.25

2.19-2.71=0.52 0.55 5.00

(0), (-1.1)

2.84-3.14=0.3
08-21=13
(0), (-1.2) 2.2-2.75=0.55 0.52 10.00
2.9-3.18=0.28
0.9-2.22=1.32
(0), (-2.1) 2.36-2.94=0.58 0.50 15.00
3.13-3.41=0.28
0.95-2.29=1.34
. . ) (0), (-3.1) 24-3=06 0.48 20.00
Fig. 9: Measurement of waveguide filter parameter with VNA.
3.2-3.46=0.26
Fig. 10 shows an example of parameter measurement 0.97-2.32=1.35
using a VNA device. In the following, the results obtained (0), (-4.4) 2.44-3.05=0.61 0.45 25.00
from measuring and changing the input current and 3.25-3.50=0.25
excitation frequency are discussed. 1-238=138
(0), (-5.9) 2.5-3.11=0.61 0.44 30.00

3.3-3.55=0.25

The results were the same with the

30 kHz excitation frequency. 0.43 35.00

Table 3: Results of increasing the excitation current on the
passband ripple and improving the Matching at the resonance
frequencies

Max, Min Min, Max Pass Excitation Excitation
Reflection Band Ripple Current Frequency
Fig. 10: Example of S,; parameter measurement with VNA. Losses (dB) (dB) (A) (KHz)
(-2.98), (-34.9) (0), (-5.75) 0.45 30.00
Experimental Results and Discussion
First, AC excitation is investigated. After the (3.0), (355)  (-0.21), (6.10) 0.55 30.00
connections and calibration of the VNA device, by keeping (3.40), (-36.8)  (-0.43), (-6.50) 0.65 30.00
the applied wave amplitude constant, the pulse
frequency was changed, and the effect of the excitation (-3.98), (-37.1)  (-0.71), (-7.10) 0.75 30.00
pulse frequency on the plasma waveguide parameters (-4.30), (383)  (-1.20), (-7.69) 0.85 30,00
was measured step by step. The general results can be
seen in Table 2. (-4.60), (-39.1)  (-1.51), (-8.11) 0.95 30.00
Due to the ample space of the results in the table,
some intermediate values have been removed. Then, (-4.80), (-39.8)  (-1.94), (-8.65) 1.05 30.00

without changing the excitation connections and their
parameters and by keeping the excitation frequency

80
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(pulse), excitation frequencies below 5 kHz cause the
transistor temperature to rise and heat loss to be high.
According to the measured values in Table 2, the
maximum Value of Excitation current frequency was
measured to be about 30 kHz. From this frequency
onwards, no change was observed in the passband ripple
and the bandwidth frequency range. Increasing the
excitation input current, as recorded in Table 3, improved
the matching of the resonance frequencies and, on the
other hand, increased the passband ripple, which is not
desirable. In the diagram of Fig. 11, we can see the trend
of changes in the passband ripple in opposition to the
excitation input current.

It should be noted that the excitation current and
frequency are actually the plasma excitation current and
frequency and is different from the Excitation of the input
and output signal ports of the waveguide.

Pass Band Ripple - Plasma Excitation Current

—_— — —

Pass Band Ripple(dB)

33 -\‘\.—;\.\-\-

-40

—e— Maximum Pass band
ripple

|| =~ Minimum Pass hand
ripple

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Plasma Excitation Input Current (A)

Fig. 11: Pass Band Ripple - Plasma Excitation Current.

In the diagram of Fig. 12, you can see an example of
the parameters measured at different excitation
frequencies. In Fig. 13, the excitation frequency is
stabilized at 30 kHz, and the plasma excitation input
current is increased.

Magnitude (dB)

-30H — -
—3,, /fpu155730(LHZ)
S35 ==" Sm / fpulsezzo(m)
ol S21 /prISEZIO(IsHZ) | ‘ ‘ | |
8.5 1 1.5 2 2.5 3 3.5 4
Freq [GHz]

Fig. 12: S,; Parameter measured with different excitation
frequencies

Magnitude (dB)

35} =——5,, /1=0.5(a) ;
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-4 21 . L L L L |

8.5 1 1.5 2 2.5 3 35 4

F_;'eq [GHZ];

Fig. 13: S,; Parameter measurement at 30 kHz with increasing
plasma excitation input current.

Fig. 14 shows the degree of conformity of the S,;
parameter in both simulated and measured modes. In the
simulated mode the rate wy, is equal to its maximum rate
of 3.6 X 10'* Rad/s, and in the measured mode, the
plasma excitation frequency is assumed to be equal to its
maximum Value of 30 kHz. The maximum value is when
the value has not changed significantly in the simulated or
measured results.

n
1

Magnitude (dB)

=30
_35| ——8,, / Measured With fpulse:3()(KHz)
——=-38,, / Simulated With \\'P:?' .6ell(Rad/s)
1 1 1
s 1 1.5 2 2.5 3 3.5 4

Fi eq [GHZz]

Fig. 14: The degree of conformity of the S,; parameter in both
simulated and measured modes.

As can be seen from the parameter diagram of Fig. 12,
with increasing the frequency of the plasma excitation
pulse, the plasma frequency increases. Consequently, the
frequency range of the Passband and its resonance
frequencies also increase. Also, by increasing the
excitation Frequency and transmission Passband of the
waveguide filter, the passband ripple and matching at the
resonance frequencies also increase. In other words, at
lower frequency ranges, the waveguide filter passband
will have fewer ripples. It should be noted, however, that
low-frequency plasma excitation pulses cause several
resonance frequencies to be lost. According to the S,
parameter diagram of Fig. 13, with increasing the plasma
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excitation input current, the Matching to the resonance
frequencies is improved. Still, on the other hand, the
passband ripple is also increased, which will not be
desirable.

As shown in Fig. 14, the simulation results slightly
disagree with the practical results. The reasons for this
can be 1- The new type of excitation used and the
different frequencies of plasma Excitation, 2- Inability to
measure plasma parameters in natural state, and 3- an
ideal the simulation environment. On the other hand, as
mentioned earlier, Plasma is a complex environment
(nonlinear and Dispersive), and it isn’t easy to match the
simulation and Experimental results. For example, the
ripples in the S21 parameter measured in Fig. 12 and Fig.
13 are due to the alternation of the plasma excitation
signal, which is practically impossible to create such a
thing using the Drude model in the simulation software.

Conclusion

During the article, the complete steps of designing a
coaxial plasma waveguide filter with the ability to adjust
the frequency range of the passband were followed,
which are: simulation with CST software, implementation
of plasma waveguide, excitation circuits, coupling design,
and finally plasma coaxial waveguide test, the results of
which were presented. The main focus of this paper was
to reconfigure waveguide characteristics using altering
and controlling plasma parameters through AC excitation.
As mentioned, Plasma has two main parameters called
collision frequency and plasma frequency. By changing
them, the properties of plasma material and,
consequently, without changing the physical structure,
the parameters of plasma waveguide change.

According to the results, the change of these two
parameters depends on the change of plasma excitation
current frequency, and the value of excitation current
applied. As the value of Excitation current increases, the
matching to the resonance frequencies improves, but on
the other hand, the passband ripple of the plasma
waveguide filter increases. As the plasma excitation pulse
frequency increases, the bandwidth and resonance
frequencies change to higher frequencies, and the
Matching to the resonance frequencies improves. But on
the other hand, the passband ripple increases. This new
type of waveguide filter can be used in cognitive/
adaptive telecommunication systems due to the constant
change of frequency band.
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Wy Plasma frequency

U, Plasma collision frequency

w Waveguide frequency

F Electric force

v Electron velocity

e electron charge

m Mass of the electron

ne density of free electrons

] plasma inner surface current
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Y Electron natural collision frequency
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Abstract

Background and Objectives: Big data is a combination of structured, semi-
structured and unstructured data collected by organizations that must be stored
and used for decision-making. Businesses that deal with the business intelligence
system, as well as their data sources, have a major challenge in exploiting Big
Data. The current architecture of business intelligence systems is not capable of
incorporating and exploiting Big Data. In this paper, an architecture is developed
to respond to this challenge.

Methods: This paper focuses on the promotion of business intelligence to create
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Keywords: an ability to exploit Big Data in business intelligence. In this regard, a new
Architecture architecture is proposed to integrate both Business Intelligence and Big Data
Big data architectures. To evaluate the proposed architecture, we investigated business

intelligence architecture and Big Data architecture. Then, we developed a
Unified Modeling Language diagram for the proposed architecture. In addition,
using the Colored Petri-Net, the proposed architecture is evaluated in a case
CPN study.

Results: The results show that our architectural system has a higher efficiency in
performing all steps, average time, and maximum time compared to business
intelligence architecture.

Conclusion: The proposed architecture can help companies and organizations
gain more value from their data sources and better support managers and

organizations in their decision-making.
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Introduction

Today, the use of Business Intelligence (BI) systems to
support decision-makers at different levels of decision-
making in companies and organizations is an essential
requirement ([1], [2]). As the inputs to these systems are
becoming more and more valuable, the results of these
systems will improve the support of managers in decision-
making. With the advent of a new phenomenon called Big
Data, all IT issues such as intelligent business systems
have been affected. Companies and organizations with
business intelligence systems that also have data sources
of big data type found themselves in trouble [3]. In this
paper, the business intelligence architecture will be

Doi: 10.22061/JECEI.2022.8565.529

developed to solve this problem. The most important
issue is the problems caused by the entry of Big Data into
the business intelligence system because Bl systems with
their current architecture are not able to use Big Data. As
a result, this paper focuses on the promotion and
development of business intelligence to create the ability
to exploit Big Data. This paper begins with highlighting the
concepts of software architecture. We then focus on the
way Big Data architecture is examined in terms of how to
store, load, manage, and analyze data. Thereafter,
concepts related to the Bl are explored. Our new model
derives from the architecture of intelligent architecture
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and business intelligence architecture. Based on the
evaluation indicators that are extracted from the review
studies [4], the business intelligence architecture and the
new model are compared and weaknesses are identified
to determine which architecture has the most valuable
value for a company or organization. The proposed
architecture is evaluated with the assistance of Unified
modeling language and Colored Petri-Nets (CPNs).

This paper focuses on the lack of support for the
architecture of business intelligence systems from Big
Data as one of the most important information resources
of companies and organizations. The collision of two
categories of business intelligence systems and Big Data
together causes some problems in business intelligence
systems. One of these problems is the impossibility of
analytic, storage, and loading Big Data in the business
intelligence system. This will make IT systems unable to
value Big Data, and so much of the information resources
of companies and organizations that have Big Data cannot
be exploited by business intelligence systems. In this
paper, we have tried to provide a solution to this issue by
presenting a new model for Bl business architecture.

The purpose of this research is to solve the problem of
business intelligence systems in dealing with Big Data. For
this purpose, a new model is presented in which the
architecture of business intelligence and Big Data has
become integrated. The rest of this paper is organized as
follows. Section 2 presents background and related
works. Section 3 presents the proposed architecture.
Section 4 provides an evaluation of the proposed
architecture with a case study. Section 5 is considered for
the summary and conclusion.

Background and Related Works

In this section, the software architecture, business
intelligence architecture, and Big Data architecture are
briefly examined.

Software Architecture

Garlan and Shaw [3] define the software architecture
as "a collection of computational components or simply
components together with a description of the
interactions between these components the connectors”.
In 2000, IEEE defined architecture as the fundamental
organization of a system embodied in its components,
their relationships to each other, the environment, and
the principles guiding its design and evolution [5].
Software architecture is any system where software
contributes essential influences to the design,
construction, deployment, and evolution of the system as
a whole ([6], [7]).

Software Architecture Style

According to a definition by Clements [8], “An
architectural style is a dedication of components and
communications among them with each other along with

a set of rules and limitations about how to use them”.In
another definition, according to Taylor [9] "An
architectural style is a named collection of architectural
design decisions that (a) are applicable in a given
development context, (b) constrain architectural design
decisions that are specific to a particular system within
that context, and (c) elicit beneficial qualities in each
resulting system."

If the category of Garlan and Shaw's [3] is considered
with architectural styles, then there are generally five
types of architectural style: Dataflow style, Data-driven
style, styles based on the promotion, Independent-
component styles, and Virtual machine styles. These
architectural styles are described more in detail below.

The first architectural style is Dataflow [7]. In this style,
the architecture of the system determines how its data is
exchanged between different components. In other
words, the way data flows in the system plays a decisive
role in the behavior of the system. The flow of data in
these systems is very similar to the implementation of the
logic of programming languages. Usually, data-flow
systems can be a good option for modeling any kind of
workflow. In these systems, the presence of at least two
elements that flows between them is required. The
processing is mainly performed in them, meaning that the
output of an input element(s) will be in the data flow
direction. The main subcategories of Dataflow styles
include Pipe and Filter styles. The Filter includes several
elements that are responsible for processing input data
and converting them to output data. The Pipe establishes
communication between filters, transfer data, and
information. There are some rules and restrictions. For
example, the type of pipes, their capacity, how they
combine filters, and so on is considered as the
rules and constraints.

The second architectural style is Data centered [7].
Today, most organizations around the world have a
strong dependence on their data. Maintaining a
company's data is vital to the extent that large companies
are willing to spend millions of dollars to secure and
maintain their data. In an environment that is so
important to data preservation, the emergence of
software-based software architectures based on
Persistent Data is not surprising. With this strong
motivation, a lightweight architecture emerges as a
repository that provides the basis for sharing information
among the components, individuals, and organs of data
sharing. The main components of the tank style are: (a)
The central data repository, which is, in fact, a large data
structure that is shared between processes and various
departments; (b) processing elements that are potentially
independent of each other. This means that with the help
of the central repository, data can satisfy all their
communication needs and do not need to communicate
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directly with each other. The third architectural style is
Call/Return [7]. It is a style of software architecture that
includes a variety of styles as well as the layered
architecture. Systems that follow the layered style are
inherently hierarchical. In a layered system, different
layers provide transparency for the users.

The fourth architectural style is Service-oriented
architecture [7]. It has been developed in recent years,
known as service-oriented architecture (SOA). This style
can somehow be expanded into a layer style or
component-based style. The SOA is a model for
developing software systems. Given the growth of
information systems, organizations need to respond
quickly to new business needs. While existing software
architectures have provided some relief, evolutionary
service architecture is a step-by-step service that helps
organizations manage complex challenges [10].

The SOA is a matured component-based architecture,
object-oriented design, and distributed systems. The SOA
is a style of software design in which services are provided
to the other components by application components,
through a communication protocol over a network. The
basic principles of the SOA are independent of vendors,
products, and technologies [11]. The SOA enables
application functionality to be provided as a set of
services, as well as the creation of applications that make
use of software services. The services are loosely coupled
because they use standards-based interfaces that can be
invoked, published, and discovered. In the SOA, the
services are focused on providing a schema and message-
based interaction with an application through interfaces
that have application scope, rather than component-
based or object-based. The SOA service should not be
treated as a component-based service provider.

The SOA style can package business processes into
interoperable services, using a range of protocols and
data formats to communicate information. In the SOA,
the clients and other services can access local services
running on the same tier, or access remote services over
a connecting network [11]. The looseness of the
connection between the components of the software
leads to their reusability, and the software is based on the
service. In the SOA, services are divided into three
categories: Service Request, Service Provider, and
Registry Service.

Architectural Evaluation

For many years, analysts, engineers, and scientists
have developed and used models to deal with complex
systems. A model approximates the features of a real
system it can also be used to evaluate systems that are
not feasible in terms of method and economy before
designing a system, regardless of design or initial output.
As a result, existing information mismatches between
different models can be overcome by reducing the high

semantic distance between high-level needs and low-
level architectural products.

Modeling outputs with reflecting some characteristics
of the quality attributes give architects and designers of
complex systems the power to visualize the entire system.
Architecture is the first step in software development that
can be traced to quality requirements. Qualitative
attributes are considered at all stages of design and
implementation and, if supported by architecture, be
more easily detectable.

Models demonstrate runtime behavior by displaying
architectural characteristics that can be used to evaluate
many of the quality attributes, including performance and
reliability. An executable model of software architecture
is an implementation of the system, in which features are
displayed, that includes non-narrative needs.

Applied architecture is created in the early stages of
software development to reduce the risks associated with
performance, operational capability, reliability, and so on.
Having operational models in the initial phases provides
the ability to evaluate the dynamic behavior of the system
in different situations and to solve the existing problems.
The real-time requirements with systematic needs and
acquisition of the proper conditions for optimizing a
system are the main issues that can be achieved by using
executive models. Typically, modeling tools are used to
create an implementation model.

There are various modeling tools available to display
application architecture. The most important of these
modeling tools are Petri Networks, queuing networks,
simulation models, and process algebra. In addition, some
of the languages that describe the architecture can also
display a running architecture.

Architecture has a very important role in the software
production process. Because the architect is the one who
deals with all the stock-owners, they become a very
influential person in the process. Designing an
appropriate architecture due to the vagueness of the
architectural specification is a very difficult task. With an
architectural execution model, many architectural steps
can be completed with high accuracy because the
execution model at this level lowers the errors, recognizes
Easier needs, better analyzing and evaluating of the
system, and simplifies the presentation of the
architecture.

Unified Modeling Language

The Unified Modeling Language is a Semi-formal and
standard language for easy description of software
architecture that is used to address the requirements of
software engineering expertise. The main purpose of UML
is to use its high descriptive power to model software
architecture. The methods used in UML can handle only
certain issues. Evaluation of software systems is not
possible because UML is not a convenient approach for
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evaluation. Therefore, to evaluate software systems, it is
necessary to convert the actual model to the formal
model.

The main problem with UML is in determining how to
evaluate and analyze the system architecture using the
documentation before the production of software.
Presenting an effective method to evaluate and analyze
the efficiency based on the software architecture may
contribute to driving a software project successfully
forward ([12], [13]). Since the UML-based system is not
applicable, the system's behavior verification is delayed
until its implementation; hence, the Colored Petri-Net
(CPN) is used as an applicable model of software
architecture. It is in particular well-suited for modeling
systems in which communication, synchronization, and
resource sharing are important. By transforming the
actual model into a formal model, the possibility of
evaluating the software architecture's performance on
the official model is provided.

Qualitative features are the same non-obligatory
system requirements that are largely determined by an
architectural style. Performance, reliability, security,
availability, usability, modifiability, portability, and testing
capabilities are the most qualitative features to evaluate
any software architecture.

Performance is the main quality attribute of software
that demonstrates how well the software works
concerning time-dependent issues [14]. Software
performance is the process of predicting and evaluating
whether the software satisfies performance goals defined
by the users. The early identification of unsatisfactory
performance of Software Architecture (SA) can greatly
reduce the cost of design change. This is because
correcting a design flaw is more expensive the later the
change is applied during the software development
process [14].

Because the performance is around timing, events
(interrupts, messages, requests from users, or the
passage of time) occur and the system must respond to
them. There are a variety of characterizations of event
arrival and the response, but the performance is
essentially concerned with how long it takes the system
to respond when an event occurs [7]. Performance
appraisal at the early levels of software development
reduces costs, risks development, and so on. Therefore,
performance has a very important role to play in the
success of software systems and an evaluation of the
efficiency of the entire software development process
should be considered.

Template-based software architecture is described
with three different diagrams, including class diagrams,
use case diagrams, and sequence diagrams. These
diagrams should describe the behavior and architecture
of software architecture. CRC (Class, Responsibilities, and

Collaborators) graphs show the static structure of
software architecture as a software component and the
relationship between them. The use case diagram also
specifies the services provided by the software system
and describes the order of the behavior of the system.

The Object Management Group (OMG) introduced
several UML extensions [15]. This group defined the SPT
profile for scheduling, performance, and time
specification. The performance sub-key, similar to other
profiles, uses stereotypes and labeled values to support
the expansion process. Each profile contains several
stereotypes. Labeled values are attributes of stereotypes
in the profile and are linked to the model's key element
as explanations.

Evaluation of the performance of the software
architecture using the characteristic sub-heading of
efficiency and time is an approach proposed to build
software systems so that the qualitative objectives are
visible. The proposed approach builds on the UML
Performance Sub-Platform for the proper modeling and
evaluation of software performance throughout the
software development process.

The use case diagram models the user's use of the
system and is suitable for evaluating the system's
performance. Because a set of use cases is used for the
performance evaluation process, it is necessary to create
a performance model for each use case of the software.

The sequence diagram describes the communication
pattern established by the samples. The role of the
samples in the order of the diagram is to accomplish a
specific objective, namely interaction. From the point of
view of efficiency, certain elements and structures are
used to model the system load in the sequence diagram.
Any message in the graph can be attached to a condition
that expresses the probability that the message will be
sent. In contrast, a component diagram maintains the role
of service centers and their characteristics in terms of
efficiency goals.

Petri Networks

The theory of Petri Networks was introduced by Carl
Petrie [16]. The use of Petri's network to evaluate the
software architecture and create an executive model due
to its simplicity and high availability is very much
considered. Petri Networks are displayed graphically, and
they provide a mathematical framework for Analysis,
Validation, and Performance evaluation. The focus of
Petri's networks is on synchronization, coherence, and
asynchronous operation.

These networks are powered by the power of systems
behavioral modeling and are used as a tool for describing
architecture.

The Colored Petri-Net has been introduced as a model
developed from Petri Networks [16]. The Color Petri-Net
uses the capabilities of simple Petri Networks and
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programming languages. As shown in Fig. 1, data values
in these networks are carried by the beads. Using the
timestamp for a nut, it's easy to calculate the time of
activation and the transfer of the nut to the destination
location. Suppose that the goal is to evaluate the
performance that is running from time to time — in which
case it would be enough to refer to the timestamps and
calculate the architectural efficiency that is associated
with it.

tr

4 <token,>

5
Fig. 1: A Colored Petri-Net with a timestamp for a bead [16].

Various tools support Colored Petri-Nets, including the
CPN Tools software provided by the University of Aarhus,
Denmark.

The first version of this software was released in
October 2001 that is used for editing, simulating, and
analyzing this kind of Petri-Nets.

Business Intelligence

Business Intelligence (Bl) is the art of gaining a business
advantage from data [17]. It is a technology-driven
process for analyzing data and delivering actionable
information that is used by managers, analysts, and
executives to make informed business decisions. Fig. 2
shows a high-level business intelligence architecture that
is used in practice.

This Fig. 3 shows that Bl architecture consists of four
components [18]. The first component is the data
warehouse. It is a large repository of well-organized
historical data. The second component is Business
analytics, which are the tools that allow the
transformation of data into information and knowledge.
The third component is Business performance
management (BPM) which allows monitoring, measuring,
and comparing key performance indicators. The fourth
component is the User interface (e.g., dashboards) that
allows access and easy manipulation of other BI
components [4].

The main business intelligence architecture is in the
form of a service, as shown in Fig. 3. In this figure, there
are three components for services, namely, Analytical and
Reporting services, Data Management Services, and
Integration Services.

The data sources can be relational Databases, Files
sources, and other sources.

Data Wareh Business Analyt Performance and

Business users
Access

Mangers / executives

BPM strategies

organizing
summarizing
standardizing
standar

User interface
Future component ‘ browser
intelligent systems ‘ portal & '}
dashboard

Fig. 2: A High-Level Architecture of BI [18].
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Fig. 3: Business Intelligence Architecture [4].

Big Data

Big Data is an abstract concept [19]. So far, there are
many definitions of Big Data. In 2001, Doug Lenny of the
Gartner Institute introduced a 3V model for defining Big
Data [20]: "Data that is growing at a very high rate, has
plenty of volumes so that it occupies a large amount of
disk space...In addition, they are very diverse, that is, they
consist of different structures of data". In other
definitions, more features of metadata were provided,
including data value, the complexity of data, the accuracy
of data, and, based on these features, 4V, 5V, and even
7V models were also presented.

Apache most influential company in the field of Big
Data. It introduced the main feature of a dataset that can
be referred to as Big Data, which makes it impossible to
store, manage, and process those data using common
computational methods, and the rest of the Big Data
Features Sub-attributes [19]. Apache defined Big Data as
follows: “Big Data is referred to as a set of data that
cannot be stored, managed, or processed by conventional
computing methods.” And in the forthcoming article, this
definition is the basis of work.

Apache's definition of Big Data seems to be closer to
reality [20]. According to this definition, data that has 3V
attributes is Big Data, and data that does not have 3V
attributes, but is not commonly analyzed, is Big Data. If
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Gartner's definition of Big Data is to be accepted, it is
suggested to refer to data that does not have 3V
attributes but cannot be stored and analyzed in the usual
way, called "Semi-Big Data" or Semi Big Data (Table 1).

Table 1: Examining the types of data in terms of 3V features, and
analyzing and storing in routine ways

Ability to analyze and 3V

Data types store commonly used features

Semi-Big Data 0 0

Structured data 1 0

Big Data 0 !
hasi Lo

Such a situation is 1 1

not possible

In Table 1, routine methods are referred to as methods
that can be used to analyze and store structured data. The
term semi-Big Data can be defined as follows: A dataset
that has one or more attributes of Big Data features (V3
or V4 or V5 or ...) but can be stored, analyzed, managed,
and controlled. They do not exist in the usual way at the
expected time.

It is also recommended that the Semi-Big Data and Big
Data be called "NODATA". "NODATA" stands for "NOT
ONLY DATA", or it could be an abbreviation for "NOT
ONLY STRUCTURE DATA". "NODATA" data type is usually
stored in NOSQL databases. The words NODATA and
NOSQL are similar in appearance. The term "NODATA"
can be defined as a set of data that cannot be stored,
analyzed, managed, and controlled by commonly used
computing methods. However, "NODATA Technology"
refers to technologies that can store and provide analysis,
management, and control of NODATA.NODATA is a term
that includes Big Data and Semi-Big Data.

Database Big Data

Since over 80% of the world's data is unstructured,
relational databases are unable to store and manage such
data [22]. To store this data, unmatched databases should
be used. In general, there are four types of non-
marketable databases classified according to columns,
documents, key values, and graphs.

Hadoop

Apache is the most widely used company in the field of
Big Data [19]. The company has been supporting and
supporting the largest Big Data project called Hadoop,
which has been published in an open-source. The
extension of Hadoop has made a library of Big Data-
related projects that includes a large number of sub-
projects. The most important projects in the library are
the distributed header file system project, which is
responsible for data storage, loading, and management,
and the mapping/reduction project, which is responsible

for data super-data analysis, as well as the company's
creation and development of a number of the non-
relational databases that are used to store data, are very
useful. Spark is another undergraduate sub-project on the
top layer of Map-Reduce that extends the Map Reduce
model.

The Hadoop can be likened to an operating system
designed to handle and manage a large amount of data
on different machines [23]. The best example for
understanding the function of Hadoop is the difference
between his software, Amway and Hadoop. He
transforms a physical server into multiple virtual servers
and converts a remote server into a virtual server.

Advantages of using Hadoop for business analytics
include  scalability, inexpensiveness, swift-paced,
versatile, and no failures. Its use cases include
advertisements, financial services, healthcare, gaming,
and the web. Many companies all over the world use
Hadoop for business analysis. Some of the largest
corporations include Amazon web services, Cloudera,
IBM, MapR technologies, and Microsoft [24]. The most
important Big Data-related technologies are cloud
computing, data centers, internet objects, and Hadoops
[25].

Many national governments such as the U.S. also paid
great attention to big data. In March 2012, the Obama
Administration announced a 200-million-dollar
investment to launch the “Big Data Research and
Development Plan,” which was the second major
scientific and technological development initiative after
the “Information Highway” initiative [26].

Big Data Architecture

A picture of the high-level Big Data architecture is
shown in Fig. 4.
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Fig. 4: High-level Big Data architecture [18].

The history of Big Data architecture projects is well
represented in Table 2. In this table, the companies that
worked on Business Intelligence architecture and the
major activity of each company are highlighted in its right
column.
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Table 2: History of Projects Related to the Big Data Architecture
([27], [28])

Company

- Maior Activit
(initial year) ajor Activity

Developed a C++-based distributed file-
sharing framework for data storage and

Seisint (2000) query. The system stores and distributes

structured, semi-structured,
and unstructured data across multiple
servers

The genesis of Hadoop was the "Google
File System" paper that was published in
October 2003. This research spawned
another one from Google —"Map Reduce:
Simplified Data Processing on Large
Clusters" in December 2004.

Google (2003)

Development started on the Apache
Nutch search engine project but was
moved to the new Hadoop subproject in
January 2006.

Hadoop is born in Nutch.

Hadoop 0.1.0 was released in April 2006.

Yahoo (2006)

Choice Point Created parallel processing platforms
(2008)
Acquired  Seisint Inc. in  2004.
Acquired Inc. and their high-speed
LexisNexis parallel processing platform in 2008. The
(2011) two platforms were merged into HPCC (or

High-Performance Computing Cluster)
Systems in 2011.

Among the architectures provided for Big Data, the
header has become more successful due to open source
and its support by experts.

In Fig. 5, the architecture of the Big Data architecture
is briefly outlined.
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Fig. 5: General Framework for Big Data Architecture [29].

The left side of Fig. 6 depicts the mapping/reduction
processes symbolically, while its right side depicts the
mapping/reduction function to another type.

ITDWI (The Data Warehousing Institute) Research provides research and
advice for business intelligence and data warehousing professionals
worldwide.
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Fig. 6: Mapping and Reduction Processes [24] (Left-Side) and
Mapping / Decrement Task View [28] (right-Side).

Integration of Architectures

In this part, the aim of integration, requirement of
integration with examples of architectures is presented.

The Purpose of the Integration

TDWI' first proposed the integration of business
intelligence and Big Data architectures in 2013. TDWI
assumes that Hadoop usage will become mainstream in
the coming years [29]. Hadoop has proved its usefulness
with the toughest challenges in Bl today, namely big data,
advanced analytics, and multi-structured data.

The current business intelligence systems cannot
support Big Data, and they have shortcomings, including
the lack of performance and high costs. In a survey, the
desire of companies and organizations to use the various
features of the distributed file system of Hadoop was
investigated. The results show that 78% of companies and
organizations participating in this survey tend to use the
distributed file system of Hadoop as a complement to the
database management system. The data is especially
useful for advanced analysis [29].

Big Data architecture often uses exploratory analysis,
data mining, statistical analysis, sophisticated SQL
queries, and more to analyze Big Data. The main
advantage of Big Data architecture is that of intelligent
business intelligence, scalability, and data diversity.

To improve the decisions process, every organization
needs to use an active and integrated intelligence
structure. For achieving such structure, collecting, storing
for preparing data, analyzing, converting the result to
useful information have a highly important role. For doing
the analytical process, we should use a suitable
environment that includes a warehouse, intellectual
process, and a link. In the data storage, internal and
external sources along with plenty of data must be stored.

This data storage can be separated based on marts and
then saved in a warehouse, according to the activities of
the company or organization. Recently, some big data
should be added ([1], [30], [31]). An organization
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integrates a distributed system of header files and a
database management system that can use all the data to
increase business value and reduce the cost of data
management. In other words, the purpose of integrating
business intelligence systems and Big Data architecture is
to increase the value of the business in the organization
or company, to create competitive advantage, reduce
costs and productivity, and also use the value of all data,
not just the use of value from part of the data.

The Needs for Integration

Utilizing shared architecture can lead to more accurate
decisions in the organization and can prevent future
failures in the system. The integration of Big Data
architecture and the BI architecture allows us to exploit
more data because it creates the opportunity for more
data to be analyzed and ends with better results than
when it comes to Big Data architecture. The important
results from the integration of Big Data and business
intelligence systems are as follows [29]:

e Improving business processes and procedures as well
as achieving business goals in the target organization
(the target organization could be a company,
industry, education, a financial system, or a global
system).

e Reducing scattered data and using smaller but more
valuable data.

e Enabling more accurate decisions.

e Forecasting the future to prevent system failure.

Although there are many tools for big data
architecture for implementation, when we want to
integrate or merge data architecture and business
intelligence systems, we must select the best tools for
doing so and then combine them with architecture layers
of business intelligence systems. This merging can lead to
improving business plans which help to meet the goals of
organizations.

We can make a comparison of HDFS with DBMS.HDFS
system has a distributed file system without database
management, but they have several capabilities of DBMS
too. These capabilities such as titling and accidental
access to intelligence support of SQL language improve
optimizing and searching. Of course, the performance of
several capabilities of HDFS is better than DBMS
capabilities such as management of a large amount of
data according to file and management of unstructured
data. In Bl systems, we can use DBMS for administrating
storing of data and big data for the distributed file system
HDFS, which accompany other tools like HBase, Impala
operates like DBMS.

One of the weaknesses of the database management
system is the inability to store Big Data. This includes the
weaknesses of the distribution system because the file
header is less accurate than the database management

system. Thus, the best tool for storing the Big Data of the
distributed system with a header file as well as structured
data is the database management system, specifically for
storing data types, which are not replaced for each other.
If we use the tools in the Big Data architecture as a
complement to the database management system, the
performance of the database management system will
also be better. It is due to the database management
system working hard on some parts, especially if the data
is unstructured or semi-structured, but the system with
the distributed header file also works well on such parts.

Obviously, if the source of database management is
focused on structured data and all of the mentioned
resources exempt, the performance and efficiency will be
improved. Many organizations already have data that the
database management system in the organization's
business intelligence systems cannot process, including
public relations recordings, organization XML supply
documents, sensor log files, machinery, and other
unstructured data that may exist in the organization. The
Big Data architecture can easily store and process these
data.

The integration can lead to improved business
processes and improved business plans to meet the goals
of the organization. Because of the cost of the source in
database management, capabilities of HDFS system, and
free sources present with open code and cheap, we can
reduce the costs utilizing the sources of HDFS and free
sources of database management. In other words, since
HDFS can be used as supplementary work for the
database, we can take advantage of HDFS in computing
and database management. With these advantages, data
in HDFS is not processed. Instead, data in database
management is processed and prepared for suitable
usage. HDFS system supports comparability and multi-
structured database. Processing data in database
management makes high precision and it can increase the
organizational facilities. HDFS system can store many
kinds of data, including unstructured data and structured
data with ETL operations. Storing and managing
structured data in database management have better
performance. The management and storing unstructured
data in HDFS are better and has lower costs.

HDFS with supporting tools such as Hbase, can help to
store and manage the data efficiently. In order to the
monitoring of intelligence and reporting, we can apply
usable linkages in business intelligence systems or the
other designed tools in big database architecture. The
differences between visualizing information or
intelligence in big data and business intelligence systems
are that tools directly have relations with data, but in
business intelligence systems is not so. With the
integration of HDFS and database management, we can
create new and joint opportunities and it leads to increase
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the capability of business intelligence systems, such as
rating the data, Archive data source, Management
unstructured data, Management of file-based, Increasing
the power of processors, Management, store of data.

Integration of Big Data Architecture with other
Architectures

In recent years, cloud computing has been integrated
with other architectures such as Bl architecture, DSS
architecture, and SCM architecture. In 2013, the
integrated Chan architecture was presented. Chan's
integrated architecture is due to the integration of
business intelligence architecture and Big Data
architecture (See Fig. 6). In 2014, Samson and colleagues
integrated the Big Data architecture with the BI
architecture[32]. In Fig. 6, both architectures are
presented without evaluation and have structural bugs.
Table 3 depicts how Chan architecture and Samson
architecture are compared in terms of their strengths and
weaknesses.

Table 3: A comparison of architectures derived from the
integration of business intelligence architecture and Big Data
architecture, to provide a conceptual model

Researcher
Strengths Weaknesses
(year)
Failure to
Chan - Suitable for Real-Time Structural,
(2013) [33]  Systems Lack of
evaluation
- Scalability
. Fail
Samson et  -Parallel processing of data StarILll:;SrZ()I
al. (2014)  warehouse with HDFS !
Lack of
(32] - Analysis beyond the map evaluation
/ reduce
-Presentation of a
conceptual model at
different levels and in
different styles
- Suitable for real-time
systems and other systems
This - High scalability Evaluation is
research - Parallel processing of time-
(2022) data warehouse and big consuming

data warehouse

- Provide analyzes beyond
Map / Reduce

- Without structural forms

- Architectural valuation of
different methods

Comparing Architectures

We compared the architecture of Chan and Samson
architecture with the proposed architecture. Table 3

shows the results of this comparison in terms of strengths
and weaknesses.

Building a new architecture uses a systematic
approach, that is, the architecture has an input and
output. The first layer can be considered for the data
source, the second layer for data storage and
management, the third layer for the data analysis and
intelligence, and the fourth layer for visualization tools
and applications. It can be said that the first and second
layers are the infrastructure layer, the third layer is the
computational layer and the fourth layer is the
application layer. Fig. 8 shows the proposed architecture.
The performance of each layer is based on the name
chosen for it.

In this architecture, each layer has several sub-layers,
and each substrate can be included components. The
multiplicity of components of each sub layer allows for
the creation of multiple and different models based on
the proposed architecture. In each model, one or more
components of the sub-layer were used. Selecting one or
more components of each sub-layer component is based
on the need specified in the model.

A kind of architecture is proposed by Chan that applies
to the business intelligence system [33]. The typical
characteristics of this architecture are how to use them
for real-time systems. The most problem of Chan
architecture is the lack of assessment so there are some
difficulties in the structure. One of these difficulties is in
using tools or analyzing way (Map/Reduce) that portioned
into two parts, one in the analytical sections and the other
beside the HDFS. It is not structurally correct that use two
parts with a name (Map / Reduce) with a fixed concept.
Instead, we could name it in one place and refer it
elsewhere. Samson architecture focuses on storing data
through a system file with big database architecture. So it
leads to facilitate comparability, whereas the traditional
ways have not this capability. The most important
capability mentioned for this architecture is a parallel
processing warehouse with a big database so that it can
provide more analyzes than those in the Map/Reduce of
the Hadoop. It is made through direct accessing to data
along with indirect access to data that is expected in this
architecture. Samson and Chan have not presented any
valuation on their architectures. From the points of view
in structure or form of storing source, analyzing data,
visualizing intelligence clearly has done. Big data
architecture integrates with other ones in the article [34].
Moreover, big data architecture with a support system of
decisions can be integrated. In this architecture, by
identifying steps of the Simon model, integration of big
database architecture is completed with the support of
the system of design. Integration of the architecture of big
databases with the architecture of the supply chain is
done and is presented in the article [35].

J. Electr. Comput. Eng. Innovations, 11(1): 85-102, 2023 93



M. Behbahani Nejad et al.

The First Laver The Second Laver

5 3 File Copy
Big Data Sources

Big Data Warchouse —————3> Big Data Analytice

The Third Laver The Forth Laver

Big Data Presentation

Tools and APPs

BI Data Sources Data Warchouse

—

BI Presentation Tools
and APPs

BI Analytic

R —
(OLAP)

Fig. 7: The overall four-layered architecture of the proposed architecture with the system approach.

SYSTEM ARCHITECTURE

Input

The First Laver The Second Layer

) Data Storage and

Management

Data Sources

Integrated Data System

Out Put
The Third Layer The Forth Laver
"  Data Presentation
Tools and APPs

Data Intelligence,
Analytic and Process

Fig. 8: A new four-layer architecture, derived from the integration of Big Data architecture and business intelligence architecture.

Proposed Architecture

The proposed architecture is a four-layered
architecture that integrates Big Data and business
intelligence architectures. This integration is illustrated in
Fig. 7 of the template.

The first layer is a data source layer that has two
substrates: The Big Data Sources sub-layer and the BI
Sources sub-layer. Each of these sub-layers can be
included in many data sources. The Big Data Sources sub-
layer can consist of raw data streams, data flow,
unstructured data, semi-structured data, multi-
structured data, streaming events, images and videos,
audio files, social media, text files, XML documents,
webpage data, blogs, emails, Docs and PDFs, log server,
marketing events, sensor data, GPS data, scientific
research, machine logs, graph files, NOSQL files (Base,
Mongo DB, Couch DB and sec). The BI Sources sub-layer
contains structured data, operational systems data,
RDBMS files (SQLServer, Oracle, Microsoft Access, MySQL
and sec), software’s structured data (CRM, SCM, ERP, and
sec).

The second layer is the data storage and management
layer, which can be considered as an infrastructure layer.
This layer consists of two sub-layers: one is the Big Data
warehouse sub-layer and the other is the Data warehouse

sub-layer. Each of these substrates can include the
components shown below. The Big Data Warehouse sub-
layer includes HDFS, NOSQL (HBase, Mongo DB, and sec),
Hive, Impala, Kudu, and RDD. The Data Warehouse sub-
layer includes Data Marts, RDBMS, MPP (Massively
Parallel Processing). It should be noted that the Big Data
warehouse is a new concept similar to the concept of
storage, with the difference that the storage warehouse
is a reservoir of data in which the data are simply copied
and there are no categories for the data. In some scientific
sources, such a concept has been named "data lake" [36],
which is referred to here as the storage bin.

The third layer is the Data Intelligence, Analytics, and
Process Layer, which can be considered as the
computation layer. This layer contains two sub-layers,
one underlying Big Data Analytics sub-layer, and another
Bl Analytics sub-layer. Each of these substrates can
include the following components: The Big Data Analytics
sub-layer includes MAP Reduce, Real-Time Analytics, Pig,
and Spark. The Bl Analytics sub-layer includes OLAP.

The fourth layer is the Data Presentation Tools and
Applications Layer. This layer also has two sub-layers, one
underlying the Big Data Presentation Tools and
Applications sub-layer, and the other underneath the BI
Presentation Tools and Applications sub-layer. Each of
these sub-layers has the components listed below:
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The Big Data Presentation Tools and Applications sub-
layer includes On-line APPs, Big Data tools (visualization,
reporting, predictive, data mining, queries, machine
learning), real-time APPs, and near real-time APPs. The BI
Presentation Tools and Applications sub-layer includes
dashboards, off-line APPs, developer environments, BI
tools (visualization, reporting, predictive, data mining,
queries, machine learning), custom APPs, and enterprise
APPs.

Proposed Architectural Style

The proposed architectural style of different views is
similar to some architectural styles but does not follow a
particular style. It is the combination of several different
styles and can be considered as an independent style.

The proposed architecture can be compared to data
stream styles in similarity. One of a variety of data stream
styles is pipe styles and filters. In the proposed
architecture, the Bl Analytic and Data Warehouse
sections act as filters, because data is entered there, and
after processing and modification, it becomes a series of
information and then exits. Data changes in Bl Analytic
can be done using OLAP, and in the Data Warehouse, this
change is done by the ETL process. On the other hand, the
connection between these two parts can be considered
as a pipe, which is responsible for transmitting data and
information from one part to another.

In the similarity of proposed architecture with data-
driven styles, one of a variety of data-driven styles is the
repository style. The proposed architecture in this regard
is similar to the architecture in the Data Warehouse and
Big Data Warehouse sections of the data container.

As a Big Data repository, Big Data Warehouse shares
its data between BI and Big Data Analytics. One of the
components of data-driven styles is the processing
elements that are potentially independent of each other.
In the proposed architecture, Bl Analytics and Big Data
Analytics are process elements that are potentially
independent and interconnected with the Big Data
Warehouse database.

The proposed architecture can be compared to the
layered style. One of a variety of styles based on overlays
is a layered style. In layered style, the layers are
hierarchically placed together and the lower layer
provides a higher level of service, in other words, the
upper layer of the client and the lower layer of the server.
To display layered layout architecture, layers with
headings (infrastructure layer, computing layer, and
application layer) can be utilized. The proposed
architecture in the form of a layered style can be shown
in Fig. 9. As we can see, the first layer is an infrastructure
layer that includes data sources and data management
and storage. The second layer is the computation layer,
which includes intelligence, data analysis, and data

processing. In the third layer, the application layer
includes visualization tools and application software.

The proposed architecture can also be compared with
the service-oriented architectures. The proposed
architecture is process-oriented, but it can be developed
as a service-oriented architecture. In this case, the various
components of the architecture will be linked together
with a loose connection. This kind of connection will lead
to the creation of a vibrant and dynamic system that can
be considered as a competitive advantage for real-world
businesses in today's marketplace.

In the proposed architecture, if data sources are in a
cloud environment, the Data Sources layer, as well as the
Data Storage and Management layers, can be provided as
a service, called Infrastructure as a Service.

If we imagine the proposed four-layer architectures in
the style of service-oriented architectures, it can be
considered as three-layer architecture according to Fig.
10. As we can see, the infrastructure service includes data
storage and management.

Application Layer

Data Presentation Tools
and APPs

A

Computing Layer

Data Intelligence,
Analytic and Process

A

Infrastractior Layer

Data Storage and
Management

T

Data Sources

Fig. 9: Layered style architectural design.

In this figure, the computing service provides
intelligence, analysis, and data processing. The
application service provides visualization tools and
applications. These three layers are explained below:

e The Infrastructure as a Service (laas) includes Big Data
Warehouse as a Service and Data Warehouse as a
Service. It extracts data from data sources that are
commonly found in the cloud. It also has the task of
storing and managing extracted data.
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e The Computing as a Service (CaaS) includes Big Data
Analytics as a Service and BI Analytics as a Service. It
does the task of computing, analyzing data,
intelligence, and processing data.

e The Application as a Service (AaaS) includes Big Data
Presentation Tools and Applications as a Service and
Bl Presentation Tools and Applications as a Service. It
does the task of visualizing and displaying
information.

Architecture of Service oriented

Infrastructure as a
Service (Iaas)

Data Storage and
Management

Computing as
a Service Application as a
(CaaS) Service (AaaS)
Dl‘f“ Data
ln;;lallgil‘ltc Presentations
e Tools and APPs
and

Fig. 10: Service-oriented architectural style architecture.

In the proposed architecture, the sub-layer subsystem,
various components, and tools are named, all of those
components and tools are developed in a service-
oriented architecture, can be provided as a service. For
example, in the Big Data Presentation Tools and APPS sub-
layer subdirectory, the Data Mining tool is provided, this
tool can be provided in the service architecture offered as
Data Mining as a Service.

Evaluation with a Case Study

Before the implementation of the architecture, the
colored Petri-Nets and the tools written for it could be
used to evaluate the architecture and convert the actual
architecture into a formal architecture, as well as provide
an executable version of the architecture. Although this
method has so far been less widely used in evaluating
information systems, due to their high capabilities, it can
be a reliable method for evaluating information systems
and their architecture.

In this paper, we will focus on the proposed
architecture. First, we will examine its strengths and
weaknesses. Afterward, using an architecture simulation
with the UML, it is then evaluated in a case study by Petri
Networks.

Evaluation by Comparison of Weaknesses and
Strengths

From different perspectives, one can study the
weaknesses and strengths of an information system from
an organizational, managerial, and Technology (technical)
standpoint. Here, the strengths and weaknesses of
Business intelligence, Big Data, and proposed
architectures will be examined from a technological
perspective.

The strengths and weaknesses of Bl from the
perspective of technology are as follows:

e Strengths of BI architecture include: improving
decision making [37], standards support [38],
generalization and adaptation [4], personalization
[38], reduced costs [39], faster reporting, and more
accuracy [37].

o Weaknesses of the Bl Architecture include failure to
support Big Data, failure to provide advanced analysis
[41], lack of support for multi-structured data [29],
and strong support for semi-structured and
unstructured data [22].

The strengths and weaknesses of Big Data from the

perspective of technology are as follow:

e Strengths of Big Data architecture include: analysis of
Big Data ([29], [40]), high scalability ([24], [29]) ,
support for exploratory analysis [29] reducing
miscellaneous data to reduce data volumes [40],
providing more detailed for decisions-making by
analyzing the Data, prevention of future system
failure [40], acts as a good complement to the data
warehouse, support for multicast data and low-cost
hardware [29], low-cost Software ([21], [29]) and the
storing and processing of data types (structured,
semi-structured, and unstructured) ([24], [29]).

e \Weaknesses of Big Data architecture include Lack of
full SQL support, Low ability to query and access
information in Real-Time, Evolving management tools
([29], [42]).

By integrating business intelligence and Big Data
architectures into the proposed architecture, all of the
weaknesses of the Bl architecture are covered by the
strengths of Big Data architecture, as well as the
weaknesses of Big Data architecture being covered by the
strengths of the business intelligence architecture. Thus,
the outcomes from the integration of both business
intelligence and Big Data architectures are revealed.
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The strengths and weaknesses of the Proposed
Architecture are as follows:

e Strengths of the proposed architecture include
strengths of the Big Data architecture and strengths
of the business intelligence architecture.

e Weaknesses of the proposed architecture include
related to a possible problem in implementation,
which can be measured after evaluation and
experience collected.

It can be concluded that these two architectures can
be a good complement to each other. Thus, if these two
architectures can be integrated together, they will remain
protected and the interaction of the two architectures
would not give rise to new flaws.

In this case, with regard to the strengths of the
proposed architecture, we can deduce that the strengths
of the proposed architecture are almost equal to the sum
of the strengths of business intelligence and Big Data
architectures.

Concerning the weaknesses of the proposed
architecture, we can also deduce that the proposed
architectural weaknesses are equal in addressing the

<<include>>

weaknesses of business intelligence architecture and the
weaknesses of Big Data architecture. Because the
weaknesses of one are the other strengths, the resulting
weaknesses of the proposed architecture will be zero and
there will be no weaknesses for the proposed
architecture.

A weak point is that it cannot be resolved by
integration, including the lack of implement the proposed
architecture or the weakness created by the integration.

Evaluation by Simulation with Unified Modeling
Language

A similar approach is integrated into the language of
modeling.

Although this language is not able to provide an
executable model of architecture with various charts, it
can provide a quasi-official model of software
architecture. Here, the system is supposed to be based on
the architecture of the proposed system, and then work
like this system will be implemented using the Unified
modeling language. The schema of the simulated system
is shown in Fig. 11.

<<include>>

€ D)

Data Warehaoyse

<<include>>

(From Data Ipelligence and Analytic and Process)

Bl Analytice Bl PresentationYools and APPs

{From Data Presentationdand Applications...

<<include>>

Big Data Warehouse
(From Data Storage and Managem..

Big Data Analytice
(From Data Intelligence and Analytic and Process

Big Data Presentation Tools and APPs
(From Data Presentations and Applications

Fig. 11: The proposed architectural diagram of the proposed architecture.

Now, with the help of the use case diagrams,
components, and sequences, we can the colored Petri-
Net drew the architecture-based system and perform a
simulation. In the simulation, we use the Colored Petri-
Net in which a case study is required.

The Case Study

To evaluate the proposed architecture, we use a case
study. The main goal, here, is to compare the proposed
architecture with the traditional architecture used for
business intelligence. With the traditional architecture of
business intelligence in terms of quality performance
attributes, performance is considered to be the most
important quality attribute of software architecture.

The performance measurement means measuring the
time needed to perform the processes of a software
system. The less time this system uses, the more efficient
the system. Comparing two architectures, the most
important component of the analogy that shows the
superiority of one architecture to another architecture is
the quality attribute of efficiency. Of course, in a complete
comparison of the two architectures, all the quality
attributes and requirements for both architectures must
be compared to fully demonstrate the superiority of the
architecture to the other architecture. But one of the
most important of these attributes is the efficiency
attribute; the other attributes and requirements are
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either not measurable at this stage or their significance is
less effective than the quality attribute.

In this scenario-based case study, the traditional
architecture of business intelligence with the proposed
architecture is compared. First, the colored Petri-net of
the simulated system is drawn that based on the business
intelligence architecture. Also, the colored Petri-Net of
the simulated system is drawn based on the proposed
architecture. Thus, hundreds of simulated simulations are
executed using hundreds of simulated petty networks,
and then the average runtimes of the two systems are
compared to determine which system is more efficient.

Fig. 12 shows the Petri-Nets of the business
intelligence system based on the typical Bl architecture
after implementation.

The time values shown in the Finish section are the
sum of the times from the beginning of the data entered
into the system to the display of the final report to the
user.

Fig. 13 shows the Petri-Net system based on the
proposed architecture after implementation. The time
values shown in the Finish section are the sum of the
times from the beginning of the data entry to the end of
the final report to the user.
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Table 4 illustrates the results obtained from the
implementation of the color scheme of the Pure Color
Network of the Business Intelligence Based Architecture
and the proposed architecture. To compare the
performance, usually, the metric of the count steps and
time are used ([43], [44]). As we can see, the average
runtime scenario in the business intelligence system is
based on the common architecture of 378 and the
average runtime scenario in the proposed architecture is
53. Also, other values, including the maximum time and
total time of the proposed architecture are lower than
that of Bl Architecture. Because of these lower values, the
proposed system has more performance compared with
the system-based system, based on the common
architecture of business intelligence.

Table 4: Comparison of the results from the implementation of
the Colored Petri-Nets (Time in Second)

Name Bl Architecture  Proposed rchitecture
All Count Steps 2000 1380

Count Finish Steps 268 268

Max Time 50845 138

Min Time 0 0

Total Times 101690 14331
Average Times 378.03 53.47

It is concluded that the system based on the proposed
architecture is more efficient and can produce more
valuable output data at a lower cost.

Results and Discussion

In this paper, we integrated the business intelligence
architecture and Big Data architecture to address the
problems of business intelligence systems in dealing with
Big Data, resulting in a new architecture. By comparing
the proposed architecture and the Bl-architecture, the
weaknesses of the business intelligence architecture were
identified. Moreover, these weaknesses were resolved by
integrating with the Big Data architecture. Also, in this
paper, the evaluation of the business intelligence
architecture as one of the complex architectures of
information systems was carried out using the Colored
Petri-Nets method. This proposed architecture allows
companies and obtain more value from their data sources
and receives stronger support from corporate executives
and organizations in making executive decisions.

The most important result that can be drawn from this
research is that we have an integrated the perspective.
We promoted business intelligence systems and Big Data
technologies to help managers create new opportunities
in solving specific problems. This integration creates new
opportunities for solving the problems of business

intelligence and Big Data systems, which will greatly help
to the managers and stakeholders of these systems.

Since the proposed architecture may have some side
effects on the efficiency resources required, further
research must be done. In addition, it is suggested that
this proposed architecture be used in designing complex
intelligence systems such as Business Intelligence Systems
Decision support, resource management systems, supply
chain management systems, and customer relationship
management systems.

Author Contributions

This paper is the result of M. R. Behbahani Nejad M.Sc.
project which is supervised by Mohammad Jafar Tarokh
and advised by H. Rashidi and Participated by Bahman
Nouriani. M. R. Behbahani Nejad proposed the main idea
of the innovation and Integration of architectures,
performed the simulations, carried out the data analysis,
interpreted the results and wrote the first manuscript. H.
Rashidi corrected the proofing the article and wrote the
final version of the article.
B. Nouriani Suggested petri nets for architectural
evaluation.

Acknowledgment

This work is completely self-supporting, thereby no
any financial agency's role is available.

Conflict of Interest

The authors declare no potential conflict of interest
regarding the publication of this work. In addition, the
ethical issues including plagiarism, informed consent,
misconduct, data fabrication and/or falsification, double
publication and/or submission, and redundancy have
been completely witnessed by the authors.

Abbreviations

AaasS Application as a Service

BI Business Intelligence

BPM Business Performance Management

CaasS Computing as a Service

CPN Colored Petri Net

CRC Class, Responsibilities, Collaborators

laas Infrastructure as a Service

NOsSQL Not Only SQL

OMG Object Management Group

SA Software Architecture

SOA Service-based architecture

UML Unified Modeling Language
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Background and Objectives: Cylindrical scanning technique is a well-established
indirect measurement method to characterize a wide range of antenna patterns
such as fan-beam antennas and phased array antennas with versatile radiation
patterns.

Methods: Cylindrical scanning technique which is based on the nearfield-to-far-
field transformation based on cylindrical mode coefficients (CMCs), cannot predict
the antenna radiation pattern with a very narrow beamwidth in the azimuth plane
accurately, because a remarkable error occurs during the calculation of the
derivative of high-order Hankel functions in the CMCs extraction. We aim to
address this issue and introduce a simple yet rigorous technique namely the
sequential sampling method (SSM) in conjunction with the two-dimensional Fast
Fourier Transform (2D-FFT) to efficiently calculate the far-field radiation pattern
of a super-directive antenna with a very narrow beamwidth in the azimuth plane.
Briefly, the SSM offers several sequences of progressive azimuth angles and the
corresponding order of Hankel functions in such a way that CMCs fully span 360
degrees of azimuth angles (¢) in the cylindrical coordinate system in each
sequence. Afterward, by putting the far-field obtained by these sequences
together, the final radiation pattern will have a high angular resolution. This
technique can also be applied to determine the necessary criteria in the data
acquisition step which should be satisfied to precisely measure the radiation
pattern of super-directive antennas. These criteria are the maximum acceptable
sampling resolution and the minimum value of the required azimuth angle (¢) in
the data acquisition step if the far-field pattern is merely desired on the front side
of the antenna.

Results: For verifications, the far-field radiation pattern of an electrically large slot
array antenna including 81x15 slots is calculated at 8.75 GHz by the proposed
technique and the results are compared with the array theory. The results show
that the azimuth pattern can accurately be measured as small as 0.1° resolution
by the SSM.

Conclusion: By comparing the results obtained by the proposed method and the
traditional cylindrical scanning method, it can be inferred that the far-field pattern
of an antenna with narrow beamwidth in the azimuth plane can easily be
characterized by a cylindrical scanning system without any huge computational
burden.

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

divided into two categories, namely direct and indirect. In
the direct method, the far-field pattern is measured
without any intermediate step. Depending on the

Introduction
Nowadays, there are several methods to measure
antenna radiation patterns [1]. These methods are

Doi: 10.22061/JECEI.2022.8705.544 103


https://dx.doi.org/10.22061/jecei.2022.8705.544
http://jecei.sru.ac.ir/
mailto:m.karimipour@arakut.ac.ir
http://creativecommons.org/licenses/by/4.0/

M. Karimipour

electrical size of antenna, the measurement can be
performed either in an indoor anechoic chamber or in
free space. For a wide range of antennas, it is not possible
to measure the far-field radiation pattern directly. The
main reason is the large electrical size of these antennas
and the corresponding far zone region. For example, the
size of antennas in phased array radars is approximately
several wavelengths.

Therefore, the far-field region of these radiators will be
more than several hundred meters. In this condition,
setting up the far-field measurement system is a very
complex and costly process. Therefore, measured results
may not be valid due to several inevitable errors that may
occur during the data acquisition. To overcome this
drawback, indirect measurement methods have been
introduced. In the indirect methods, some post-
processing algorithms must be performed to determine
the electromagnetic radiation pattern with high accuracy
[2]. These post-processing algorithms are configured
based on the kind of data acquisition. According to the
geometric shape where the data are acquired, three well-
established techniques, including planar, cylindrical, and
spherical near-field measurements are introduced.
Although, several other techniques such as data sampling
over arbitrary geometries or curvatures are also reported
in the literature [3]. These techniques are applied for
special purposes.

Each of the aforementioned near-field methods is
useful for testing a particular antenna. For example, the
planar near-field method is useful for testing high
directive antennas with a nontrivial front-to-back ratio of
the pattern. When it is necessary to evaluate the radiation
behavior of the antenna on the backside, the cylindrical
near-field (CNF) system is a very useful solution. In most
cases, the radiation pattern of array antennas with large
size in the elevation plane and medium size in the azimuth
plane can easily be measured by cylindrical scanning
systems [2]. Conversely, the spherical near-field systems
are useful to characterize medium and low-gain antennas
with omnidirectional and isotropic-like patterns.

In the cylindrical scanning system, which is the case in
this paper, the near-field data of the antenna under test
(AUT), including amplitude and phase of electric fields,
are acquired over a right circular cylinder or a cone-shape
area via a simple probe. In practice, the acquisition
process is performed by employing some measurement
equipment and optical instruments (such as a laser
tracker [1]) if high accuracy is needed. In the
computational step as a post-processing task, the near-
field to far-field transformation is performed to
characterize the antenna pattern [4]-[8]. There are two
main techniques including 2D-FFT and the matrix method
to describe the far-field pattern from near-field
information. The first one is fast, very efficient, and

almost accurate [7], however, the near-field data should
be acquired in a uniform grid. Meanwhile, the latter can
be implemented for nonuniform sampling, and therefore
it is a very suitable solution for considering probe position
error during the data acquisition [8], [9]. The main
disadvantage of the matrix method is the high
computational cost of post-processing, which s
unsuitable for pattern measurement of electrically large
size antennas. Both techniques benefit from the
description of electromagnetic fields outside the antenna
by orthogonal basis functions namely cylindrical waves. If
the sampling grid is regular, 2D-FFT can be efficiently
applied to calculate the unknown coefficients of basis
functions or CMCs. Afterward, the far-field pattern can
easily be described by the 1D-FFT routine. Meanwhile, if
the sampling grid is nonuniform, the derivation of the far-
field pattern can be performed using the matrix
operations [9] or interpolating the irregular NF data into
regular [10], [11]. As pioneers in the field, AMETEK NSI-
Ml is the world leader in near-field measurements and
produce a full range of standard and customized
measurement system for certain applications [12]. NSI-MI
says that the cylindrical near-field measurement system is
useful to measure broad beams in the azimuth plane such
as fan beams. In other words, the beamwidth of the
azimuth pattern is a restricted factor for using the CNF
system.

The basic theory behind the CNF systems expresses
that the process of the far-field reconstruction pattern
with an angular resolution of less than 0.5° in the azimuth
plane involves describing near-field data with very high-
order cylindrical basis functions [1]. In this fashion, the
calculation of high-order CMCs corresponding to
orthogonal basis functions may be associated with some
errors. For example, the authors in [13] used a nearly
huge grid including 512 samples on the ¢-axis and 156
samples on the z-axis to accurately measure the far-field
pattern of a very large L-band radar antenna. In this
measurement, the maximum cylindrical mode function is
in order of 256 which leads to the azimuth angular
resolution of 0.7°. If the smaller resolution in the azimuth
plane is necessary, the higher order of CMCs and Hankel
function is required.

In this paper, a simple yet rigorous approach based on
the SSM in conjunction with 2D-FFT is introduced to
efficiently calculate the far-field radiation pattern with a
very narrow beamwidth in the azimuth plane. The SSM
offers several sequences of progressive azimuth angles
along with the corresponding order of Hankel functions
so that CMCs fully span 360 degrees for azimuth angles
() in each sequence. Afterward, by putting the far-field
patterns obtained by these sequences together, the final
radiation pattern will have a high angular resolution. We
show that if these sampled sequences are arranged
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together, the final resolution of the measured pattern in
the azimuth plane would be as small as 0.1°. As an
advantage of the proposed method, the monopulse
antenna with a difference beam pattern in the azimuth
plane can be rigorously measured with the accuracy of
null position detection smaller than 0.1°.

To verify the concept, a 25x81 slot array antenna is
considered as the AUT and the near-field data over a
conceptual cylinder around the antenna is calculated via
an ideal isotropic probe. The AUT is considered in the YZ
plane such that the 81 elements are aligned on the y-axis.
By modeling the radiation behavior of each slot by a finite-
length magnetic dipole, a comprehensive mathematical
framework is implemented to determine the radiation
behavior of the entire slots in the array environment with
every excitation distribution for slots provided that
negligible mutual coupling exists between the slots. The
proposed model enables the calculation of
electromagnetic waves in both near-field and far-field
regions. Therefore, the obtained results by the proposed
model can also be employed to evaluate the near-field to
far-field transformation algorithm developed by the SSM.

Analytical Model for Data Acquisition

The proposed model makes it possible to describe the
radiated field of any slot or microstrip array in an arbitrary
geometrical arrangement, flat or conformal, provided
that the radiative behavior of the co-polarization (Co-Pol)
and cross-polarization (Cross-Pol) components of the
antenna can be modeled analytically. In addition, the
model will be able to evaluate the radiated field in any
desired area such as flat plane, cylinder, spherical, or even
other conformal geometries such as cone. Therefore, one
can employ it to verify the spherical scanning system as
well. Note that this analytical method neglects the mutual
coupling between the radiating elements in the array
environment, hence, the model is valid while the coupling
among the elements is negligible [14]. It is worth noting
that the CADFEKO 2021 software is also able to calculate
near-field waves around the antenna on a flat, cylindrical,
spherical, and even cone areas. Therefore, it can be
employed for data acquisition as well.

A. Theoretical Formulation

The radiation behavior of a single slot and microstrip
patch can roughly be modeled by a magnetic and electric
dipole, respectively. This model is also valid when these
elements are arranged in an array configuration provided
that the mutual coupling between elements is negligible.
Therefore, the calculation process of electric and
magnetic fields surrounding the dipole array with any
arrangement leads to establishing a comprehensive
analytical model for evaluating the radiation pattern of
slot and microstrip array antennas. First, the
mathematical formulation is introduced for the model,

afterward, the model is verified by a case study simulated
in the CST software.

According to the array theory, the electric field at any
observation point in the free space can be described as
the superposition of electric fields radiated from all
elements. It is well-known that the electric field radiated
by an electric and magnetic dipole which are aligned in
the z-direction are as follows [15]:

Electric Dipole: Eq = Gg.1 (1)

Magnetic Dipole: E, = G,.1 (2)
where, Gg is simply defined as below.

o Jkors cos(kozdfcosﬂf)—cos(kozdf)

Ge = 2mr sin@g (3)

Similarly, G, = —Gg/7n. In (3), ko is the free space
wavenumber, d; is the dipole length which is greater than
1/10, (A is the wavelength). The parameter 7 is the
characteristic impedance in the free space and finally 8¢
is the angular parameter defined in the spherical local
coordinate system.

Equations (1) up to (3) are defined at the local
coordinate system associated with each dipole element,
i.e., (xf, yf,zf) (See Fig. 1). To express the radiated field
of the element in the global coordinate system, i.e.,
(xg,yg,zg), one can employ the
transformation technique presented in [16], and
decompose the excitation current component of each
dipole element into three components, I, L, I,. Finally,
regarding dipole directions, the electric field associated
with each element is determined in every observation
point in the global rectangular coordinate system. This
scenario can be applied to every radiating element
(including magnetic and electric dipole elements).

coordinate

Local
Z8 Coordinate (xf Vr Zf)
(%9, ¥g,25) Y S .
. xf Y
> ve
X8

Fig. 1: General dipole array configuration along with the local
and global coordinate system.

Using the superposition principle, the electric field
radiated by all elements can be obtained at any arbitrary
observation point.

Therefore, the general form of (1) can be represented
in the matrix form as follows:
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_[Ex]NSXI
[Ey]NSXI
_[Ez]Nle

_[Gxx]Nstd [ny]NsXNd [GXZ]NsXNd-I [Ix]Ndxl
[ny]Nstd [ny]NSde [GyZ]NSXNd [[y]]\’d)<1 (4)
_[sz]NSXNd [GZJ’]

The conversion blocks, [Gij]N <N
N

NsXNg [Gzz]NstdJ [IZ]NdX1

,in (4) are defined to
d

convert the dipole current in the /' direction to the
electric field component along the ‘i’ direction. For
example, if a specific dipole is aligned to the x-direction,

all entries of conversion blocks, [Gif]zv - associated
s d

with that element are zero except the ones with
[Gixln xn, indices. The parameters Ny and N are the
number of dipoles and observation points, respectively.
The derivation scenario of [G] blocks is summarized as
follows:

e Determine xg nyp, Ygnr aNnd Zg yp according to the
near-field sampling area. (For example, cylinder in
this case)

e Determine 1y, 6, and (,‘bg in the spherical coordinate

system as follows:

(65,0,) = tan? <@) ,tan™? (y—g)

Zg Xg

= %Y+ S

e Decompose each dipole to three dipoles along the x,
y, and z-directions.

e Following [16] and determining the type of transfer
matrix, namely R, for these three decomposed
components which are defined for each dipole. For
example: Ryzx, Rzxz, Rzyz or Ryyz, where the
[R;ji] denotes the rotation matrix around k, j, and i
axes, respectively. This process should be done
element by element in the array. It is worth noting
that the dipole direction is the only determinative
factor to use what form of [R; ;] needs to describe
the electromagnetic behavior of dipole. The matrix,
[Rijk], can be determined by multiplying three
rotation matrices which are constructed from three
decomposed components of the excitation current
vector along the x-, y-, and z-directions. These three
rotation matrices are defined based on the Euler
angles @, B,y. In the following, two forms of [R; ;]
are described based on the Euler angles [16]:

R = Ryzx(a, B,Y)

cosy siny 0
= [—siny cosy OH cosf SIUB]
0 —sinf} cosf
cosa sina 0
[—sina cosa 0]
0 0 1

R = Rzyz(a, B,Y)

cosy siny 07][cosp 0 smB
=[—siny cosy OH l
0 —sinf3 0 cosB

cosa  sina 0

[—sinoc cosa Ol

0 0 1

Accordingly, as shown in (4), three components of G
are required to fully characterize the
electromagnetic behavior of the dipole aligned in an
arbitrary direction.

e Transfer the near-field points in the global
coordinate system (xg,, ¥4, and z,,) to the local
coordinate system associated with the mn™ element
as follows:

Xfp = mll(xg,p - Xe,m) + Ry, (Yg,p - Ye,m) + SR13(Zg,p - Ze,m)
Yep = fRZl(Xg,p - Xe,m) + 9{ZZ(Yg,p - Ye,m) + mZS(Zg,p - Ze,m)
Zf.p = ﬁ‘R31(Xg,p - Xe,m) + 9{32 (Yg,p - Ye,m) + m33(zg,p - Ze,m)

where p denotes the number of observation points
in the near-field region and m is the element
numbers in the array environment. In addition, the
subscript g and f denote the local and global
coordinate systems, respectively.
e Determine 77,6, and ¢, in the spherical
coordinate system from ¢, , y¢, and zgp,.

e Calculate Gfy and Gfd’)p for magnetic dipole are as

follows [15]:

af, kodg
P _ el
3 COSQf’p) cos( > )

sinbfp

. ko
e JkoTep cos(

6 _ _:
Gf'p_ mn 21T !

¢ _
Gr, =0

e Calculate Gf, nyp

components determined in the previous step.
e Transform G7, ijfp and G£ , to the global coordinate

and Gf, from Gﬁp and Gfdfp

system Gg‘p, G;p and ngp, as follows:
p = Qlle,p + Q126f3fp + QlSsz,p
G p = QZIG;C,p + QZZnyp + Q23sz,p
p = Q31G';C,p + Q3Znyp + Q33sz,p

where [Q]=[R] 1.

Following the above guideline, all entries of coefficient
matrix ([G]) represented in (4) are determined whose
dimension is 3Ng; X 3N;. The factor 3 observed in the
matrix dimension returns to the three decomposed
components of each dipole in the array antenna.

B. Verification of the Analytical Model for Data
Acquisition

As an example, the radiation behavior of the array
shown in Fig. 2(a) is characterized by the proposed model.
50 elements of magnetic dipoles are placed together in
the YZ plane with 8 angles shown in Fig. 2(b) The 6 angles
are defined relative to the z-axis. The working frequency

and dipole spacing are considered to be 8.75GHz and
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24mm, respectively. The current magnitudes of the
dipoles are set in the form of Taylor distribution with a
side-lode level (SLL) of -40dB and 7 =4 [15]. The
progressive phases of the dipoles are set to zero, hence,
the main beam of the pattern is aligned at 8 = 90°. Fig. 3
shows the [G] tensor defined in (4) as well as the far-field
co-pol and cross-pol of the pattern at 8 = 90°. It is worth
noting that an interesting application of this analytical
model is to solve the inverse problem and extract the
dipole currents from known E-field distribution around
the array (which can be obtained by planar near-field
measurement). As such, the array calibration can also be
performed by this method. That is, by sampling the near-
field around the antenna and finding the amplitude and
phase of excitation current of the elements, it is possible
to compare the real state of every element in the array
configuration with their ideal states, and then,
appropriate modifications can be adopted for faulty
elements.
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Fig. 2: (a) Dipole array configuration. (b) The values of 8 angles
relative to the z-axis for determining the element directions.

To further verify the proposed method, a 50-element
slot array antenna with slot angles defined in Fig. 2(b) is
simulated by the time-domain solver in the CST software,
and the electric field data is extracted on a line at x=10
cm. In addition, the far-field pattern of the antenna is

simulated and recorded in ¢ = 0° plane for comparision
with the results obtained by the theoretical model. The
theoretical model is established by arranging 50 elements
of magnetic dipoles together in such a way that the dipole
directions are exactly aligned to the slot directions and
dipole center positions coincide with slot centers. Dipole
currents can be obtained by solving the inverse problem,
I = G 'Eyg, where Ey; is the near-field data extracted
from the CST software. In the next step, the far-field
pattern of the antenna is calculated by the theoretical
model. This is simply accomplished by considering the
observation points (r;, 0, and ¢,) in the far zone on the
@ = 0° plane.
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Fig. 3: (a) Amplitude and (b) phase of [G] tensor for antenna
configuration shown in Fig. 2. (c) Calculated far-field radiation
pattern on the ¢ = 0° plane.

Fig. 4 shows the simulation setup in the CST software
to extract Eyr and the far-field pattern. The comparison
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of the far-field pattern obtained by the CST software and
the theoretical model is presented in Fig. 5. The results
show that the proposed model enables to fully
characterize the slot array antenna pattern. Therefore,
the analytical model for data acquisition is prepared to
extract the near-field data on a cylinder, which is a crucial
step for setting up a CNF system.

Fundamentals of CNF Measurement Technique

The electromagnetic waves around an arbitrary
antenna can be described by a set of CMCs as follows [1]:

2000mm

122mm

Fig. 4: Characterization of slot array radiation pattern by
sampling nearfield data over the line at x=10 cm.
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Fig. 5: The comparison between the far-field pattern of the slot
array extracted from the theoretical model and the full-wave
simulation.

E}f(p,2) =
%——M - b (kz) kp H(Z)(k a)e}mpe jkzz dk, (5)

BN (9.2 = T [ {bue) 22 1P () -

oY (kpr)

an(k,) —— ==

}ef""’e'f"zz dk, (6)
r=a

In (5) and (6), n is the mode index and M is the
maximum number of modes that should be defined based
on the accuracy of the calculations in the ¢ direction. The
parameter a is the scanner cylinder radius. According to
[1], M = kyry + M, where 1 is the minimum radius of a
conceptual cylinder encompassed the AUT and M, is
chosen larger than 10 corresponding to the required
accuracy. For example, the pattern measurement of a
large antenna with small beamwidth in the ¢ direction,
requires a large number of CMCs for the far-field
calculations.

As stated in [1], since the maximum separation among
the sampling data in the ¢ direction is forced by Agp < %,

we do not have freedom for choosing number of modes
and data sampling steps in the ¢ direction,
simultaneously. Therefore, to measure the patterns with
narrow beamwidth in the azimuth plane, first, it should be

selected the desired ¢ steps and, then determined the
maximum mode number. The radial wavenumber, kp, in

(5) and (6) is equal to \/k2 — k2, where k, = —Azﬂ +
scan
2 andm = [0, Ny, — 1].The parameter n,_isthe

Nk, AZscan
number of points in the spectral domain along the z-axis
which is in the form of 29(g > 9). The coefficients a,, (k,)
and b, (k,) in (5) and(6) are CMCs which can easily be
obtained by some mathematical manipulations [1]:

by (k) = ,(2(27)() E,(n, ky) (7)

a, (kz) W [b (kz) nkz H(Z) (k a) —
T

EH (Tl, kz)] (8)

Equations (7) and (8) show that CMCs are obtained in
matrix form, that is [an]nkzxn and [bn]nkzxn. The
quantities, £,(n, k,), and Ey(n,k,) are the spectral
components of the tangential near-field data on the
sampling cylinder as follows [1]:

<91;|H(n: kz) =
L L B =
— fftshift (FFT2( 210 (9,2), Ty, )) ®)

Finally, the far-field components of electric fields can
be described based on CMSs as follows [1]:

E§F(6,9) =

—2jkosind e_j o N wJ"b,(kocosf)el™? =
_ZJkO\/Ee - CLfft(by(kocos8)e™?)]  (10a)
Eyf(8,9) =

—2jkysiné e_j o N _vjtan(kycos@)e™? =

—2jik, \/Ti—éﬂ" Clfft(a,(kocos@)e™)]  (10b)

In the above equations, the operator FFT2 is the two-
dimensional Fast Fourier transform which can be
efficiently evaluated by MATLAB software with a
computational burden of N(logN). Similarly, the
operator "fftshift" is employed to shift the zero-
frequency component to the center of the spectrum in
MATLAB.

The operator C in (10b) returns the Fourier transform
of each row of a,, matrix. As can be seen in (9), and (10)
both near-field data extraction and the far-field pattern
reconstruction processes can be performed by the Fast
Fourier technique, (the two-dimensional form for the
near-field data extraction and the one-dimensional form
for the far-field calculation).
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Sequential Sampling Method
A. Basic Concept

During the computation of CMCs in the CNF system, it
is necessary to keep in mind that the choice of the
sampling steps along the ¢ direction or, equivalently, the
choice of mode numbers should be done in such a way
that the cylindrical basis functions span a full cycle of
360°, without any overlap or gap among the samples [1].
The discussion presented in the previous section shows
that when the sampling process in the ¢ direction is done
with very small steps, e.g., 0.1°, it means that the
parameter n in (5) and (6) should be selected in the
interval [—1800,1800]. This guarantees a full span of
360° in the azimuth plane by the steps of 0.1°. In other
words, the derivative of Hankel-function type two should
be calculated for mode numbers up to 1800. Our
investigations show that the MATLAB software can return
the values of the derivative of Hankel-function type two
by a maximum mode number of 500 with negligible error.
This mode number corresponds to the sampling step of
0.36° in the ¢ direction. This bottleneck restricts the
capability of the CNF system. That is why the CNF system
is almost applied to measure specific antennas with
relatively wide beamwidth in the ¢ direction. If needed,
the interpolation technique is used in classical
approaches to obtain better results in the ¢ direction [1],
[17]-[19]. However, in most cases, the interpolation is
unable to accurately predict the antenna pattern at some
angles where sharp variations occur in the beam such as
the null position in the monopulse patterns.

Closer examination of (5) up to (10) makes clear the
fact that the far-field pattern obtained by the CNF
measurement system in the ¢ direction is in discrete
summation form of electric fields, that is, the measured
far-field pattern is calculated at those points that are
sampled in the ¢ direction. For example, if the near-field
data are recorded in the ¢ direction by 0.2° steps, the
final measured pattern has a resolution of 0.2°. This is in
contrast to the measured pattern in the z-direction (or
elevation plane). In fact, the accuracy of the patternin the
z-direction can be enhanced by simply padding the near-
field data in the z-direction. (See (9)). According to this
fact, the far-field pattern in the ¢ direction can be
reconstructed by a repetitive routine in which the high-
resolution pattern is constructed part by part. To do this,
we offer the sequences of sampling points in the ¢
direction to obtain the fine resolution yet keep the
accuracy of the computation (by limiting the mode
numbers to 500 or smaller). To better explain the
proposed method, let us assume that the required
accuracy of the measured pattern in the ¢ direction is
0.1° (b)

Fig. 6 depicts the proper sequences of the ¢ angles
where the near-field to-far-field transformation should be

performed for each sequence to obtain P;. By putting the
P; patterns together, the resulted pattern has a fine
resolution as desired (i.e., 0.1°). As can be seen in Fig. 6,
the data acquisition process should be accomplished with
the desired resolution to provide the required data for
each sequence. In the next step, the number of
sequences, Ngqq, should be determined based on Ag,,,.
In this regard, it can be expressed the number of
sequences as follows:

Nseqzﬁ%zojz5 (11)
PDpata acquisition 0.1
Acquisition | O | 01| 02 03 04 |05
data 300 359.7 | 359.8 | 359.9
M_Total 1800
(a)
Sequsence | phjangles to calculate it" pattern relating to
Number the it" sequence
0 0.5 1 1.5 2 359.5
Step 1 Maximum Mode Number: Mg.,; = 360
Calculated Far-field Patter= P;
0.1 0.6 1.1 1.6 2.1 359.6
Step 2 Maximum Mode Number: M.,, = 360
Calculated Far-field Patter= P,
0.2 0.7 1.2 | 1.7 2.2 359.7
Step 3 Maximum Mode Number: Mg.q3 = 360
Calculated Far-field Patter= P
0.3 0.8 13 | 1.8 2.3 359.8
Step 4 Maximum Mode Number: Mgqq, = 360
Calculated Far-field Patter= P,
04 | 09 | 14 |19 2.4 359.9
Step 5 Maximum Mode Number: Mg.,5s = 360
Calculated Far-field Patter= Pg

(b)

Fig. 6: (a) The ¢ angle values needed for the data acquisition
process by the SSM. (b) Proper ¢ angle sequences to limit the
maximum mode numbers to 360 which leads to the calculation
of P; pattern with a high accuracy in MATLAB.

B. Verification of the SSM for Sum Pattern

To confirm the advantage of the SSM, a slot-array
antenna including 25 rows and 81 columns is considered
as the AUT (See Fig. 7). As shown in Fig. 7, the elements
are located on the YZ plane. Since all 81 elements are in
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the Y-axis direction, the antenna beamwidth in the
azimuth plane will be narrow (about 1.4°), and hence, this
is a good case to benchmark the SSM advantage. The
working frequency is considered 8.75 GHz with the
corresponding wavelength around 34 mm. The distance
between each of the 81 elements in each row is 21.5mm.
The width of each slot is equal to 2 mm. The separation
among rows is 15 mm.

Therefore, the antenna dimension is 1.72 m x 0.36 m.
The angle of slots with respect to the z-axis is determined
by following the design method presented in [14].
Discussion about the slot array design method goes
beyond the scope of the present paper.

Note that in a practical cylindrical scanner, the data
acquisition process can be performed by rotating the AUT
through a rotary positioner and moving a standard probe
along the z-axis. The CNF configuration including the
sampling points in the near-field region, where the
tangential electric fields should be recorded, is shown in
Fig. 7. The near-field components of the electric fields on
the cylinder can be theoretically calculated by following
the procedure outlined in the previous section. The radius
of the scanning cylinder is considered to be 1.15m to
avoid any physical contact between the antenna and
probe during the data acquisition.

Fig. 8 shows the tangential electric field components of
the slot array at 8.75 GHz which are depicted on the
sampling cylinder. The height of the cylinder is considered
as 2m to cover an acceptable angular range for the
pattern in the elevation plane. As can be seen in Fig. 8, the
peak values of the near-field components occur at the
boresight direction, therefore, it is expected that the main
beam of the far-field pattern is aligned in the boresight
direction.

Position of Magnetic Dipoles
and Sampling Cylinder
1
0.5
N 0+
-0.5

14

Fig. 7: Cylindrical sampling configuration developed in MATLAB.

According to the antenna dimensions, the maximum
mode number is M = 186 assuming M, = 10, which
leads to Ap < 0.96°. Near-field-to-far-field
transformation by the use of the sampling data with the
step of Ap = 0.9° is accomplished in the azimuth plane.

The results are shown in Fig. 9a. It can be observed that
the measured pattern cannot follow the overall behavior
of the desired pattern, especially in sidelobe regions and
so the results are not satisfactory. If Ap = 0.5°0.1°
corresponding to M = 360, 1800, the measured patterns
obtained by the CNF system are shown in Fig. 9(b) and Fig.
9(c), respectively.

The reduction of the sampling step should naturally
increase the accuracy of antenna pattern measurement,
but this has not happened. This problem is solved by
properly using the SSM.
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Fig. 8: Tangential electric field components of the slot array at
8.75 GHz. The sampling step in the ¢ and z directions are 0.1°
and 1 mm, respectively. Note that the sampling step in the z-
direction should satisfy the Nyquist theorem that is smaller
than half of the wavelength.

The results obtained by employing the SSM are shown
in Fig. 10 which confirm the usefulness of applying the
SSM in the CNF measurement system. Note that the far-
field patterns represented in Fig. 9 and Fig. 10 with the
label ‘array theory’ are calculated by the same algorithm
developed for near-field data acquisition. The difference
is that (xg,yg,zg) are defined in far-field region similar to
that presented in Fig. 3.
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Fig. 9: The comparison between the far-field results obtained
by the ideal array theory and the CNF system without using the
SSM. The parameter Ag is considered as (a) 0.9° (b) 0.5° (c)
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Fig. 10: The comparison between the far-field results obtained

by the ideal array theory and the CNF system by using the SSM.

Appata acquisition = 0.1°, A(pseq = 0.5, and Nseq =5.(a) |E<p|

at & = 90°. (b) closer view of |E,| at & = 90°. (c) |[Eg| at 6 =
90° (d) |E,| at @ = 0° (e) |Egl at ¢ = 0°.

C. Verification of the SSM by Measuring the Difference
Pattern

It is well-known that monopulse antennas are widely
used in radar systems for tracking purposes. Depending
on the design goal, a deference pattern can be made in
both azimuth and elevation planes. Detecting the null
position in deference pattern and slope value of the beam
around the null position, which all have a direct effect on
the angle tracking error, are the main challenges in the
pattern measurement of these antennas. For example, if
the aperture size of a radar antenna is large in the azimuth
plane (similar to that presented in Fig. 7) and the antenna
is designed to radiate an azimuth difference pattern, the
resulted monopulse pattern will be formed in the azimuth
plane with a narrow beamwidth. In this fashion, antenna
pattern measurement in the azimuth plane is difficult
with the CNF system. This is why a large number of CMCs
is required to accurately describe the far-field pattern.
Therefore, as mentioned before, the measurement
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results experience considerable errors if the conventional
cylindrical scanning method is used.

In this subsection, an azimuth difference pattern with
narrow beamwidth is generated by properly exciting the
array elements described in section B. Afterward, the far-
field radiation pattern is calculated with and without
using the SSM in the CNF system to further highlight the
advantage of the SSM to calculate the difference pattern
with high accuracy, especially around the null position. In
doing so, Taylor and Bayliss distributions in the elevation
and azimuth planes are considered respectively as the
desired excitation functions. For both Taylor and Bayliss
functions, 71 and sidelobe levels are considered 4 and -40
dB, respectively. Fig. 11 shows the normalized excitation
current distribution of the array to generate a difference
pattern in the azimuth plane. Near-field components
including E, and E4 are sampled on a cylinder with the
radius and height equal to 1.15m and 2m, respectively as
shown in Fig. 12. It can be observed that Es component
has a null in the front side of the antenna which leads to
the generation of a null in the far zone. Also, Ey is a
stronger field than E, on the cylinder indicating that the
major contribution of the far-field pattern is provided by
Eg.

[2]
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T . 05
o8
S35 0
5N 15
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5 20 -0.5
z

25 1

20 40 60 80
Number of elements in y direction

Fig. 11: Excitation current distribution of the array with the
configuration shown in Fig. 7.
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Fig. 12: Near-field components of the electric field on the
scanning cylinder.
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As the sampling step varies from 0.9° to 0.1°, the
observations are similar to those presented for the sum
pattern in Fig. 9. To conserve space, the far-field results
have not been presented in this subsection. A proper
explanation that can be given in this regard is that when
Ag is considered as 0.9°, it can be inferred that the near-
field-to-far-field transformation cannot predict the
radiation pattern accurately. When the sampling step is
reduced from 0.9° to 0.5° the resulted pattern will be
more accurate; but as the sampling step decrease from
0.5° to 0.1°, a considerable error is observed in the
results. The reason behind this fact comes from the
inaccuracy of calculating the CMCs during the
transformation of the near-field data to the far-field
pattern as the number of modes increases. Furthermore,
the error due to the use of more CMCs in the far-field
calculation process is much greater than the error due to
the use of large step sizes in data acquisition.

Note that this error affects the angle tracking error
because the slope and position of the null in the
difference pattern suffer some errors. Our investigations
show that this error enhances when the beam is scanned.
To prove this claim, a scanned beam is generated by the
array and the far-field pattern of the antennais calculated
by two techniques, i.e., array theory and the classical CNF
method. To do this, a given progressive phase is applied
to the rows and columns of the array to scan the beam in
the elevation and azimuth planes by 20° and 15°,
respectively. It is found that the pattern in the side-lobe
region along with the null position of the main beam and
slope of the beam around the null include some errors
which are more than the errors in broadside radiation.

In light of the above discussion, the need for an
accurate method to calculate the difference pattern for
all beam directions is inevitable. The classical CNF suffers
from inaccuracy and the SSM technique can significantly
enhance the measurement accuracy. Fig. 13 shows the
far-field pattern of the antenna by the use of the SSM. In
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the SSM, A@pgtq acquisition = 0.1° and A(pseq =0.5,
Ngeq = 5 are considered. In this design, the null position
is considered at the broadside. It is observed that both co-
pol and cross-pol patterns are calculated properly when
compared with the ideal results.
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Fig. 13: The comparison between the far-field results of the
difference pattern obtained by ideal array theory and the CNF
system by using the SSM. A@patq acquisition = 0-1° and
A@seq = 0.5, Nyeq = 5. (a) |E,| at & = 90°. (b) closer view of
|E,| at® = 90°. (c) [Egl at & = 90° (d) |E,| at ¢ = —1° ()
|Eg|l at ¢ = —1°.

Reducing Data Acquisition and Single-Cut
Measurement Criteria in CNF system with the SSM

Reducing the data acquisition process is of interest in
many mass production scenarios in which many identical
antennas need to be measured. This work is performed
by eliminating unnecessary data in the near-field region.
For example, if the position and slope of the null in a
monopulse pattern are required, there is no need to
completely sample all of the near-field data in the three-
dimensional space.

Equivalently, the shape of the main beam and first
sidelobe levels are related to the near-field data on the
front side of the antenna. This issue is also valid for
necessary components of the electric field (E, or E, or
both of them) which should be sampled based on the
required information about the pattern. (I) Reducing the
sampling area to a sector with a given central angle, (ll)
single-cut measurement, (Ill) and choosing the necessary
components of the electric field as desired, all
significantly accelerate the pattern measurement
process. Furthermore, in the factory calibration process
of electrically large scanned-beam active phased array
antennas, the fast and single-cut measurement would be
helpful to find the possible errors in the antenna
configuration very quickly. The CNF system in conjunction
with the SSM is a good candidate to accomplish this task
with acceptable accuracy. The CNF system in its simplest
form can be employed as a single-cut measurement
technique which is named the zero-height CNF system.
The near-field-to-far-field transformation is done over a
zero-height ring enclosing the AUT. In this section, several
scenarios including sector sampling and single-cut
sampling are investigated by the CNF system in
conjunction with the SSM to determine the required
criteria for reducing the unnecessary near-field data.
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A. CNF and SSM based on Sector Sampling Area

The combination of the CNF and SSM as a powerful
solution to characterize the antenna radiation pattern can
be employed to determine the amount of near-field data
required to fully describe the radiation field in the front of
the antenna with minimal error. Fig. 14 shows the sector
sampling scenario for pattern measurement of antenna
described in the previous section. The results are
presented in Fig. 15 up to Fig. 17 for various values of a
angle (a=50° and a=120°).

Position of Magnetic Dipoles
and Sampling Cylinder

Fig. 14: Sector sampling area subtended by «a angle.

It can be observed from Fig. 15 up to Fig. 17 that as far
as the far-field on the front side of the antenna is
concerned, one can extract the near-field data on a sector
area with the subtended angle of @=120° around the peak
value of the beam in the azimuth pattern. This fact is also
valid for other types of antennas with narrow beamwidth
in the azimuth plane and it is possible to find the
minimum value of a angle to characterize the beam in
front side of the antenna by the CNF system and SSM.
Note that, if the SSM is not used to calculate the fields,
the results will not be valid at all and we cannot determine
the desired subtended angle, a, associated with the
sampling sector area to accurately calculate the far-field
patterns.
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Fig. 15: Co-pol components of the pattern obtained by the

sector sampling scenario with @=120° in (a) azimuth (b)
elevation planes.
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Fig. 16: Co-pol component results of a scanned beam pattern
obtained by sector sampling scenario with @=50° in (a) azimuth
(b) elevation planes. The beam is scanned to ¢ = 20°.

Pattern @ cut ¢=90.02°

m 0 .
°
-.E, _lEol (2D-FFT))
o ——IE | (Array Theory))
E :
AN .
< 90 ‘ N [
@
N
©
£
=]
Z -100

-10 0 10 20 30 40 50
Angle (degree)
(a)

114 J. Electr. Comput. Eng. Innovations, 11(1): 103-118, 2023



Pattern Measurement of Large Antenna by Sequential Sampling Method in Cylindrical Near-Field Test

_ Pattern @ cut qB-ZD
_|E | (2D-FFT))
—|E(‘_‘)| (Array Theory))

Normalized Pattern (dB)
g

_1 00 \ L L 1
60 80 100 120

Angle (degree)
(b)

Fig. 17: Co-pol components of a scanned beam obtained by
sector sampling scenario with =120° in (a) azimuth (b)
elevation planes. The beam is scanned to ¢ = 20°.

The results show that if we sampled a sector area
around the main beam with the subtended angle equal to
120°, the calculated radiation pattern in the front side of
the AUT has a good agreement with the ideal pattern. This
argument can be made for other AUT with different
beamwidth and beam directions and optimal subtended
angle related to the sampling sector would be obtained
based on the desired accuracy.

B. CNF and SSM based on Single-Cut Data Acquisition

As a special case of three-dimensional cylindrical
scanning measurement, single-cut measurement (SCM)
along the z and ¢ directions are an interesting solution to
characterize the antenna patterns [20]. In general, the
SCM drastically reduces the testing time; however, this
technique is not useful for any type of antenna. For
example, the authors in [23] exploited the SCM technique
to characterize a large size one-dimensional array
antenna (based station antenna as a practical case), in
which the pattern is wide in the azimuth plane and
directional in the elevation plane. In this fashion, the
testing time can further be decreased by using multi-
probe measurement, because the measurement is done
only in one dimension [24]-[30].

Generally, the SCM can be implemented by the CNF
system in two different states: (I) linear moving of the
probe along the z-direction and (Il) moving the probe in
the ¢- direction. The latter state is well-known as a zero-
height CNF measurement. In classical CNF, it is difficult to
apply the SCM scenario in the ¢- direction due to the
limitation of the CNF system in the measurement of the
patterns with narrow beamwidth in the azimuth plane,
hence, in this state the antenna should necessarily be
rotated by 90° to accomplish the sampling process over a
single zero-height ring enclosing the antenna. In the vast
majority of cases, it is impossible to rotate the antenna
because of mechanical limitations. The SSM can be
effectively used to overcome this drawback. To
implement the SCM, it is enough to apply a one-

dimensional fast Fourier transform (1D-FFT) in the Near-
field-to-far-field transformation process. Fig. 18 shows
two possible SCM scenarios developed by the CNF system
and the SSM. By sampling the near-field data along the z-
axis, the pattern will be calculated in the elevation plane.
Similarly, sampling over the ring enclosing the antenna
leads to calculating the pattern in the azimuth plane.
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Fig. 18: Two scenarios of the SCM developed by CNF and the
SSM.
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Fig. 19: The far-field pattern resulted from the SCM by scanning
the near-field data over the straight line shown in Fig. 18(a).
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Fig. 20: Far-field pattern resulted from the SSM by scanning the
near-field data over the ring shown in Fig. 18 (b).

The far-field results are presented in Fig. 19 and Fig. 20.
It can be observed that if the near-field data are recorded
over the zero-height ring, the azimuth pattern can
effectively be estimated by the CNF and SSM. In addition,
if the near-field data are recorded along the z-axis, the
elevation pattern will be estimated with acceptable
accuracy.

Comparison and Discission

To complete the discussion, a comparison is
accomplished between the CNF measurement system
developed in this work and the previously reported works
which is presented in Table 1. As can be seen, the authors
in [13] tested a very large L-band radar antenna by a CNF
system. The AUT in [13] has a sum pattern (with half-
power beamwidth less than 2°) in the horizontal cut and
a difference pattern in the elevation cut. To measure the
sum pattern in the azimuth plane and characterize the

main beam direction with the acceptable error, 512
samples are selected in the ¢-direction. Apparently, if the
deference pattern was in the azimuth plane, much more
points would have to be taken. in the azimuth plane in
[13]. Two other works listed in Table 1, that is [21] and
[22], are related to the measurement of antennas with a
wide-angle beam in the azimuth plane. As shown in Table
1, the sampling steps in [21] and [22] are selected to be
6° and 2.5°, respectively which are much larger than the
sampling step used in [13] because of wider beamwidth.

A closer examination of the achievements presented in
[22] verifies the fact that higher-order Henkel functions
are required for data acquisition if the azimuth
beamwidth is small. This ultimately leads to smaller
sampling steps. The authors in [22] measured a horn
antenna wide wide-angle beam as the first practical case
with CNF system by applying the Hankel function with the
order up to 44 leading to A¢ = 4°. In the second case, a
dish antenna was utilized as the AUT and the azimuth
pattern was measured by applying the Hankel function
with the order up to 72 leading to Ad =2.5° as depicted in
Table 1.

Table 1: The comparison between the results proposed in this
work and the previously published works. H: height, W: width,
D: depth. N.R stands for not reported.

Parameter [13] [21] [22] This work
L-Band 2- port .
AUT Radar ANT  ANT Dish ANT Slot array
Antenna large  H2254 i oter= H:360
dimension W: 259 D: 034 cm W: 1720
(mm) (N-R) 99 ' ’
Total Scan 7.5m 2.7m 990 mm 2m
Length
Distance probe -
to AUT 5m~7m 90cm 20cm,40cm 115cm
Sampling step 0.7° 6° 2.5° <0.2°
sampling 10cm 10cm 15 mm 10 mm
Length
BWi
HPBWinthe g 65° ~10° 1.4°
azimuth
Sidelobe
region
estimation Relatively good
capability in Very good  weak up to +20° excellent
the azimuth
plane
Estimation
error of the Up to
beam direction =~ 0.1° 1F190 N. R <0.02°

in the azimuth
plane
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Another comparison is done for SCM which is given in
Table 2. It can be seen that a pattern with a half-power
beamwidth as small as 1.4° can be measured by the
proposed method with excellent compatibility with the
theoretical results. This is done by using the small
sampling step, 0.2° thanks to the use of the SSM.
Meanwhile, the measurements developed in [20], [23]
used the sampling steps equal to 1° to characterize the
radiation patterns with broader beamwidths in the
azimuth plane. Although, our investigations show that
almost SCM systems are used to characterize sum
patterns and therefore, proper evaluation and
comparison (such as angle tracking error) cannot be done
between the presented work and similar ones reported in
the literature.

Table 2: The comparison between the results proposed in this
work for SCM and the previously published works. H: height, W:
width, D: depth. N.R stands for not reported.

Parameter [20] [23] This work
AUT LPDA Sector ANT Slot array
Antenna

. . N.R H: 834 mm H:360 W:1720
dimension (mm)

Distance probe to

AUT 91cm 10cm 115cm
Sampling step 1° 1° <0.2°
HPBW in the N. R >50° 1.4°
azimuth
Sidelobe region
estimation weak Relatively good excellent
capability in the up to +60°
azimuth plane
Estimation error of
th? beam qlrectlon N. R N. R <0.02°
in the azimuth
plane
Conclusion

In this paper, a novel method named the SSM is
introduced to circumvent the serious limitation of the
CNF measurement system and characterize the antenna
pattern with narrow beamwidth in the azimuth plane. The
presented method is based on artfully selecting the ¢
angle sequences and calculating the associated patterns
in a repetitive routine. To verify the SSM, a
comprehensive analytical model based on coordinate
transformation with Euler angles is presented, which is
useful to characterize the radiation pattern of every array
antenna consisting of slot or microstrip patch elements.
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Background and Objectives: In general, traditional salt farmers determine the
time to harvest salt by visiting and monitoring their salt ponds. Therefore, to assist
salt farmers in determining the right time to harvest salt and determine the quality
of the harvested salt, a wireless-based electronic device is needed that can
monitor the salt content and viscosity of the brine.

Methods: An electronic device that is made to measure salt content (salinity) with
a conductivity sensor and to measure fluid viscosity using a data processing
method from sensor readings which is first converted to digital data with a
program on the microcontroller. To find out whether the brine is ready to be
harvested or not, the data obtained in the form of conductivity and stress are
converted into percentages of NaCl and degrees of Baume. Then the data is sent
to the ESP8266 Wifi module to be stored in a database and displayed on the Web.
Results: The results of the data obtained are based on testing in salt ponds for
young water but it has been quite a long time the results have approached old
water of around 64% and 140 Be. The results of the old water test that had just
been moved to the last reservoir were close to harvest time of around 94% and
210Be. If it has reached 250 Be then it is enough to be moved to the crystallization
site. To determine the harvest period based on two parameters, namely the salt
content and the viscosity of the liquid is 86-90% and the viscosity of the liquid is
20-240 Be. If you have reached both of these parameters, the salt can be harvested
in about 7-10 days to make the water crystallize.

Conclusion: Equipment Indicators for determining salt harvest time based on
salinity and liquid viscosity using a microcontroller that has been made have been
successfully used to determine salt harvest time properly. The salt quality of this
indicator tool is the salt content including the K-3 quality or the lowest quality of

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

the 3 existing qualities.
oo

Introduction

boiling techniques. Salt is a very important commodity for
people's lives, salt can not only be used as a consumption

Advances in technology encourage humans to create
equipment that can help humans simplify their work,
making them more efficient and practical. In the industrial
world, the process of making salt is produced using two
methods of evaporation by sunlight in salt ponds and by

Doi: 10.22061/JECEI.2022.8900.559

material but salt can also be categorized in industrial
materials. This is stated in the Regulation of the Minister
of Industry of the Republic of Indonesia Number: 88/M-
IND/PER/10/2014 on the scope of salt it is stated that salt
is the production of the Chlor Alkali chemical industry
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group which consists of consumption salt and industrial
salt [1]. Based on the quality of salt production
requirements, there are several methods of purifying in
order to fulfilled the requirements, included chemical and
physical method. The purification process of salt is done
using a washing technique and evaporation
(recrystallization). Washing technique is done with a
nearly saturated brine while evaporation
(recrystallization) process [25]. Salt is widely used in
various products and it is estimated that around 14,000
products use salt as an additive [2]. This need has not
been followed by an adequate quantity and quality of
national salt production. In general, people's salt is
grouped into three types [4], namely:

1. K-1isthe best quality that meets the requirements for
industrial and consumption materials with the
following composition: NaCl : 97.46 %, CaCl2 : 0.723
%, CaS04 : 0.409 %, MgS04 : 0.04%, H20 : 0.63%, and
Impurities : 0.65%.

2. K-2 is a quality below K-1, this type of salt must be
reduced in levels of various substances in order to
meet the standards as industrial raw materials. This
salt content ranges from 90-94%.

3. K-3is the lowest quality salt for people's production.
Usually the levels are between 88-90%, sometimes
mixed with soil, so the color is slightly brownish.

Currently, the controlling, monitoring, and reporting
systems have developed rapidly and are wireless-based.
Usually this wireless is used in an area or location where
the user is always on the move, or at that location there
is no wired network for data distribution [15]. In addition,
wireless communication is experiencing a fairly rapid
development and is widely used as an interface on
electronic devices or computers as a means of remote
control [17]. Based on these developments, the world of
agriculture must also keep up with the latest
technological developments. However, to have a
monitoring system requires a large cost. In addition, salt
farmers always have to go to the pond and heat up to see
the condition of the salt water. The impact of the
production system using the evaporation method with
sunlight, many have experienced crop failures. Because
the manufacture of salt by the method of evaporation of
sea water by utilizing sunlight energy is influenced by
several factors including the rate of evaporation is related
to the amount of salt obtained and seawater
concentration, related to the amount of dissolved salt [3].
In addition, the tools used to determine the salt harvest
time are expensive and are still offline. Therefore, it is
necessary to have an online (wireless) tool to determine
the salt harvest time. Made.

Making a tool to determine the salt harvest time by
monitoring the salt content and the thickness of the brine.

There are two parameters that can be used to measure
whether the salt is ready to be harvested or to the next
process. Brine must have a NaCl content above 90% to
97% for iodized salt. As explained in the Regulation of the
Minister of Industry of the Republic of Indonesia,
household salt is iodized consumption salt with a
minimum NaCl content of 94% [1]. Until December 2019
there were 39 SNIs related to salt [10], the Indonesian
National Standard SNI 3556:2016 stipulates a minimum
requirement of 94% sodium chloride (NaCl) and a
minimum of 30 mg/kg of iodine as KIOs. And the viscosity
or concentration of salt water reaches 24° Be to 29° Be
unit degrees Baume, if it is more then it tastes bitter
(contains MgCl) and if it is less then it precipitates
gypsum, calcium carbonate so that the salt becomes
brittle and opaque. Therefore, it is necessary to conduct a
study in order to identify the causes of crop failure,
determine the amount of salt (NaCl) and the viscosity of
the brine. NaCl easily obtained by evaporation of
seawater. The making salt from seawater evaporation
carried out the public, in general, is still conventionally to
produce salt with low quality [22]. Salt production
depends mainly on high sunlight intensity and
temperature and low relative humidity, thus is favored
mainly by summer months with high temperatures [30].

Material and Methods

In the design of this system, a monitoring system for
salt levels and fluid viscosity is described in salt water.
Seawater has an average salt content of 3.5%. Seawater
also has varying salt content. To measure the salt content,
a conductivity sensor is used, the sensors
conductivity/TDS/salt levels have a compact design [24].
Input data in the form of sensors mounted on the
microcontroller. In this circuit, the sensors used are the
conductivity sensor and the baume meter. The sensor
reading data will be processed and converted into digital
data with the program in the microcontroller. The data
obtained in the form of conductivity (uS) and voltage (V),
will be converted into percentage of NaCl and degrees of
Baume, respectively. Sensor data and output obtained
will be forwarded by the ESP to the access point for real-
time pond monitoring. Access point as a connecting
device serves as a bridge between wired and wireless
communication [16]. In this paper, the interface between
the ESP8266 Wi-Fi module and the Arduino MCU is
studied for system monitoring applications. As shown in
Fig. 1. Fig. 1 shows that in the design of the system for
making this indicator tool. In general, the description of
the system is that several sensors function to capture
sensor signals in the room. In this circuit, the sensors used
are the conductivity sensor and the baume meter. The PC
server will be connected to the Wifi Access Point and the
ESP module to connect the internet with the
microcontroller.
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Fig. 1: System block diagram.

The ESP8266 Wi-Fi module is a self-contained system-
on-chip (SOC) with integrated TCP/IP protocol stacks that
can give any microcontroller access to a Wi-Fi network
[13]. ESP8266 is a WiFi module that offers a complete and
standalone Wi-Fi networking solution, enabling it to host
applications or offload all Wi-Fi network functions from
other application processors [21]. Parameter data
obtained from the sensor will be stored in the database
and can be accessed by the user. Systematics of making
the system, adapted to the design that has been
determined at the design stage.

Table 1: Salt condition parameters.

Parameters
Condition  viscosity ~ Salinity o
Description
(°Be) (%)
is the result of the
Quality 1 24-29 <97 crystallization process in
solution
is the remaining

Quality 2 29-35 <94 crystallization above in

the solubility condition

is the remainder of the
Quality 3 >35 <90 above concentrated

solution at condition

The determination of the NaCl content was carried out
using the Indonesian National Standard (SNI 01-3556-
2016) method about consumption of iodized salt [5], the
next calculation is as follows:

(VxNx fpx58.5)

NacCl level = x 100% (1)

where, V is the volume of AgNOs required in the titration
(ml), N is the normality of AgNOs, fp is the diluent factor,
58.5 is the molecular weight of NaCl and W is the weight
of the test sample (mg).

In Fig. 2 is a system flowchart that contains an
overview of the system starting from the microcontroller
process until the data can be accessed via web hosting.
The web is an information system technology that

connects data from many sources and various services on
the internet [18]. The working principle of the system
from Fig. 2 is as follows: The program runs according to
the sketch programmed into the microcontroller starting
by setting the SSID, password and server address and
setting the 1/O port for sensors and libraries used by
sensors. The microcontroller makes a connection
between the ESP and the router according to the SSID that
has been set in the sketch. In order for sensors to enter
the hosting. The microcontroller reads data from the
sensor via the 1/O pins. The process of determining the
parameters will process further 1/O according to the
program that has been sketched on the microcontroller.

Microcontroller process Personal Computer process

PHP establish
¥ connection with
Configure security MySQL
key and server IP
on wifi shield Fetch sensor
p
ESP82%6 data from PHP
page
1O pin
configuration and
Save sensor data
sensor ype to database

Initialization

Establish connection
between ESP and router

Read sensor data

ESP send sensor
data every 5
minutes to PHP
page

Display datain
tables and
graphs

Hosting Access

Fig. 2: System flowchart.

The ESP sends data from the microcontroller
processing every few minutes to the server. PHP
establishes a connection between Apache and MySQL.
The dynamic web page captures the data sent by the ESP
which is then stored in the database. Process average
sensor on PHP data page. PHP retrieves sensor data from
the database and then displays it in a line chart. Then
accessing parameter results via hosting.

A. The Microcontroller Interface with The ESP8266 and
The Conductivity Sensor and Baume

The equipment needed in the hardware design is an
Arduino uno R3 microcontroller, ESP8266, a conductivity
sensor, and a Baume meter. The block diagram of the
microcontroller interface with the ESP8266 WiFi module,
conductivity sensor and baume is shown in Fig. 3.

This sensor functions as a salt level or salinity reader.
The sensor works by measuring the concentration of ions
to conduct an electric current between two electrodes. As
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shown in Fig. 3 above, by connecting 5V, output, and
ground to the Arduino, you can then see the sensor
readings directly on the serial monitor. The results of the
data obtained by this conductivity sensor are the
Conductivity and Total Dissolved Solids (TDS). Then
converted into a concentration of salt content (NaCl%).
The value of salt content will be greater when measured
in old water when compared to young water and fresh
water. Later the data will be sent to the database using
the ESP8266 module.

Laptop/PC [ ™ Microcontroller  [—®  WiFi ESP
+ -
(a) Microcontroller with ESP8266.
Conductivity
Microcontroller | —m| Database
Baume

(b) Microcontroller with conductivity sensor and baume.

Fig. 3: Microcontroller interface with ESP8266 and sensor.

Salinity is the level of saltiness or the level of salt
dissolved in water. These dissolved salts include sodium
chloride, magnesium sulphates, potassium nitrates, and
sodium bicarbonate [11]. Salinity is used also to trace
seawater masses and to model ocean dynamics [29]. That
is the number of grams of salt dissolved for each liter of
solution. Usually expressed in units of %o (parts per
thousand). Parts per thousand is g/kg for liquids and for
solids is mL/L for gas mixtures. Therefore, a 1000 gram
seawater sample containing 35 grams of dissolved
compounds has a salinity of 35%.. The following equation
is for a 35%o salinity solution containing 35 grams of salt
per 1000 grams of saltwater.

35%0 — 35 gram salt (2)

1000 grams saltwater

According to the classification of high and low salinity,
salinity is divided into three parts, namely fresh water,
brackish water and sea water. The higher the
concentration of a solution, the higher the absorption
capacity of the salt to absorb water. Salinity also affects
the osmotic pressure of water. The higher the salinity in a
water, the greater the osmotic pressure.

The Electrical Conductivity (EC) was calculated to TDS
because the conductivity measurement is measured by
using probe dipped into the water to measure the
dissolved charge which corresponds to the analysis [8].
Measurement of salinity is related to chlorinity. This
chlorine includes chloride, bromide and iodide.

Salinity = (%) n (—C""dfg;i””y) +27.1024 3)

The measurement of the total salt concentration of the
aqueous extracts of soil samples can be done either
directly through chemical analysis of the chemical
constituents that constitute the soil salinity (or mass of
the TDS) or indirectly through the measurement of the EC
[9]. The correlations between TDS and EC depend on the
type of ions and their concentrations in the aqueous
solution. Therefore, a specific correlation should be
generated for each type of brine. The use of equations
developed for model brines may carry substantial error,
particularly when analysing high salinity brines [6]. In
general [8], the TDS — EC relationship is given by (4).

TDS = (0.55 to 0.7) EC (4)

The TDS in water samples is estimated by multiplying EC
by an empirical factor. This factor may vary from 0.55 to
0.90 depending upon the nature of soluble ionic
components, their concentration and the temperature of
water. Conductivity or electrical conductivity (EC) and
total dissolved solids (TDS) are frequently used as water
quality parameters, especially in the coastal area [20].

B. The Baume Meter

Baume meter is a tool used to read viscosity. The trick
is to modify it in such a way as to get the desired result.
Measuring the Density of Liquids expressed in degrees
Baume (Be). It is important to measure the density of
liquids. Density is an important characteristic possessed
by a substance [14]. There are 2 types that are used Bé
Heavy for liquids that are heavier than water and Light Be
for liquids that are lighter than water. For Bé a weight of
0 degrees is equal to a solution having a relative density
of 1.842. As for light Bé, 0 degrees Bé is equal to the
density of a 10% NaCl solution and 60 degrees Bé is the
same as a solution having a relative density of 0.745.

The baume meter is mounted with copper wound
around 25°Be. Then next to the paralon pipe a voltage
reading indicator is installed. The blue wire is connected
to the 5V Arduino and the green wire to the Arduino Al.
So that the Arduino can detect the movement of the
copper in the baume meter. Later the voltage will be
converted to Baume degrees then the data is sent to the
database. Fig. 4 shows the design of the baume meter
that has been inserted into the paralon pipe.

Fig. 4: Baume meter design.

Fig. 5 shows the indicator equipment for determining
the salt harvest time that has been made.
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Microcontroller
and WiFi Modul

Fig. 5: Salt harvest indicator equipment.

C. Web Server

Number Software realization by building a web server
using XAMPP. In XAMPP there are Apache and MySQL
which will be a local web server system. Web monitoring
display as shown in Fig. 6.

Hover Data Table

Event 1& nNacl |7 Baume(s) I Tos Il cConductivity

2018-07-17 04:50:31 [ 0

2018-07-17 04:50:33 8 7 372 552
2018-07-17 04:50:49 8 7 374 553

B Tables

2018-07-17 04:51:04 e 7 a4 553
2018-07-17 04:51:20 8 7 374 553
2018-07-17 04:51:36 8 7 I 553

Fig. 6: Host's web view.

By using the internet or an online monitoring system,
the monitoring process can be done anytime and
anywhere and the data can be known more quickly and
accurately [18]. Process monitoring on server is done at
real time. Another monitoring service is to display the
process database with immediate values [19].

D. Plans and Plots of Salt Ponds

In general, salt production models in Indonesia use
evaporation, which is evaporation of seawater in shallow
ponds by considering the thickness of seawater in these
ponds [26].

Indonesia has a long coastline, potentially for salt
pond. Salt Pond is an artificial shallow pond designed to
produce salt from sea water or salt water [27]. The salt
pond used in the research is located in Pandan Village,
Galis District, Pamekasan Regency, Madura, East Java,
Indonesia. Shown in Fig. 7.
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Fig. 7: Salt pond floor plan.

The process of making salt is carried out in the dry
season, where the evaporation area (peminihan) is
drained by seawater using a pump as shown in Fig. 7. In
general, it consists of 6 plots of ponds, including Young
water reservoir, Peminihan pool 1, Peminihan pool 2,
Peminihan pool 3, Peminihan pool 4, Peminihan pool 5
and Crystal table or crystallization table.

While the map model and its size are shown in Fig. 8.
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Fig. 8: Map and size the salt pond.

In this land seawater is evaporated so that it becomes
old water. The old water flows to the crystallization table
where later the salt will crystallize. In salt production
process, besides producing salt also produced the liquid
remaining crystallization called bittern [27]. The quality of
the salt is controlled by removing or separating the
bittern, which only crystallizes the salt at a concentration
of 25° to 30° Be [7]. The harvested salt crystals are
transported and taken to storage warehouses. The
process can be continued by washing or can be directly
sold as crushed salt. The resulting salt is in the form of
white crystals which in addition to containing NaCl also
contains other salts which are impurities.

Sea water (called young water) that flows into the salt
pond will be accommodated in the young water reservaoir,
in the pool it is expected that as much sea water is
accommodated depending on the area of land owned. In
the holding pool the water depth is at least 1 meter,
because the reservoir is a stock or supply of young water
during the salt making process. In the pool the seawater
that is accommodated is allowed to stand for a minimum
of ten days, where as long as the young water is stored
there will be deposition of impurities that are not needed
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during the crystallization process. The problems found in
this process are low quality of raw sea water, open
transport of concentrated sea water into crystallization
pond, high penetration of pre-crystallized water into the
soil in crystallization pond and batch crystallization
process [12]. In addition to this, there will also be a
process of increasing the density of seawater, namely
when seawater is flowed into a young water reservoir, the
density is only 3° Be, after being stored for approximately
ten days there will be an increase in the density of the
seawater to 7° Be to 10° Be. This is because of the
influence of the sun's heat, wind and geothermal heat.

After the young water circulates from the young water
reservoir to the purification pond V, the brine solution will
increase its density by approximately 20° Be to 22° Be
(called old water), this happens because of the
evaporation process during which the brine solution is
transferred. and the concentration of the brine solution
must really be reached in the purification pond V, and if
the concentration is not sufficient, the brine solution
should be held for a few days so that the concentration
reaches 20° Be to 22° Be, after the concentration of the
brine solution is sufficient, then old water was released
onto the Crystal table [3].

Results and Discussion

Testing of the indicator equipment to determine the
time of salt harvest is carried out by placing it on the salt
pond to several points that are easily accessible. The
types of water tested are young water and old water,
where young water is water in the channel originating
from sea water. While old water is water that has
undergone several processes and has been moved from
1-4 purification which is then put into old water
reservoirs. Old water is the last water before it is put into
the crystal table and becomes salt.

A. Testing Process on Salt Pond

Steps for testing equipment on salt ponds. The first is
the placement of the equipment in the planned place, to
find out whether the sensor data is appropriate or not. In
this test, the reading data from the sensor is displayed on
the LCD. As shown in Fig. 9.

Fig. 9: Laying equipment on salt pond

Then from the sensor it is displayed in the database, by
removing the LCD it is replaced with a configured ESP8266
module.

A. 1. Conductivity Sensor Test

In this test, water is added with iodized and non-
jodized salt. Each was tested 5 times.

Table 2: Conductivity test data with iodized salt

No. lodine salt Water ADC Conductivity
(g) (ml) sensor (uS)
1 4 100 431 588
2 12 100 453 589
3 20 100 466 593
4 28 100 482 598
5 36 100 496 601

The conductivity value is obtained by the following
equation:

y = 0.2142x + 494.93 (5)

where : x = ADC value, and y = conductivity

Table 3: Conductivity test data non-iodized salt

No. lodine salt Water ADC Conductivity
(g) (ml) sensor (uS)
1 50 100 456 588
2 100 100 498 589
3 150 100 518 593
4 200 100 537 598
5 259 100 561 601

To get the percentage of salt content in the water, the
results from the conductivity sensor are used, namely TDS
and Conductivity. The equation is as follows:

y =0.3417x + 281.08 (6)

where : x = ADC value, and y = TDS
A. 2. Baume Sensor Testing

Tests were carried out on old water, young water, and
fresh water.

To verify the long-term stability of the standard
seawater composition, it was proposed to perform
measurements of the standard seawater density. Since
the density is sensitive to all salt components, a density
measurement can detect any change in the composition
[28].

As well as knowing what the density of each degree
Baume.
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Table 4: Baume relationship data with density

Baume (°Be) Density
60 0.745
55 0.683
50 0.621
45 0.559
40 0.497
35 0.435
30 0.373
25 0.310
20 0.248
15 0.186
10 0.124
5 1.062

It is found that O degrees Bé is equal to the density of
a 10% NaCl solution and 60 degrees Bé is the same as a
solution that has a relative density of 0.745. So, it can be
concluded that the relationship between °Be and density
isx =0.0124166667.

A. 3. Baume and Sensor Conductivity Testing

The results of the conductivity sensor and baume
meter readings are as shown in Table 5. This test is carried
out on young water that has been around for a long time.
So, the results are close to old water around 86% and 20°
Be. This water is taken and a sample is made to test the
equipment for determining the salt harvest time.

Table 5: Young water test results data

Conductivity (uS) Baume NaCl (%) TDS
(°Be)
651.94 20 86.78 531.55
651.94 20 86.78 531.55
651.94 20 86.78 531.55
652.15 20 86.81 531.89

From the data table above, it shows that the salt is not
ready to harvest because the NaCl value is less than 90%
and the baume value 20° Be.

Table 6: Old water test results data

Conductivity (uS)  Baume (°Be)  NaCl (%) TDS
656.40 24 90.52 537
656.08 24 90.48 529
656.30 24 90.52 520

From the data Table 6 above, it shows that the salt is
ready to harvest because the NaCl value is more than 90%
and the baume value 24° Be.

B. Test Results on Salt Ponds with Young and Old Water
in Real Time

Data taken in the morning, afternoon and evening. In
general, watering is done 2 times a day, namely in the

afternoon and evening. Therefore, the test data was
taken with 2 different water samples, namely young
water and old water. For young water but it's been long
enough. So, the results are close to old water around 64%
and 14°Be. The test data with young water are as in Table
7. while the test data with old water are shown in Table 8

Table 7: The test data with young water

Id Time NaCl Baume TDS Conductivity

(%)  (°Be) (kS)
142 2018-07-19 07:02:31 65 14 519 644
141 2018-07-1907:02:15 64 15 521 645
140 2018-07-19 07:01:59 64 14 521 645
139 2018-07-19 07:01:44 64 14 520 645
138 2018-07-19 07:01:28 64 12 520 645
137 2018-07-1907:01:12 64 14 520 645
136 2018-07-19 07:00:57 63 14 518 643
135 2018-07-19 07:00:41 66 14 520 645

134 2018-07-19 07:00:26 64 14 520 645
133 2018-07-19 07:00:10 62 13 520 645
132 2018-07-19 06:59:39 64 14 520 645
131 2018-07-19 06:59:23 61 14 518 643
130 2018-07-19 06:59:07 64 14 518 643
129 2018-07-19 06:58:52 62 15 518 643

This test is carried out for old water that has just been
moved to the last reservoir. So, the results are close to
harvest time of around 94% and 21° Be.

Table 8: The test data with old water

Id Time NaCl Baum TDS Conductivit
(%) e(°Be) y (1S)
127 2018-07-19 06:57:36 94 21 530 655
126 2018-07-19 06:57:21 92 19 530 655
125 2018-07-19 06:57:05 94 21 530 655
124 2018-07-19 06:56:49 92 24 537 653
123 2018-07-19 06:56:34 94 21 530 655
122 2018-07-19 06:56:18 93 20 530 655
121 2018-07-19 06:56:03 94 21 537 653
120 2018-07-19 06:55:47 95 22 537 653
119 2018-07-19 06:55:31 94 21 537 653

If it has reached 25° Be then it is enough to be moved
to the crystallization site and salt can be harvested
approximately 7-10 days to become crystals. As shown in
Fig. 10. Salt harvest as shown in Fig. 11. Salt is a white
crystalline solid which is the dominant group of
compounds consisting of sodium chloride (> 80%) and
other compounds such as magnesium chloride,
magnesium sulfate, and calcium chloride [23].
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Fig. 10: Salt crystallization state.
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Fig. 11: Salt harvest.

C. Test Display of Test Result Data on the Web

In this test, the microcontroller has been given an
ESP8266 module that has been configured and connected
to an access point, so it can be a server and connect to the
localhost database. Then it has also been hosted on a
website. The test results data on salt ponds are carried
out in real time with a display on the web shown in Figs.
11 to 13 and a graphic display in Fig. 14.

From this system, every data taken from the process is
displayed on the screen as text, including date and time
data, NaCl value, Baume value, TDS and conductivity
value.

&8 Tabl

1& nNacl Il Baume(s) !l TDS 11 conductivity 11
64 14 520 645
64 14 518 643
64 14 520 645
64 14 520 645
64 14 520 645
64 14 521 645
64 14 521 645
64 14 519 644
64 14 519 644
64 14 521 645

Previous 1

573“10‘1\1&1

Fig. 11: Young water test results data on the web.

& Nacl 11 Baume(s) I TDS 11 conductivity It
94 21 520 645
a5 21 520 645
94 21 518 643
a4 21 517 643
94 21 517 643
94 21 517 643
94 21 517 643
a4 21 520 645
94 21 520 645
94 21 517 643

‘ Previous ‘ 1 | ane

Fig. 12: Old water test results data on the web.

Data Tables acvanced tables B Table

Hover Data Table

Event 12 Nact Il paume(s) || TOS Il conductivity |1
2018-07-19 06:54:29 84 21 520 645
2018-07-19 06:54:44 85 21 520 645
2018-07-19 06:55:00 94 21 518 643
2018-07-19 06:55:16 94 21 517 643
2018-07-19 06:55:31 82 21 517 643
2018-07-19 06:55:47 94 21 517 643
2018-07-19 06:56:03 o4 21 517 643
2018-07-19 06:56:18 a4 21 520 645
2018-07-19 06:56:34 o 21 520 645
2018-07-19 06:56:49 os 21 517 643

Showing 61 to 70 of 93 entries
Previous | 1

EH 9 10 Next

Fig. 13: Display the overall data of the test results on the web.

20138 2018 2018 2018 2018 2018 2018 2018 2018 2018 2018

Fig. 14: Display of graphic data on the web.

In the graphic display there are 2 sensor parameters
observed, namely NaCl and Baume. For a description of
the parameter units, see the left of the graph and the time
of data entry at the bottom of the graph.
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Conclusion

From all the data obtained to determine the harvest
period based on two parameters, namely salt content and
liquid viscosity. Where the value of the salt content
obtained is 86-90% and the fluid viscosity is 20-24° Be. If
you have reached these two parameters, salt can be
harvested in about 7-10 days until it becomes crystals.
Parameter data access can be through localhost or
hosting in real time.

Equipment The indicator for determining salt harvest
time based on salinity and viscosity of the liquid using a
microcontroller that has been made has been successfully
used to determine the salt harvest time properly.

Salt quality is based on data that has been successfully
retrieved by an indicator tool for determining the time of
harvesting, its salt content includes K-3 quality or the
lowest quality of the 3 existing qualities.

To further improve and perfect the equipment for
determining the salt harvest time, it is necessary to use a
mobile application to more easily monitor the condition
of the salt pond water.
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Abbreviations

Define abbreviations and acronyms in the text:

SNI Indonesian National Standard

Nacl Natrium Chloride / Sodium Chloride
CaCl Calcium Chloride

MgcCl Magnesium Chloride

PHP Hypertext Preprocessor

AgNOs3 Silver Nitrate
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DS Total Dissolved Solids
EC Electrical Conductivity
LCD Liquid Cristal Display
soc Self-contained system-On-Chip
Mcu Microcontroller Units
References
[1] Regulation of the Minister of Industry of the Republic of Indonesia

[2]

(3]

[4]

[5]

(6]

[7]

(8]

[l

[10]

[11]

[12]

[13]

(14]

[15]

[16]

Number: 88/M-IND/PER/10/2014 concerning the Road Map for
the Development of Salt Industry Clusters., Chapter-I, 1-3, 2014.

B. Suwasono, A. Munazid., et al., “Strategic planning for capacity
building production and salt farmer in region of surabaya city east
java Indonesian,” ASRJETS J., 12(1:) 53-65, 2015.

A. Arwiyah, M. Zainuri, M. Efendi, “Studi kandungan nacl di dalam
air baku dan garam yang dihasilkan serta produktivitas lahan
garam menggunakan media meja garam yang berbeda,” J.
Kelautan, 8(1): 1-9, 2015.

Y. U. Hoiriyah, “Peningkatan kualitas produksi garam
menggunakan teknologi geomembran,” Jurnal Studi Manajemen
dan Bisnis, 6(2): 35-40, 2019.

Badan Standardisasi Nasional, Standar Nasional Indonesia
(Indonesian National Standard)., “Garam Konsumsi Beriodium,”
SNI 3556:2016, 2016.

L. R. B. Rebello, T. Siepman, S. Drexler, “Correlations between TDS
and electrical conductivity for high-salinity formation brines
characteristic of south atlantic pre-salt basins,” Water SA, 46(4):
602-609, 2020.

A. L. Rositawati, et al., “Rekristalisasi garam rakyat dari daerah
demak untuk mencapai SNI garam industri,” Jurnal Teknologi Kimia
dan Industri, 2(4): 217-225, 2013.

S. Choo-in, “The relationship between the total dissolved solids
and the conductivity value of drinking water, surface water and
wastewater,” in Proc. the 2019 International Academic Research
Conference: 11-16, 2019.

D. L. Corwin, K. Yemoto, “Salinity: Electrical conductivity and total
dissolved solids,” Methods Soil Anal., 2: 1-16, 2017.

A. Wibowo, “Potential of developing Indonesian national
standards (SNI) for yodium salt products to increase
competitiveness,” in Proc. PPIS 2020 — Tangerang Selatan,
Indonesia: 79-88, 2020.

L. N. Nthunya, et al., “Spectroscopic determination of water
salinity in brackish surface water in nandoni dam, at vhembe
district, Limpopo province, south Africa,” Water, 10(8): 1-13, 2018.

H. Susanto, N. Rokhati, G. W. Santosa, “Development of traditional
salt production process for improving product quantity and quality
in jepara district, central java, Indonesia,” Procedia Environ. Scie.
23:175-178, 2015.

T. G. Oh, C. H. Yim, G. S. Kim, “Esp8266 Wi-Fi module for
monitoring system application,” Global J. Eng. Scie. Res., 4(1): 1-6,
2017.

H. Putranta, et al., “A simple liquid density measuring instrument
based on Hooke’s law and hydrostatic pressure,” Phys. Educ.,
55(2): 1-9, 2020.

M. Abadi, A. Saleh, “Rancang bangun alat pengukur langkah kaki
dengan sensor accelerometer dan fasilitas komunikasi wireless 2,
4 GHz,” EEPIS Final Project, 2013.

A. Saleh, A. Haryadi Amran D., Suwito, “Kendali Gerak Robot
Berdasarkan Isyarat Tangan Menggunakan Komunikasi Nirkabel,”
In Proc. SENTIA 2014-Politeknik Negeri Malang, 6: 73-78, 2014.

127


https://ieeexplore.ieee.org/document/4292
https://ieeexplore.ieee.org/document/4292
https://ieeexplore.ieee.org/document/4292
https://ieeexplore.ieee.org/document/4292
https://asrjetsjournal.org/index.php/American_Scientific_Journal/article/view/631
https://asrjetsjournal.org/index.php/American_Scientific_Journal/article/view/631
https://asrjetsjournal.org/index.php/American_Scientific_Journal/article/view/631
https://journal.trunojoyo.ac.id/jurnalkelautan/article/view/804
https://journal.trunojoyo.ac.id/jurnalkelautan/article/view/804
https://journal.trunojoyo.ac.id/jurnalkelautan/article/view/804
https://journal.trunojoyo.ac.id/jurnalkelautan/article/view/804
https://journal.trunojoyo.ac.id/jsmb/article/view/6684
https://journal.trunojoyo.ac.id/jsmb/article/view/6684
https://journal.trunojoyo.ac.id/jsmb/article/view/6684
https://kupdf.net/download/129sni-3556-2016_595f3b45dc0d6096492be30d_pdf
https://kupdf.net/download/129sni-3556-2016_595f3b45dc0d6096492be30d_pdf
https://kupdf.net/download/129sni-3556-2016_595f3b45dc0d6096492be30d_pdf
https://www.watersa.net/article/view/9073
https://www.watersa.net/article/view/9073
https://www.watersa.net/article/view/9073
https://www.watersa.net/article/view/9073
https://ejournal3.undip.ac.id/index.php/jtki/article/view/4057
https://ejournal3.undip.ac.id/index.php/jtki/article/view/4057
https://ejournal3.undip.ac.id/index.php/jtki/article/view/4057
http://www.ijbts-journal.com/images/main_1366796758/AM%2019-3_%20Sivapan%20Choo%20%E2%80%93in_ICBTS_Amsterdam_2019.pdf
http://www.ijbts-journal.com/images/main_1366796758/AM%2019-3_%20Sivapan%20Choo%20%E2%80%93in_ICBTS_Amsterdam_2019.pdf
http://www.ijbts-journal.com/images/main_1366796758/AM%2019-3_%20Sivapan%20Choo%20%E2%80%93in_ICBTS_Amsterdam_2019.pdf
http://www.ijbts-journal.com/images/main_1366796758/AM%2019-3_%20Sivapan%20Choo%20%E2%80%93in_ICBTS_Amsterdam_2019.pdf
https://www.ars.usda.gov/arsuserfiles/20361500/pdf_pubs/P2558.pdf
https://www.ars.usda.gov/arsuserfiles/20361500/pdf_pubs/P2558.pdf
https://ppis.bsn.go.id/downloads/2020/POTENSI%20PENGEMBANGAN%20STANDAR%20NASIONAL%20INDONESIA%20(SNI)%20PRODUK%20GARAM%20KONSUMSI%20BERYODIUM%20DALAM%20RANGKA%20MENINGKATKAN%20DAYA%20SAING.pdf
https://ppis.bsn.go.id/downloads/2020/POTENSI%20PENGEMBANGAN%20STANDAR%20NASIONAL%20INDONESIA%20(SNI)%20PRODUK%20GARAM%20KONSUMSI%20BERYODIUM%20DALAM%20RANGKA%20MENINGKATKAN%20DAYA%20SAING.pdf
https://ppis.bsn.go.id/downloads/2020/POTENSI%20PENGEMBANGAN%20STANDAR%20NASIONAL%20INDONESIA%20(SNI)%20PRODUK%20GARAM%20KONSUMSI%20BERYODIUM%20DALAM%20RANGKA%20MENINGKATKAN%20DAYA%20SAING.pdf
https://ppis.bsn.go.id/downloads/2020/POTENSI%20PENGEMBANGAN%20STANDAR%20NASIONAL%20INDONESIA%20(SNI)%20PRODUK%20GARAM%20KONSUMSI%20BERYODIUM%20DALAM%20RANGKA%20MENINGKATKAN%20DAYA%20SAING.pdf
https://www.mdpi.com/2073-4441/10/8/990
https://www.mdpi.com/2073-4441/10/8/990
https://www.mdpi.com/2073-4441/10/8/990
https://www.sciencedirect.com/science/article/pii/S1878029615000286#!
https://www.sciencedirect.com/science/article/pii/S1878029615000286#!
https://www.sciencedirect.com/science/article/pii/S1878029615000286#!
https://www.sciencedirect.com/science/article/pii/S1878029615000286#!
https://zenodo.org/record/229902
https://zenodo.org/record/229902
https://zenodo.org/record/229902
https://iopscience.iop.org/article/10.1088/1361-6552/ab5ebd
https://iopscience.iop.org/article/10.1088/1361-6552/ab5ebd
https://iopscience.iop.org/article/10.1088/1361-6552/ab5ebd
http://repo.pens.ac.id/432/1/1079.pdf
http://repo.pens.ac.id/432/1/1079.pdf
http://repo.pens.ac.id/432/1/1079.pdf
https://docplayer.info/208978339-Kendali-gerak-robot-berdasarkan-isyarat-tangan-menggunakan-komunikasi-nirkabel.html
https://docplayer.info/208978339-Kendali-gerak-robot-berdasarkan-isyarat-tangan-menggunakan-komunikasi-nirkabel.html
https://docplayer.info/208978339-Kendali-gerak-robot-berdasarkan-isyarat-tangan-menggunakan-komunikasi-nirkabel.html

A. Saleh et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

128

T. A. S. Wibawa, Arifin., A. Saleh, “Rancang bangun robot soccer
wireless berbasis mikrokontroller,” EEPIS Final Project., 2012.

A. Saleh, “Implementasi pengolahan citra pada sistem pemantau
level cairan berbasis Web,” in Proc. SENTIA 2014-Politeknik Negeri
Malang, 6: 1-6, 2014.

C. Bayrak, et al, “Web-Based System Monitoring and Control,”
Arkansas, [Online].

A. F. Rusydi, "Correlation between conductivity and total dissolved
solid in various type of water: A review," in Proc. IOP conference
series: earth and environmental science, 118(1), 2018.

T. Perets, “Investigation of wi-fi (esp8266) module and application
to an audio signal transmission,” University of Buea, Cameroon,
[Online].

T. Sulistyaningsih, D. Alighiri, "Quality monitoring of salt produced
in Indonesia through seawater evaporation on HDPE
geomembrane lined ponds," J.Phys. Conf. Ser., 983(1): I0P
Publishing, 2018.

P. Nugroho, A. Susandini, D. Islam, "Development of madura salt
industrialization amid the covid-19 pandemic," PalArch's Journal of
Archaeology of Egypt/Egyptology 17(9): 1621-1636, 2020.

A. Ubaidillah, D. Rahmawati, R. Aiman, "Architecture tools
measure the levels of salt and ph of seawater using a fuzzy logic-
based android," JEEMECS (J. Electr. Eng. Mechatron. Comput.
Scie.), 1(2): 46-51, 2018.

T. Widjaja, et al, "lodization of local salt based on purification
technique using saturated brine washing method," in Proc. IOP
Conference Series: Materials Science and Engineering, 543(1): IOP
Publishing, 2019.

M. Z. Mahasin, Y. Rochwulaningsih, S. Tri Sulistiyono, "Coastal
ecosystem as salt production centre in Indonesia," E3S Web of
Conferences, 202. EDP Sciences, 2020.

S. M. Purnama, A. Cahyawati, D. Y. Hutapea, "Salt pond analysis
using ALOS PALSAR case study Sampang, Madura-Indonesia," in
Proc. IOP Conference Series: Earth and Environmental Science.,
162(1): IOP Publishing, 2018.

H. Schmidt, et al., "The density—salinity relation of standard
seawater," Ocean Sci. Discuss., 14(1): 15-40, 2018.

[29] M. L. Menn, et al., "The absolute salinity of seawater and its
measurands," Metrologia, 56(1): 015005, 2018.

[30] M. Smiechowska, M. Ruszkowska, O. Olender, "Selected quality
characteristics of sea salt important during transport and storage,"
TransNav, Int. J. Mar. Navig. Saf. Sea Transp., 15(3): 659-665, 2021.

Biographies

Akuwan Saleh was born in Surabaya, East
Java, Indonesia, on November 23, 1967. He
graduated from a Master of Engineering (S2)
from the Sepuluh Nopember Institute of
Technology Surabaya (ITS). Currently working
as a lecturer at Electronic Engineering
Polytechnic Institute of Surabaya (EEPIS).
Field of interest in particular Multimedia
Telecommunication Engineering.

® Email: akuwan@pens.ac.id

e ORCID: 0000-00002- 9082-1448

* Web of Science Researcher ID: GGI-5764-2022

e Scopus ID: 57202497538

* Homepage: https://sinta.kemdikbud.go.id/authors/profile/6197901#!

Alif Sultonul Arifin was born in Pamekasan,
East Java, Indonesia, on January 11, 1997. He
completed his Diploma Il (D3) education
from Electronic Engineering Polytechnic
Institute of Surabaya (EEPIS). Currently
working as a professional entrepreneur. Field
of interest in particular Telecommunications
Engineering.

¢ Email: alifsultonul@gmail.com

e ORCID: NA

¢ Web of Science Researcher ID: NA
e Scopus ID: NA

e Homepage: NA

How to cite this paper:

2023.
DOI: 10.22061/JECEI.2022.8900.559
URL: https://jecei.sru.ac.ir/article_1734.html

A. Saleh, A. S. Arifin, “Indicators for determining salt harvest time based on salinity and
liquid viscosity using microcontroller,” J. Electr. Comput. Eng. Innovations, 11(1): 119-128,

J. Electr. Comput. Eng. Innovations, 11(1): 119-128, 2023


http://repo.pens.ac.id/468/1/1075.pdf
http://repo.pens.ac.id/468/1/1075.pdf
https://docplayer.info/208978772-Implementasi-pengolahan-citra-pada-sistem-pemantau-level-cairan-berbasis-web.html
https://docplayer.info/208978772-Implementasi-pengolahan-citra-pada-sistem-pemantau-level-cairan-berbasis-web.html
https://docplayer.info/208978772-Implementasi-pengolahan-citra-pada-sistem-pemantau-level-cairan-berbasis-web.html
https://www.academia.edu/17770176/Web_Based_System_Monitoring_and_Control20151104-23588-aj8zuf.pdf
https://www.academia.edu/17770176/Web_Based_System_Monitoring_and_Control20151104-23588-aj8zuf.pdf
https://iopscience.iop.org/article/10.1088/1755-1315/118/1/012019/pdf
https://iopscience.iop.org/article/10.1088/1755-1315/118/1/012019/pdf
https://iopscience.iop.org/article/10.1088/1755-1315/118/1/012019/pdf
https://www.researchgate.net/publication/352750304
https://www.researchgate.net/publication/352750304
https://www.researchgate.net/publication/352750304
https://iopscience.iop.org/article/10.1088/1742-6596/983/1/012166
https://iopscience.iop.org/article/10.1088/1742-6596/983/1/012166
https://iopscience.iop.org/article/10.1088/1742-6596/983/1/012166
https://iopscience.iop.org/article/10.1088/1742-6596/983/1/012166
https://archives.palarch.nl/index.php/jae/article/view/3997/3935
https://archives.palarch.nl/index.php/jae/article/view/3997/3935
https://archives.palarch.nl/index.php/jae/article/view/3997/3935
https://jurnal.unmer.ac.id/index.php/jeemecs/article/view/2662/1657
https://jurnal.unmer.ac.id/index.php/jeemecs/article/view/2662/1657
https://jurnal.unmer.ac.id/index.php/jeemecs/article/view/2662/1657
https://jurnal.unmer.ac.id/index.php/jeemecs/article/view/2662/1657
https://iopscience.iop.org/article/10.1088/1757-899X/543/1/012024
https://iopscience.iop.org/article/10.1088/1757-899X/543/1/012024
https://iopscience.iop.org/article/10.1088/1757-899X/543/1/012024
https://iopscience.iop.org/article/10.1088/1757-899X/543/1/012024
https://www.e3s-conferences.org/articles/e3sconf/abs/2020/62/e3sconf_icenis2020_07042/e3sconf_icenis2020_07042.html
https://www.e3s-conferences.org/articles/e3sconf/abs/2020/62/e3sconf_icenis2020_07042/e3sconf_icenis2020_07042.html
https://www.e3s-conferences.org/articles/e3sconf/abs/2020/62/e3sconf_icenis2020_07042/e3sconf_icenis2020_07042.html
https://iopscience.iop.org/article/10.1088/1755-1315/162/1/012041
https://iopscience.iop.org/article/10.1088/1755-1315/162/1/012041
https://iopscience.iop.org/article/10.1088/1755-1315/162/1/012041
https://iopscience.iop.org/article/10.1088/1755-1315/162/1/012041
https://www.researchgate.net/publication/319500831_The_density-salinity_relation_of_standard_seawater
https://www.researchgate.net/publication/319500831_The_density-salinity_relation_of_standard_seawater
https://iopscience.iop.org/article/10.1088/1681-7575/aaea92
https://iopscience.iop.org/article/10.1088/1681-7575/aaea92
https://www.transnav.eu/Article_Selected_Quality_Characteristics_of_Sea_Salt_Important_During_Transport_and_Storage_%C5%9Amiechowska,59,1161.html
https://www.transnav.eu/Article_Selected_Quality_Characteristics_of_Sea_Salt_Important_During_Transport_and_Storage_%C5%9Amiechowska,59,1161.html
https://www.transnav.eu/Article_Selected_Quality_Characteristics_of_Sea_Salt_Important_During_Transport_and_Storage_%C5%9Amiechowska,59,1161.html
mailto:akuwan@pens.ac.id
https://sinta.kemdikbud.go.id/authors/profile/6197901
mailto:akuwan@pens.ac.id
https://jecei.sru.ac.ir/article_1734.html

J. Electr. Comput. Eng. Innovations, 11(1): 129-140, 2023

Journal of Electrical and Computer Engineering Innovations

(JECEI)

Journal homepage: http://www.jecei.sru.ac.ir

Research paper

Improved Bilinear Balanced Truncation for Order Reduction of the
High-Order Bilinear System Based on Linear Matrix Inequalities

H. Nasiri Soloklo, N. Bigdeli*

Department of Control Engineering, Imam Khomeini International University, Qazvin, Iran.

Article Info

Abstract

Article History:
Received 05 April 2022
Reviewed 18 May 2022
Revised 15 June 2022
Accepted 30 August 2022

Keywords:
Model order reduction

Bilinear system
Linear matrix inequality

Generalized lyapunov
equations

Balanced truncation

*Corresponding Author’s Email
Address:
n.bigdeli@eng.ikiu.ac.ir

Background and Objectives: This paper proposes a new Model Order Reduction
(MOR) method based on the Bilinear Balanced Truncation (BBT) approach. In the
BBT method, solving the generalized Lyapunov equations is necessary to
determine the bilinear system's controllability and observability Gramians. Since
the bilinear systems are generally of high order, the computation of the Gramians
of controllability and observability have huge computational volumes. In addition,
the accuracy of reduced-order model obtained by BT is relatively low. In fact, the
balanced truncation method is only available for local energy bands due to the use
of type | Gramians. In this paper, BBT based on type Il controllability and
observability Gramians would be considered to fix these drawbacks.

Methods: At first, a new iterative method is proposed for determining the proper
order for the reduced-order bilinear model, which is related to the number of
Hankel singular values of the bilinear system whose real parts are closest to origin
and have the most significant amount of energy. Then, the problem of
determining of type Il controllability and observability Gramians of the high-order
bilinear system have been formulated as a constrained optimization problem with
some Linear Matrix Inequality (LMI) constraints for an intermediate middle-order
system. Then, the achieved Gramians are applied to the BBT method to determine
the reduced-order model of the bilinear system. Next, the steady state accuracy
of the reduced model would be improved via employing a tuning factor.

Results: Using the concept of type Il Gramians and via the proposed method, the
accuracy of the proposed bilinear BT method is increased. For validation of the
proposed method, three high-order bilinear models are approximated. The
achieved results are compared with some well-known MOR approaches such as
bilinear BT, bilinear Proper Orthogonal Decomposition (POD) and Bilinear Iterative
Rational Krylov subspace Algorithm (BIRKA) methods.

Conclusion: According to the obtained results, the proposed MOR method is
superior to classical bilinear MOR methods, but is almost equivalent to BIRKA. It is
out-performance respecting to BIRKA is its guaranteed stability and convergence.

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

serve as a link between linear and nonlinear systems.
States and inputs of these systems are linear, but they are
jointly nonlinear.

Introduction

Bilinear systems are a class of nonlinear systems that
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Researchers have been interested in bilinear systems
for many years due to several real-world examples
exhibiting such behavior. They include power systems [1],
heat transfer [2], and electrical circuits [3].

One of the main applications of bilinear systems is the
approximation of weakly nonlinear systems with bilinear
systems using the Carleman bilinearization [4], [5].
However, the approximation of nonlinear systems via
bilinearization methods usually leads to a high-order
bilinear model. Analysis, design, and implementation of
the high-order bilinear systems are complicated and time-
consuming. Therefore, researchers have considered
Model Order Reduction (MOR) of bilinear systems for
analyzing and control purposes in the literature. Indeed,
a reduced-order approximation of the high-order bilinear
model is determined to decrease the complexity. For this
purpose, MOR methods created for linear systems [6]-[8]
were extended to bilinear systems. These methods
include proper orthogonal decomposition (POD) [9],
moment matching techniques [10], [11], Krylov subspace
methods [12]-[14], projection-based methods [15]-[17]
and polynomial expansion series based methods [18]-
[20].

H2-optimal MOR methods are the other approaches to
approximate the high order systems [21]-[23]. In [23], a
special class of linear parameter-varying systems were
reformulated as bilinear dynamical systems. Then, a H,
norm in the generalized frequency domain was minimized
based on the gradient descent on the Grassmann
manifold. In [24], H, optimal MOR problems were
investigated for K-power systems as a special class of
bilinear systems. Xu et al. shown that the H, optimal MOR
problem of the bilinear system could be considered as
unconstrained minimization problem on Grassmann
manifold by using Gramians of controllability and
observability [25] and cross Gramians of the bilinear
systems [26]. In [27], the Riemannian trust-region method
considered this minimization problem on the Stifel
manifold. The time-limited and frequency-limited H,
optimal MOR were other approaches to approximate the
high-order bilinear systems in [28], [29].

As one of the most popular MOR methods for linear
deterministic control systems, Moore introduced the
balanced truncation method in [30]. Hsu et al. in [31]
extended the BT method for order reduction of bilinear
systems, called bilinear BT or BBT. Afterward, many
researchers focused on model order reduction of bilinear
systems based on the BT method and improved it [32],
[33].

In the BBT method, the Gramians of controllability and
observability are crucial. Solving the generalized
Lyapunov equations is necessary to determine the
bilinear system's controllability and observability
Gramians. Since the bilinear systems are generally of high

order, the computation of the Gramians of controllability
and observability have huge computational volumes. In
addition, the accuracy of reduced-order obtained by BT is
not clear [34]. In fact, the balanced truncation method is
only available for local energy bands due to the use of
type | Gramians and no error bounds have been provided
for BBT so far [34]. Therefore, high computational volume
and relatively low accuracy especially in steady state are
major drawbacks of the BBT method [35]-[37]. Despite
these drawbacks, the BBT method ensures stability and
convergence which makes it suitable for order reduction
of the intermediate systems [38]. In order to improve BT
for bilinear systems, in [34], BBT was extended based on
type Il Gramians, where the Ho error bounds were
achieved for the reduced bilinear system in terms of the
truncated Hankel singular values. In computing these type
Il Gramians, the equality constraints in the generalized
Lyapunov equations are replaced with inequality.
Therefore, optimal determination of the type Il Gramians
via these inequalities is essential. However, up to the
knowledge of the authors, no solving method has
provided for computing these Gramians in [34] and the
related literature afterwards, leading to another
challenge in this area. Therefore, employing optimal type
Il Gramians for improving the BBT method accuracy with
lower computational volume and preserving BBT benefits
would be exciting and essential.

This paper proposes a new method for MOR of bilinear
systems based on the BBT method using the LMI
approach to increase the accuracy of the BBT method. For
this purpose, at first, a new iterative method is proposed
for determining the proper order for the reduced-order
bilinear model, which is related to the number of Hankel
singular values of the bilinear system whose real parts are
closest to origin and have the most significant amount of
energy. Then, the problem of determining of type Il
controllability and observability Gramians of the high-
order bilinear system have been formulated as a
constrained optimization problem with some Linear
Matrix Inequality (LMI) constraints for an intermediate
middle-order system. Then, the achieved Gramians are
applied to the BBT method to determine the reduced-
order model of the bilinear system. Next, the steady state
accuracy of the reduced model would be improved via
employing a tuning factor. The proposed method has the
advantage of increasing the accuracy of the BBT method,
while its computational complexity is reduced. To
evaluate the efficiency of the proposed method, three
test systems have been then examined. The achieved
results are compared with some well-known MOR
methods such as BBT, bilinear Proper Orthogonal
Decomposition (POD) and Bilinear Iterative Rational
Krylov subspace Algorithm (BIRKA) methods [39]. The
results show that the proposed method is superior to
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classical bilinear MOR methods, but is almost equivalent
to BIRKA. It is out-performance respecting BRIKA is its
guaranteed stability and convergence. Therefore, the
main contribution of the article can be summarized as
follows:

e Development of a new iterative method to determine
the proper order for the reduced model.

e Introduction of improved BBT method with increased
accuracy and reduced computational complexity and
steady-state error.

e Reformulation of the generalized Lyapunov
equations as an LMI constrained optimization
problem for the middle order approximation of
system to determine the Gramians of controllability
and observability as type Il Gramians to reduce
computational complexity and improve BBT accuracy.

e Reducing BBT steady-state error by tuning the
feedforward gain of the reduced-bilinear model.

The rest of this paper is organized as follows: In section

2, the MOR of bilinear systems is introduced. In section 3,
the basics of the bilinear BT method are presented. In
section 4, the proposed method for MOR of the bilinear
system is introduced.

In section 5, three high-order bilinear test systems are
reduced using the proposed MOR method. The achieved
results demonstrate that the proposed methods
outperform.

Finally, the paper is concluded in section 6.

MOR of Bilinear Systems

Consider the
system as follows:

single-input, single-output bilinear

I {x(t) = Ax(t) + Nx(t)u(t) + Bu(t)
y(©) = Cx(t)

where, A,N € R™" B,CT € R™ are the matrices of the
bilinear system, x(t) € R™ is the state vector, and u(t) €
R and y(t) € R are the input and output of the bilinear
system, respectively. Also, n is the order of the bilinear
system.

Suppose that the bilinear system of (1) is of high order.
Model order reduction aims to create a system in which
the original bilinear system's and reduced-order
approximation's responses are almost identical, i.e.,
y(t) = y,(t) for all admissible inputs. Further, both (1)
and the reduced-order system have the same structure.
The reduced-order bilinear model can be represented as
follows:

(1)

0 {xr(t) = A,x.(t) + Nox,.(O)u(t) + Byu(t)
" YT(t) =C xr(t)
where, A,, N, € R"™*",B,,CI € R" are the matrices of the

reduced-order bilinear system, which are unknown and
should be determined, x,.(t) € R" is the state vector, and

()

u(t), y,-(t) € R are the input and output of the reduced-
order bilinear system, respectively. Also, r K n is the
order of the reduced model.

It should be noted that if the original bilinear system is
stable, the reduced-order model should be stable, too.

Balanced Truncation for Bilinear Systems

The controllability Gramians of the bilinear system of
(1) are defined as follows [35]:

oo ©o

p:Zlof

4

fPl dt, - (3)
0

where

P (t,) = e*1B
(4)

Pi(ty, -, t;) = eAiNP;_;

Also, the observability Gramians of the bilinear system
of (1) is defined as follows:

Q=be ---!Q?Qidtl---dti (5)

i=1
where

Q:(ty) = Ce?tx

Qi(ty, -, t;) = Q;_;NeAti

Type | Gramians

Theorem 1 [40]. Consider the bilinear system of (1)
with a stable matrix A. The truncated type | controllability
Gramian P of the system satisfies the generalized
Lyapunov equation given by (7), as:

AP + PAT + NPNT + BBT =0 (7)

As a result of extending theorem 1 for observing
Gramians, it is concluded that truncated type | Gramians
of observability can be obtained by solving the following
generalized Lyapunov equation:

ATQ+AQ + NTQN +CTC =0 8)

The following iterative method has been used to solve
the generalized Lyapunov equations of (7) and (8) [36].

Initially, the bilinear term of (7) is eliminated.
Therefore, the generalized Lyapunov equation is
transformed into the following Lyapunov equation:

AP, + PA" + BBT =0 (9)

An initial solution for the generalized Lyapunov
equation is obtained by solving the Lyapunov equation of
(9).

Then, in each iteration, the truncated type |
controllability Gramians is derived by applying the
following iterative formula:
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APL'+PL'AT+NPL'_1NT+BBT =0,

i=23 (10)

Finally, the type | controllability Gramian is determined
as follows:

P =lim P, (11)

L—00

Similar to the controllability Gramian, the truncated
type | observability Gramian can be computed.

Type Il Gramians

The generalized Lyapunov equations of the bilinear
system can be extended to the following inequality
equations [41], which are called type Il Gramians:

ATP~' + PT'A+ NTPT'N < —P~'BBTP! (12)

ATQ+ QA+ NTQN < -CTC (13)

Although (12) is constructed based on inverse
controllability Gramians, it can be rewritten in terms of
controllability Gramians by multiplying P to left and right-
sides of (12).

The type Il Gramians have some advantages respect to
type | Gramians. These advantages include additional
information about the control, global energy bounds, and
availability of an H-error bound for the bilinear BT
method [34]. Therefore, BT model order reduction for
bilinear systems based on type Il Gramians are superior to
those based on type | Gramians. However, the main
difficulty in employing type Il Gramians is that finding the
type Il Gramians via solving the inequalities of (12) and
(13), especially for large scale systems is not a straight
forward task.

BBT Algorithm
Table 1: Algorithm of bilinear BT method

Input: The system matrices: A,N, B, C.

1 Determine low-rank approximation of Gramians:

P ~ RRTand Q ~ SST;
2 Compute SVD of STR as follows:
pX
STR=U2V = [U; Uz][ 1 0][V1 A
0

The X, contains the r largest singular values of STR

3 Construct the transformation matrices Ty and Ty:
1
T, = SU, 5, 2
1
T, = RV,Z,?

4 Determine the reduced-order bilinear model:
A, =TFAT, N, = TYNT, ,B, =TfB,C, =CT

Output: A,, N,, B, C,.

Once the type | or type |l Gramians are obtained for a
bilinear system, they can be employed in the context of
balancing for MOR of system. For this purpose, the
bilinear BT algorithm can be used as presented in Table 1
[34].

Proposed MOR Method

Numerically, it is not easy to apply balanced truncation
to a bilinear system because it requires a solution of two
high-order generalized Lyapunov equations. On the other
hand, determining the type Il Gramians by solving the
generalized Lyapunov inequalities is challengeable.
Hence, in this paper a new method has been proposed to
solve the generalized Lyapunov equations using the LMI
approach. After solving the generalized Lyapunov
equations by the proposed method, the bilinear BT
method is applied to order reduction of bilinear systems.
The proposed algorithm is implemented via four steps, as
follows.

Step 1. Determining the order of the reduced system:

The first step of determining the reduced-bilinear
model of (1) is specifying the desired order. It is necessary
to determine which modes have the most significant
amount of energy to accomplish this. Modes with higher
energy can be evaluated using dominant poles or the
Hankel singular value method.

The number of high-energy modes is equal to the order
of the reduced model. The order of the reduced model is
determined initially by the number of eigenvalues whose
real parts are closest to the origin. It is recommended to
choose a conservative order at the beginning. The initial
order is decreased one by one using a bilinear MOR
method such as BPOD [42] until the error index
significantly increases.

Therefore, the lowest order with negligible error is the
most appropriate.

Step 2. Finding the truncated type Il Gramians via LMI:

As stated earlier, in implementing BBT based on type
Il Gramians, solving the generalized Lyapunov inequalities
is complicated, especially for large-scale systems. To
address this problem, in this paper, at first, the
generalized Lyapunov inequalities would be represented
as a LMI constrained optimal problem. Then, it will be
solved via an intermediate approximation of the system.

Let us consider the generalized Lyapunov equation as
represented by (12). By adding the unknown coefficient
of A to (12), the controllability Gramians equation is
converted to the following inequality equation:

AP + PAT + NPNT + BBT + Al <0 (14)

On the other hand, the Gramians of controllability
should be positive definite. Hence, the controllability
Gramians equation can be converted to a constrained
optimization problem as follows:
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s.t. AP + PAT + NPNT + BBT + A1, < 0
P>0

Min A

{ (15a)

By solving the constrained optimization problem of

(15), the controllability Gramians would be determined.

Similar to controllability Gramians, observability
Gramians can be determined, as:

s.t. AQ + QAT + NQNT + CTC + ul, <0
Q>0

Min u
i (15b)
In the next step, in order to facilitate solving the
optimization problem of (15) and to decrease the
computational volume, a middle-order approximation of
the original system would be obtained by the
conventional MOR methods such as BT or BPOD. It should
be noted that both of these methods yields quite precise
approximations in middle orders [43]. Then the LMI
problem of (15) would be solved for this reduced system.
In this case, the optimization problem can be considered
as follows:

Min A
s.t. AP, + P, AY + N, P,NI + B, BF + I, <0
P, >0
(16a)
Min u
S.t. ApQm + QAL + NpQuNE + C CL + ul, <0
Qn >0
(16b)

where, in (16) index m implies the system matrices and
Gramians of the approximated middle-order system.

Step 3. Apply the bilinear BT method:

The achieved type Il Gramians in the previous step are
applied to the bilinear BT algorithm to obtain a reduced-
order bilinear model.

Step 4. Adjust the gain of the reduced-order:

The obtained bilinear reduced-order model by the
bilinear BT method usually suffers from steady-state error
[44]. In other words, the final value of the achieved
bilinear reduced-order model deviates from the final
value of the original bilinear system. To address this
problem, a feedforward tuning factor is added to the
bilinear reduced-order model, which is determined in this
step as follows.

Consider the reduced model of (17), in which the
tuning factor of K has been added to the output equation
as:

{J'Cr(t) = A X, () + Ny (D)u(e) + Bru(t) (17)

yr(t) = KC_'rxr ®)

where C, is the output vector determined by the bilinear

BT method in previous step.

The steady-state error of the bilinear BT model is
removed by properly adjusting K. To tune this parameter,
two approaches can be considered.

In the first approach, the gain of the reduced-order
model is tuned as an optimization problem by a swarm
intelligence-based algorithm. The fitness function can be
considered as a function of output error, such as the
Integral Square of Error (ISE).

In the second approach, the tuning factor of K is set so
that the steady-state output error for non-oscillating
bounded inputs is removed. Let us define the steady-state
output error as:

}Lrg e(t) = tlirgly(t) = Ky, (t)| (18)

where, trrepresents the large enough settling time of the
response. Then, K is tuned to remove this steady state
error as:

_y(t)
K= )

Therefore, the proposed approach can be
implemented via the algorithm of Table 2 as follows:

(19)

Table 2: The proposed MOR algorithm

Input: The system matrices: A,N, B, C.

1 Determine the suitable order of the reduced-bilinear
model by an iterative method.

2 Find the middle order approximation of the system and
solve the LMI constrained optimization problem of (16) to
achieve type Il controllability and observability Gramians.

3 Apply the obtained type Il controllability and
observability Gramians to the BT method to determine the
reduced-order bilinear model.

4 Adjust the gain of the system by tuning the factor of K.

Output: A,, N,, B, C,.

Simulation Results

Here, three high-order bilinear systems are considered
as test systems. These test systems are approximated by
the proposed method. A bilinear system with an order of
200 is the first test system. Then, the Chaffee-Infante
model would be approximated by the proposed method.
The third test system is a nonlinear transmission line
circuit converted to a bilinear system by Carleman
bilinearization. To validate the proposed method, the
obtained reduced-order models are compared with some
well-known MOR methods such as BT, BPOD and BIRKA
methods. The results show that the proposed method
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matches the original more than other

approaches.

systems

Test system 1

In [24], a bilinear system of order 200 is presented with
the following matrices:

(t) = [%1 :Z]x(t) + [131 g]x(t)u(t)

+ [%1] u(t) (20)

y@®) =10 Clx(®)

where Al € R100><100’ AZ € R100><100’ Bl € R100><1 and
CZ € R1><100

10 2
a=7 7102 =
7 —10

-5 2
2 -5 2

(21)

2 =5

2 1

N="t 2 B=0 1l
1 2

C,=1[0 o 1]”

The procedure of order reduction by the proposed
method is followed step by step as:

Step 1: In the first step, the order of the reduced
bilinear model is determined. For this purpose, the initial
order is determined based on the number of eigenvalues
with the real part close to the origin. According to Fig. 1,
this guess is 20. Then, the order of the reduced-model
decreased one by one from 20 to 1, and for each order,
the BPOD was applied. The H, norm of error for each
order is calculated. The H, norm of the error for each
order of the reduced test system 1 is shown in Fig. 2.

Re(A (A})

12 F

14t

61

18 I L L I I L L )
0 20 40 60 80 100 120 140 160 180 200

Order
Fig. 1: Real part of eigenvalues of test system 1.

H, norm of error

0 2 4 6 8 10 12 14 16 18 20
Order

Fig. 2: H,-norm of error versus order.

It can be shown that the proper order for the reduced-
order bilinear model of test system 1 is 2.

Step 2: In this step, a new structure for computation of
controllability and observability Gramians would be
considered. By adding an unknown term of a to the
controllability relation, this equation is converted to a LMI
optimization problem. A similar approach can be applied
to observability Gramians. Then, the optimization
problem with inequality constraints of (15) is minimized
to determine the alternative controllability Gramian.
Following the same procedure, the observability Gramian
is determined, as well.

Step 3: Using the bilinear BT method, the reduced-
order bilinear model is derived.

Step 4: Adjust the gain of the reduced-order system to
remove the steady-state error. Here K = 1.016 has
selected as the ratio of the original and reduced order
systems.

The achieved reduced-order bilinear model s
presented as follows:
% (1)
_ —1.0196 —7.0814e — 18] %, (£)
—1.3391e — 18 —1.0092 T
o 0 e @u
3.2332 —1.1425e—181"" (22)

49068

+ [2.5369e - 17]”(t)

y.() =1.016 x [0 12.1142]x,

Fig. 3 illustrates the response of the reduced bilinear
model of Eq. (22) to input u(t) = 0.05exp(—0.5¢t). Also,
it is compared with some well-known MOR methods,
including BT, BPOD and BIRKA methods. In addition, the
absolute error has been also evaluated over time and
depicted in Fig. 4. It can be shown that the proposed
method matches the original system much better than
other methods, and it has a smaller error compared to the
other methods. Some important characteristics of the
response are compared to provide a quantitative and
numerical evaluation. These specifications include peak,
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Table 3: Comparison of methods for test system 1

steady-state, and ISE index as an appropriate measures

for evaluating the approximation error. The results of the

comparison have been presented in Table 2.
Figs. 3, 4 and Table 3 show that the obtained reduced-

order bilinear model via the proposed method provides
the best approximation among the other indicated

approaches.
Test System 2: Chaffee Infante
Another standard test system used to evaluate MOR
methods is the one-dimensional Chaffee-Infante
equation on Q = (0,L) X (0,T) [42]. In this equation,
there is cubic nonlinearity:
ve+v3=v,+v (0,L)x(0,T) (23)

where v is the viscosity parameter.
The initial and boundary conditions of the Chaffee-

Infante equation have been considered in (24)-(26).

0.95 ¢ -
LN Thilimcar Model
7 N\
K .\ = = Proposed Mothad
IJ ' e BT Method
0.2 i N e BPOD Method
i A\ —+— BIRKA blcthod
[l ‘\
I LY
i N
0I5+ AN
ﬂ' +
1 \5
> ] hY
i \
L1 emma *
0.1 [ N,
[ \\
i N
0oslif ~
5] JHJ:- 'y, ~.
15 %"\Q
i e
g T —
U . L L | e FI"IT=D="
0 1 2 3 4 5 6 7 3 9 0
Time (s)

Fig. 3: Comparison of responses of the bilinear model of test
system 1 and their reduced-order model approximations.

Order Final value Peak ISE
Original =559 3.24e04  0.0977 }
System
Proposed
Method 2 3.31e-04 0.0975 1.02e-06
o 2 0.0063 0.2453 0.0660
Method : . .
BPOD
Method 2 0.0027 0.1027 0.0013
BIRKA
Method 2 3.19e-04 0.0978 1.63e-08
av(0,t) + Bv(0,t) = u(t) (24)
v(L,t)=0 te (0,T) (25)
(26)

v(x,0) = vo(x)

where a and 8 are constant parameters and vy(x) is
initial condition of the system.

A finite-difference scheme was used to obtain the
spatial  discretization  system. Then, Carleman
bilinearization converts the nonlinear ODEs of the
Chaffee-Infante equation to bilinear form. For this test
system, L = 0.1 and T = 5. Also, the initial condition is
considered zero, i.e., vyo(x) =0. The discretization
involved 31 points. Thus, the order of the bilinear model
of the Chaffee-Infante is 992. The proposed method is
applied to order reduction of the bilinear Chaffee-Infante

model. The order of reduced approximation is 10. Similar
to test system 1, the obtained reduced-order model is
compared with some well-known model order reduction
methods such as BPOD, BBT and BIRKA methods. In Fig. 5,
responses of reduced-order bilinear models to input
u(t) = 0.5(1 + cos(mt)) are shown. Also, the absolute

error versus time is presented in Fig. 6.

-,

016 -
&g'? N = = Propased Methad 19
014 ] N == BT Mothod S e £
14 :7 T BFOD Mothod 1Y ,‘7 \“ —#— Nonlinear Svsten
I \ —4— BIRKA Method ‘\ JTr)T 1 ?ﬂwcar Model
o2k ﬁ“ ‘\ 1 (] i [1 = = Proposed Method
' h s 1 1 v = BT Method
; \ ! [ S PP BPOD Method
- o1l N I i —t— BIRKA Mothod
s Ty AY 0.8 H H
i I \ ! 1
° 1 . I 3
2L gostl ) ' \
= 1 N I )
5 I S = 0.6 '
0 H %s ]
FoosH N,
i ~
1 Y
004 . war
I
I
H
002 Jf o2}
i 0 g v .
Time (S) 0 0.5 1 1.5 2 25 3 3.5 4
Time (sec)
. . . . Fig. 5: Comparison of responses of the bilinear model of
Fig. 4: Time evolution of absolute error of various methods for g p . p :
Chaffee Infante equation and their reduced-order model
approximations.

approximations of test system 1.
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Fig. 6: Time evolution of absolute error of various methods for
bilinear Chaffee Infante approximations.

=
3
@

According to Fig. 5 and Fig. 6, it is seen that the
proposed method results as well as those of BIRKA are
similar to the high-order bilinear model of the Chaffee
Infante model.

Test system 3: Transmission Line Circuit

Fig. 7 depicts the transmission line circuit, including
nonlinear resistors and an independent current source.

Bl .l i ]
T T T T

Ll Ll Lagl L
-2 -1
L) mSl . LM,__M AM—tp

R R R R

i=u(t) 1‘) = C T

Fig. 7. Transmission line circuit.

l

Transmission lines can be modeled as a nonlinear state
spaces form, as follows [6]:

[ —g(x1) —g(x; — x3) ]
I —g(x; — xz)._ g(xz — x3) I
0 = I_g(xk—1 - xk):_ gl — xk+1)|
l _g(xq—'l - xq) J
1
+|%u
0

(27)

y@®=1[1 0 0]x(t)

where x € R7*1 is the state variables, f € R is nonlinear
state evolution function, b € R9* and ¢ € R**? are input
and output, respectively. Also, the relation between
voltage and current of each resistor is modeled as g(x) =
exp(x) +x — 1.

In this case, the number of resistors is chosen to be 20.

In order to approximate the nonlinear RC circuit system
(27) using a bilinear model, the Carleman bilinearization
is used [4], [5]. The order of the resulting bilinear model
is g2 + q = 420.

The obtained bilinear model of the transmission line is
high-order and should be reduced. For this purpose, the
proposed method is applied to approximate the reduced-
order bilinear model of the transmission line model. The

reduced-order bilinear model for the bilinear
transmission line model is as follows:
%-(t)

[—68.20 —-9.87 —-3.11
=|-642 —-92.79 9.69 lxr

| 2.96 18.77 —-61.27

[ 0.011 0.038 —0.039] (28)
+1 0.038 0.181 —-0.133|x,u

[—0.008 —0.03 0.024

[—0.09
+ —0.26]u

| 0.18

¥-(t) =20 X [-0.06 —0.18 0.112]x,

The responses of the nonlinear transmission line
model and their approximations to input u(t) =
sin(10t)cos(t)exp(—1.5t) have been presented in Fig.
8. Also, the absolute error of the obtained reduced-order
models has been shown in Fig. 9. In Table 4, some
specifications of the achieved reduced-order bilinear
model have been compared, as well. It is seen from Fig. 8
and Fig. 9 that the proposed method and the BIRKA have
the most similarity and less error among the reduced-
order bilinear systems. Besides, according to Table 4, it
can be observed that the proposed method and the BIRKA
method have the best approximation among the
reduction methods.

0.015 -

= = Proposed Method
—= BT Methed
-------- BPOD Method
m—f— BIRKA Method

001

—— Nomlinear Systemn
ﬁ Rilinear Model

0.005

04

-0.005

0 0.5 1 1.4 2 24 3 3.5 4 45 I
Time (s)

Fig. 8: Comparison of responses of the nonlinear transmission
line system and their reduced-order model approximations.

However, although the BIRKA is as accurate as the
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proposed method, its convergence is not guaranteed,
generally [39].

In 50 simulations performed by the BIRKA to test
System 3, it was observed that BIRKA diverges nine times,
indicating an 18% failure rate in model order reduction. It
is the main drawback of BIRKA, which is not observed in
the BT family.

Indeed, as discussed earlier, convergence is
guaranteed via employing BT. Therefore, the proposed
method improves the bilinear BT method's performance
and preserves the bilinear BT method's specifications,
such as guaranteed stability and convergence.

0012 -

Thilinear Modal
= = Proposed Methaod
== BT Method

001 |-
o BPOD Method
—t— BIRKA Method
0008 s ¢
B
i}
Jui) " \
So0006H |
2 H
w
el
< ]
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Fig. 9: Time evolution of absolute error of various methods for
bilinear transmission line model approximations.

Table 4: Comparison of methods for test system 3

Order Final value Peak ISE
Nonlinear
pendulum 20 1.155e-05 0.0118 -
system
Bilinear /0 1330005 00118  6.43e-07
Model
Proposed

3 8.247e-07 0.0118 1.83e-06
Method
BT Method 3 3.283e-04 0.0026 3.30e-05
BPOD
Method 3 7.426e-07 0.0140 8.04e-07
BIRKA 3 -1.2903e-06 0.0134 3.51e-07
Method

To further analysis, the simulation time of the MOR
methods is compared. The time required for
approximation of test system 3 by MOR methods is given
in Table 5.

Table 5: Comparison of the simulation time of MOR methods for
test system 3

Simulation Time Quality of Approximation

(sec)
e verveees
Meli-r:od o81 ot good
vetod 2 o
N?L':::d 431.33 Very good

It can be seen that the proposed method and the
bilinear BT method need less time to approximate the test
system 3. However, the bilinear reduced-order model
obtained by the bilinear BT method is not a good
approximation. On the other hand, the proposed method
and BIRKA have high quality to approximate test system
3, but the BIRKA needs about 70 times more simulation
time.

It can be noted that the proposed method used to
MOR of test system 3 is implemented by minimizing the
optimization problem of (16). To do this, an initial bilinear
reduced-order model with order 25 is approximated by a
bilinear BT method. Then, the optimization problem of
(16) is minimized to determine the bilinear reduced
model. The required simulation time for this two-stage is
6.24 seconds.

Results and Discussion

This study investigates the MOR of the bilinear systems
based on the improved bilinear BT method. The proposed
method uses the concept of type Il Gramians to
determine controllability and observability Gramians. To
determine these Gramians, a new LMI-based approach is
applied. After determining the new Gramians, the bilinear
BT method is used. Since type Il Gramians have more
advantages than type | Gramians, the accuracy of the
obtained reduced-order bilinear model is higher than the
bilinear BT method. The proposed method is not only
more accurate than bilinear BT, but it also has the
advantages of balanced truncation, including ensuring
stability and convergence.

Furthermore, the steady-state error of the reduced-
order bilinear model is removed by adjusting the tuning
factor. Three test systems are considered and compared
with some well-known MOR methods to evaluate the
proposed method. The results show that the proposed
method is more similar to high-order bilinear systems and
outperforms other approaches.
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Conclusions

This paper proposes a new MOR method based on the
balance truncation approach with type Il Gramians for
order reduction of the bilinear systems. For this purpose,
at first, a new iterative method is proposed for
determining the proper order for the reduced-order
bilinear model which is related to the number of
eigenvalues of the bilinear system whose real parts are
closest to origin and have the most significant amount of
energy. Then, the generalized Lyapunov equations are
constructed to determine the Gramians of controllability
and Gramians of the observability. These generalized
Lyapunov equations are transformed into a linear matrix
inequality problem by adding an unknown coefficient.
Next, the LMI problem is converted to a constrained
optimization problem. New controllability and
observability Gramians are determined by solving the
constrained LMI optimization problem. The obtained
Gramians are applied to the bilinear BT method to
determine the reduced-order bilinear model.

These type Il Gramians, determined by solving the
constrained optimization problem as an LMI problem,
contain additional information compared to type |
Gramians. Also, type Il Gramians lead to finding global
energy bounds. Therefore, obtaining type Il Gramians in
the context of balancing leads to increasing the accuracy
of the BT method. On the other hand, the order
determined by the proposed method is more appropriate
and accurate than other methods of determining the
order of reduced systems. Three high-order bilinear test
systems are approximated to show the efficiency and
ability of the proposed method. The achieved results are
compared with some classical order reduction methods
such as the BT, BPOD and BIRKA. According to the
obtained results, it can be concluded that the proposed
MOR method is superior to classical bilinear MOR
methods, but is almost equivalent to BIRKA. It is out-
performance respecting BIRKA is its guaranteed stability
and convergence.
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Abstract

Background and Objectives: Intelligent receivers, automatically detect the digital
modulation type of the received signals for demodulation purposes where is well
known as Automatic Modulation Classification (AMC) module. The performance
of AMC algorithms depends on the channel conditions where for example, in
fading channel its performance gets worse than the AWGN channel.

Methods: We propose a new algorithm for improving the AMC classification
accuracy in flat fading channels. The proposed algorithm consists of an optimizable
nonlinear preprocess followed by Linear Discriminant Analysis (LDA) technique.
Two Lemmas have been found for extracting the optimization rule. And an
optimization algorithm has been built based on the previous Lemmas.

Results: The simulation results show that the proposed algorithm improves the
classification accuracy between 8-Phase Shift Keying (8PSK) and 16PSK (as an
example of M-array PSK (MPSK) inter-class) for Signal-to-noise ratio (SNR) values
greater than 13 dB, and between 16-quadrature amplitude shift modulation
(16QAM) and 64QAM (as an example of M-array QAM (MQAM) inter-class) for
SNR values greater than 4 dB. On the other hand, the classification accuracy of
MPSK and MQAM is improved using the proposed algorithm compared with
reference papers. Its improvement is up to 10.79% compared with the [1] and up
to 38.552% compared with [2].

Conclusion: By using the proposed optimization algorithm, the AMC classification
accuracy has been improved. Other classification problems can use this algorithm.
And other nonlinear preprocess functions or optimization algorithms may be

found in future work.
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Introduction

With the significant development of modern
communication technology, the AMC of the received
signal is becoming more critical. Two primary AMC
techniques are known: Likelihood-Based (LB) and
Feature-Based (FB). LB techniques suffer from high
computational complexity and need to estimate the

Various studies were done to find good discriminative
features for modulation classification like instantaneous
time-domain features, Fourier and wavelet transform,
higher-order moments, and cumulants [5]-[11].
Comparisons between the performances of these
features were made in [12], [13]. According to their

unknown parameters [3], [4]. On the other hand, FB
techniques have less complexity, don’t need any
parameter estimation [5], [6], and can work under
different conditions like multipath fading channels [7].

Doi: 10.22061/JECEI.2022.8743.550

results, Higher-Order Cumulants (HOCs) are the best
features under different conditions.

Different studies and simulations were done for AMC
in fading channels using different HOCs. For example, in
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[1], the author shows that the performance accuracy of
MPSK and MQAM classification by using HOMs and HOCs
is 84.37%. While in [2], the author shows that the
performance accuracy of binary phase-shift keying
(BPSK), Quadrature Phase-Shift Keying (QPSK), 8-phase-
shift keying (8-PSK), 16-PSK, 16-quadrature amplitude
modulation  (16-QAM), 32-QAM, and 64-QAM
classification by using cyclic cumulants is 89.8%, for SNR
value of 15 dB.

The most critical inter-class modulation types are
MPSK and MQAM [1], [2]. Most of the well-known intra-
class modulation types are shown in Table 1.

Table 1: Chosen types of MPSK and MQAM digital modulations

Inter-clafss Intra-class modulation
modulation
MPSK BPSK, QPSK, 8PSK, 16PSK
MQAM 8QAM, 16QAM, 320AM, 640AM
Our study improves the AMC performance by

enhancing the discrimination between some intra-class
digital modulation types in Table 1 (like 8PSK and 16PSK,
and like 16QAM and 64QAM) for lower SNR values. This
improvement is made by optimizing an added nonlinear
preprocess function. Two primary optimizable nonlinear
functions have been developed: regularized distance-
based and nonlinear transformation. The simulation
results show that these optimized functions could
improve the discrimination between 8PSK and 16PSK for
SNR values greater than 13 dB and between 16QAM and
64QAM for SNR values greater than 4 dB. On the other
hand, the classification accuracy of MPSK and MQAM has
been improved using the proposed algorithm compared
with reference papers [1], [2]. The maximum
improvement of our proposed algorithm compared with
the reference paper [1] is 10.79%, and the maximum
improvement of our proposed algorithm compared with
the reference paper [2] is 38.552%.

System Model

Consider the received signal in flat fading channel as:
r,(n) = cew; (n) +v(n) (1)

where « is the complex channel fading coefficient
which is considered «eCN (O,l), W, (n) is the
transmitted symbol which is considered an independent
and identically distributed (i.i.d) process, and v(n) is the
additive white Gaussian noise (AWGN) and is considered
v(n)eCN(0,07).

The general mathematical form of the HOC is defined
as [14], [15]:

p-qterms qterms
— " .
C :Cum I"l,...,rpfq 'rp—q+l""’rp (2)

p.q

where * denotes the complex conjugate, p is the order of
the cumulant, g is the complex conjugate order of the
cumulant, and cum function is defined as [14]:

cum(r,...1,| =

SEDa-DE 1 | E[jl;/[q r]}

and the summation is being performed on all partitions

V :(Vl,Vz,...,Vq) for the set ofindexes(l,Z,...,n) .

(3)

To cancel the effect of the power level of the received
signal, the first type of normalization must be done [15],
[16]:

C

_ Pq
"C)™

(4)

The magnitude of the eighth, sixth, and fourth-order
cumulants is greater than that of the second-order
cumulants. As a result, we have different values for the
other HOC orders. The second normalization can reduce
the values range as [15], [17]:

épq :(C;)q)yp (5)

According to our simulation results for the selected
digital modulation types in Table 1, C~40,C~61, andé80

(equations (6), (7), and (8)) have the most discrimination
ability, so they have been chosen in our study [15], [18],
[19]:

Cu =M, _3M220 (6)
C61=M61_5M21M4O _10M20M41+30M220M21 (7)

Cg =My, —35M2 —28M M, +

8
420M2M,, —630M%, (&)

where [15], [18], [19]:
Mo, =E[r(k)""r" (k)'] (9)

is the moment of received signal r(k).

Mathematical Preliminary

A. Linear Discriminant Analysis (LDA)

This technique finds the optimum linear projection
vector that maximizes the discrimination between digital
modulation types [20]. We define the input features of
the two classes for dataset i as:
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~[(Cotm), (Catm), (Cutm) ] (10)
hel, , i=1n,

Y [( () ) ( «(@), (Calm), (11)
heC, i=1..

These input features can be written as:
~ ~ ~ T
X = [CAO,X, CSl,x, Cao,x, :| (12)

~ T
Yi = |:C4O,y, CGl,y, CSO,y,] (13)

The mean vectors of the input features can be
calculated as [20]:

ﬂf[E(éw,xi) E(Coun) B (Con )T

= |::ux,1 ,Ux,z tux,3 :|T

”y:[E(ém) E(Cey) E(Cuy )]T

12[/1%1 Hy o ﬂy,a]T

(14)

(15)

By defining the projection vector u, the output features
X; , ¥, of the first and second classes respectively can be
calculated as [20]:

X =XU,vYy =yu (16)

Fisher criterion function represents the discrimination
measurement between the output features of two
classes as [20], [21]:

(44, (W) - 44, (W)" T u

: 7 (17)
ol(u)+o/(u) u'S,u

J(u) =

where u is the projection vector, ,ulx(u),u'y(u) are the
means of the output features for the first and the second
classes, respectively, & (u),a'yz(u) are the variances of

the output features for the first and second classes,
respectively. S; And S, are defined as:

SB = (.uy -lux)(ﬂy -:ux)T € RdXd (18)
1 &
lZ(Xi _”x)(xi -”X)T

Y~

(19)

12 -u) (v -my)T e R

where nx,ny are the numbers of samples for the two

classes, respectively. The optimum projection vector u
can be calculated by solving the maximization of the

Fisher criterion function problem of (17) for u. One of the
solutions is using the Lagrange method as [21]:

L=u"S,u—-A(u'S, u-1) (20)
where A is the Lagrange multiplier.
derivative of L to zero gives [21]:

ZL_ZSU 24S,u=0=S,u=AS,u (21)
u

Equating the

which is a generalized eigenvalue problem. One possible
solution to the above-generalized eigenvalue problem
can be found as [21]:

u = eig(S;,Ss) (22)
where eig(.) denotes the eigenvector of the matrix with
the largest eigenvalue.
In the following Sections, the LDA algorithm is called
the classical LDA.
B. Discrimination measurement
One of the well-known
measurements between two
Mahalanobis Distance (MD).
random variables. The MD distance between them can be
calculated as [22]:

d(v,.v,) = (- 2,) (S, +8) (w,-m) eR  (23)

where u,,u, are mean vectors and S,,S are the

statistical  distance
random variables is
SupposeV, and v, are

covariance matrices of the random variablesvx,vy,

respectively.
This study uses the MD as a discrimination
measurement between two random variables.

Conventional Classical LDA-based AMC Problem
The values of the selected HOCs in Section 2,

Cyo:Cy;,Cyy , are shown in Fig. 1, for the selected digital

modaulations in Table 1, and SNR rang [-5:25] dB.

v bpsk
* gpsk

o 8psk
16psk

1.4 T T r

8gam < 32gam
16gam P 64gam

(=)
1y 0.8 1
0.6
0.4
0.2 :
-5 0 5 10 15 20 25
SNR(dB)
@ C,
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V bpsk o 8psk
* gpsk

8gam
16gam

< 32gam
P> 64gam

0.5 - : : ‘ ‘
-5 0 5 10 15 20 25
SNR(dB)
(b) Cq
v bpsk O B8psk 8gam <4 32gam
* qpsk 16psk 16gam P 64gam
4 T T T 4
3.5
3
%2.5
1$)

- -
i g

-

15
1 i ./
05 : : ' ' ‘ |
5 0 5 10 15 20 25
SNR(dB)
© Cg

Fig. 1: Values of C,; ,C,; ,and Cy, cumulants respectively.

From Fig. 1, some modulations can be classified easily
(like BPSK, QPSK, 8QAM, and 32QAM). In contrast, the
others are close to each other (like 8PSK and 16PSK, and
like 16QAM and 64QAM). This situation would be worse
for lower SNR values.

We define two different problems:

- 8PSKand 16PSK classification as problem p1.
- 16QAM and 64QAM classification as problem p2.

Our work aims to find a new algorithm that separately
improves the classification accuracy for the two
problems, p1 and p2.

Start with classical LDA to solve the mentioned
problems pl and p2. Calculation of the classification
accuracy (ACC) for the problems pl and p2 using the
selected HOCs in Section 2 and the classical LDA algorithm
have been done as shown in Fig. 2. As shown in Fig. 2,
classical LDA doesn’t improve the performance accuracy
of 8PSK and 16PSK classification (problem p1) and 16QAM
and 64QAM classification (problem p2). As shown in the

next section, we propose modifying the classical LDA
algorithm by adding an optimizable nonlinear preprocess.

1 A A A A A A AAAAA
f f = VY vVvvvwy

A
0.9 4 |
/
/

Q 08} / |
<ozt / ( |
: / === cumulants(p1)
osl =e=cumulants(p2) ||
. == classical LDA(p1)

/ classical LDA(p2)
0.5 ‘ ‘ ‘ ‘
5 0 5 10 15 20 25

SNR(dB)
Fig. 2: Classification accuracy using the selected HOCs and the
classical LDA for the problems p1 and p2.

Proposed Preprocess LDA Algorithm

The proposed preprocess LDA algorithm consists of an
optimizable nonlinear preprocess, followed by the LDA
algorithm.

A. The Proposed Mathematical Problem

The selected HOCs can be rewritten as: C, ; = C~40,xi ,

Co= éel’x‘ , Coa= éso,x, for the first class Cx, the input

2 Cx.ﬁ]T' and

X

features vector becomes [CXI . C
C,1=Cpy, C,,=Cy, , C, 5 =Cy, for the second

class G, , the

T
|:Cyiv1 CYi~2 Cy.,3:| :

As shown in Section 4, the classical LDA algorithm
needs adjustment to improve the discrimination between
8PSK and 16PSK, and between 16QAM and 64QAM
modulations for low SNR values. An example of this
adjustment is the addition of nonlinear function as
follows: f,(C, , or C, ), f,(C,,orC,,), and

f4(C, 5 or C, ;) of the selected HOCs in Section 2 as

input features vector becomes

shown in Fig. 3.

Cut Y .(C, ) )
Nonlinear function 1 —>
C)’. 1 J fl(Cyi ,1) C‘
C 'd N\ f C .
—2%:2 5} Nonlinear function 2 o Xi’z\) LBA ?(I
Cyi,2 \ J fz (Cyi,z Cyi
CX 3 4 2\ fs(Cx_
———> Nonlinear function 3 =
Cy.,3 \ Y, fs(Cyi,s) ),

Fig. 3: Block diagram of the proposed nonlinear preprocess
LDA algorithm.

where C,,C, are the output features of the first and

second classes, respectively. These output features can
be calculated as:
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C, =wf(C, ) +u,f(C, ) +u, T(C, ) =u"f,  (24)

C, =uf(C, )+u,f,(C, ,)+u,f,(C, ,)=u"f, (25)

U . N
whereu:[ul,uz,us] is the projection vector,

T T
fx, = [ fl (Cx, ,1) f2 (Cx,,z) f3 (Cx, 3):| = .: fx,,l fx,‘Z fx, ,31|
is the vector of the values of the nonlinear functions for

the first class, and:

T T
f,=[1C,) (C,) €] =[f. f., 1]
is the vector of the values of the nonlinear functions for
the second class.

The terms . (u),,u'y (U) of the Fisher criterion function

(17) are the means of the output features. They are
calculated using (24) and (25) as:

u, =u'E(F) (26)

p, =U"E(f,) (27)

The terms o,°(u),o,(u) of the Fisher criterion

function (17) are the variances of the output features.
They are calculated as:

(6,)> =ucov(f, )u (28)

(0,)" =u'cov(f,)u (29)

By using (26), (27), (28), and (29), the Fisher criterion
(17) can be written as:

)= )"

J(u) > 2 =

o, (u)+a,(u)
. T (30)
u"[E(f)-E(F)J[E(f)-E(f)] u_ u's,u

u" [ cov(f,)+cov(f,)]u T u's,u

where S, =[E(f,)-E(f,)][E(f,)-E(f)] and

Sy = cov(f,)+cov(f,)].
The nonlinear preprocess function allows us to control
Sz, Sy, Which affects the discrimination performance.

The task is to find the rules that maximize the
discrimination between two classes (Fisher criterion (30))
using the nonlinear preprocesses.

B. Necessary Lemmas
Lemma 1. For J, S;,S,, which are defined in (30) and
(17), we find that:

max(J) = trace(S;;S;) (31)

Proof: Here, we mention some mathematical analyzes
and results:

- The maximum value of the Fisher criterion function
(17) is equal to the maximum value of eigenvalues of
the matrix SIS [23]:

max(J) = A, (SySe) (32)

- The summation of eigenvalues of a matrix is equal to
the trace of the matrix [24]:

trace(S;;S) = Y 4 (33)

- The production of eigenvalues of a matrix is equal to
the determinant of the matrix [24]:

det(S;S:) =] [ A (34)

- By noticing S; calculation in (18), we find that
det(Sg) is equal to zero.

- det(S;S;) = det(S;}) det(S,) =0, which means (34) is
no longer helpful for calculating 4, .

- According to [21], the rank of S;S, can be

calculated as:
rank(Sy,Sg) = min(T,n—1,L-1) (35)

where n is the size of the dataset in each class, L is the
number of classes, and T is the number of features. In our

case, L=2, T=3, and n>>L, T. We find that the rank(Sj,SB)

value is equal to 1. Which means we have one nonzero
eigenvalue. By using (33) we find that:

trace(S;'S;) =4 #0 (36)

- Finally, by using (32) and we find that
max(J) = trace(S;iSg) .

Lemma 2: Maximization of the Fisher criterion (30) is
equivalent to maximization of the Mahalanobis distance
between the values of the nonlinear functions for each
feature, i.e Fig. 3.

Proof: According to Lemma 1, maximization of the Fisher

(36),

criterion function means maximization of trace(S;;S;) .
So, we have to study the effect of S; and S,, elements

on the Fisher criterion function. To simplify it, we study
two-class cases where S, S, € R*?:

A2 AA
[J[J{ } &7
1—2 2

where A, =u,,-p,, is the difference between the

means of the two classes for the first feature and
A, =, - fy, is the difference between the means of

the two classes for the second feature.
and:
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Sy = cov(x)+cov(y)=

(0.s)

pxo-x,lo-x,z

(val)z

pyo-y,lo-y,z

pxax,lo-x,z
5 =+
(9.2)
_|ar+h
P&182 T pyhy

PyOyaOy,
(5,,) | ©8
Pu8182 t pyIuhy
g +h
where g, =0, and g, = 5, , are the variances of the first
h =o,,and

are the variances of the first and second

and second features for the first class,
h, = Oy
features for the second class. p,And p, are the

correlations between the features of the first class and
second class, respectively. By using (37) and (38), the
trace of S;'S, can be calculated as:

tr =trace(S;S;) =

AT (g7 +h )+ A% (0f +hi)—-2A,A,(p,0,0, + p, b, )
(02 +h2)(02 +hZ)~ (9,9, + 11, )

_A(g3+ 1)+ A (gf + 1) -204, (£,0,9, + p,hih, )

(9.0 +p,1h, )

(9f +h7)(g3 +h3)

(o7 +h7) (g7 +h) 1~

=A#0

(39)
Discussion: Starting withS;, since A, and A, are the
differences between the means of the first and second

features for the two classes, respectively, we find from
(39) that:

lim(tr) = +oo , lim(tr) = +o0 (39)

A —>Fo0 Ay —>Fo0

which means, by increasing the absolute values of the
variables A, and A, , the Fisher criterion function value

(17) will increase and vice versa.
To study the effect of S, elements on the Fisher criterion

function, by noticing that g,,h, are the variances of the

first feature for the two classes, we find from (39) that:

Since: g,>20,h >0
When: g,+h -0< 9, —>0and h -0 (40)
Thus: lim(tr) = +o0

=
In the same way for g,, h,, we find from (39) that:
Since: @,20,h,>0
When: g,+h, >0< g, >0and h, -0 (41)
Thus: lim(tr) =+

230

which means, by decreasing the values of the variables
g, +hand g, +h,, the Fisher criterion function value (17)

will increase and vice versa.

From (40), (41), and (42), we find that to maximize the
Fisher criterion function, we have to maximize A, A, of

the matrix S , and minimize g, +h,, g, +h, of the matrix
S,y - The same thing must have been done for S; and S,

n (30).
By defining the means and variances of functions

follows: s, ,; = E( fx,i),

teyi=E(1,), (o, )2 =var(f,), (o0, )2 =var(f,,).

Maximizing the elements of the matrixS; means finding

values of features as

the optimum nonlinear transformation which satisfies:

f= argmax(E( f,; ) E( f, ))2 =
" , (42)
argrf1lma1x(yfyyvi — i) 1=1,23

Minimizing the elements of the matrix S,, means

finding the optimum nonlinear transformation which

satisfies:
f, =argmin (var )+ var(f,, ))

f;

. 2 (43)
=argf;;m|n((af'XI (1) ),z 1,2,3
By combining (43) and (44) we find:
2
argmax(ﬂf,y,i _/uf,x,i)
f, =optimum (44)

=123 f;

argmin ((af,x,i )2 (o, )2)

By noticing (23), for each feature i=1,2,3, we find that
maximizing the MD is equivalent to the condition (45) as:

f, =argmax(MD(f,;,f,;)),i1=12,3 (45)
f

which is the same as the condition denoted in lemma 2.

C. The Solution to The Proposed Mathematical Problem

Cx, 1 Cx, 2 Cx, .3
or or
CYi 1 CYin CYix3
VAR
L Initial parameters, initial maxdistance is }
MD(C,,.C,,JorMD(C,,.C, ,)JorMD(C, ..C, ;)

f, or f, or f, foor f, or f,

d={MD(£,(C,,). ,(C, .))or
MD( £,(Cy ), fS(Cyws))

[Nonlmear functlonJ [Nonllnear functlon]

v Y€S
[Store parameters and maxdistance ]7

Fig. 4: Optimization of nonlinear preprocess.
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Lemma 2 means, to maximize the Fisher criterion, we
have to choose the optimum parameters that satisfy (46)
for each feature. We propose a simple search algorithm
to find these optimum parameters for each selected HOC
in Section 2. The proposed algorithm is depicted in Fig. 4.

The proposed optimal nonlinear preprocess LDA
algorithm of Fig. 4 consists of two stages where each
stage consists of two steps (see Fig. 5):

a- Training stage:
Step 1:
In this step, we calculate the parameters of the nonlinear
preprocess (47), (49), and (50):
- Calculate the parameters of the nonlinear preprocess
(f,) forfeaturelasC, ;,C, ;.

- Calculate the parameters of the nonlinear preprocess
(f,) for feature2asC, ,,C, ,.

- Calculate the parameters of the nonlinear preprocess
(fy) forfeature3asC, ;,C, ;.

Step 2:

- Calculate the linear projection vector u by solving the
Eigenvalue problem (22) for S; and S, where is
presented in (30).

b- Testing stage:
Step 1:

In this step, we apply the nonlinear preprocess (47),
(49), and (50) using the calculated parameters in the
previous stage as:

- Apply the nonlinear preprocess (f,) for the featurel,

i.e.C using their calculated parameters.

xoryl’
- Apply the nonlinear preprocess (f,) for the feature2,

i,e. C using their calculated parameters.

xory,2?
- Apply the optimized nonlinear preprocess (f;) for

the feature3, i.e. C using their calculated

xory,3"’

parameters.

\ (f) )

! C
! C
: C><i ) Nonlinear preprocess2
1 C
| C
1 C

|
|
T
|
Optimized paramters2 |
T

T T T T T T T T T T T T T T T T T T Testing Stage !

y
%{Nonlinear preprocess1 (fl) ] !

3 Nonlinear preprocess3

%

=
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|
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|C xor y.2 > Nonlinear preprocess2 ( fz)
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) ]

Y
,C xory,3 %(Nonlinear preprocess3 (f3) )

Fig. 5: Optimal nonlinear preprocess LDA-based algorithm.

Step 2:

- Apply the linear projection as (16) using the

calculated projection vector in the previous stage.

Two general optimal nonlinear preprocesses have
been studied here: regularized distance-based and
optimized nonlinear transformation preprocesses.
D. Regularized Distance-Based Preprocess

To improve the discrimination between the classes,
the distance between these features and the total mean
is added to them as:

fj (CXI'j ) ZCX.,J' +(Axl,j +§j)7l(thj —/,[J_)

;i=l.n,j=1.d

a (46)
f; (Cy.,j)zcy.,jJ“(Ay.,jJ“‘fj) €y —#)
;i=1.n,j=1d
where
Axi,j :(Cxi,j_luj)z !Ayiyj:(cyi,j_luj)z (47)

is the distance between the feature j (j=1, 2, or 3) and the

B, jtiy,j
total mean of the two classes u; =%

feature j, Cy, ; is the input feature j of the first cIass,Cyl.,j

of the

is the input feature j of the second class, f;(Cy,;) is the
regularized distance-based feature value of the first
digital modulation type, f;(C,,;) is the regularized
distance-based feature value of the second class, and &

is the regularizer of the feature j. This regularizer aims to
optimize this nonlinear transformation according to (46).
We call it the proposed-dist LDA algorithm.
E. optimized nonlinear transformation

Another way to find an optimal nonlinear preprocess
that satisfies (46), is to add some parameters (here we
add two parameters like L, L, ) to some known nonlinear
transformations. Two nonlinear transformations are
used, Box-Cox [25] and tangent hyperbolic (tanh)

transformations a [26]:
Box-Cox transformation is defined as [25]:
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C,;+ L)+ -1

fj(Cxi,j7L1'L2): L1
log(C, ; +L,)if L, =0

if L #0

48
€, +L)+-1 )

fj(Cyl,j’Ll’LZ)z |-1
log(C, ;+L,)if L, =0
We call it the proposed-Box LDA algorithm.

Tangent hyperbolic (tanh) transformation can be
defined as [26]:

f,(C,.; L, L) =tanh(L,(C, ; +L,))
fCy. 5L L) =tanh(L (C, ; +L,))

We call it the proposed-Tanh LDA algorithm.
The value of parameter L, for each feature is close to

if L =0

(49)

B jtlyj — .
the total mean of feature p; = % This parameter

can be determined quickly using the search algorithm in
Fig. 4. While the value of L, depends on the feature
values and the transformation function, it can be
determined by using the search algorithm in Fig. 4. Still, it
takes more time than itself for L, determination.

Time and Space Complexities

Here, we analyze the time and space complexities of
the LDA and the proposed algorithms for the training and
test stages. Then we compare them.
A. The Classical LDA Algorithm’s Time and Space
Complexities

To calculate time and space complexities, we suppose
that the number of samplesis n; = n for all classes c (c=2

in our case), and d is the number of features (d=3 in our
case). Starting with training complexity, we find [20], [27]-
[29]:

Table 2: Time and space complexities for training the classical
LDA algorithm

Operation Time complexity Space complexity
D vl 0 ned=n
Mo Hy cd(n+1)=6(n+1) cd=6
H ncd+d=6n+3 d=3
Sg cd?+cd=24 2d?=18
Sw ncd?+ncd=24n 2d?=18
Si O(d?)=27 [29] 0(d?)=9 [28]
S Se 0(d3)=27[29] d?=9
u=ceig(s;s,) O(c?)=27[20] 0(d?)=9 [30]
Final complexity 36n+114 6n+72
Our case
n>>100 36n on

This result is similar to the result in [27] and for testing
complexity, we find:

Table 3: Time and Space complexities for testing the classical
LDA algorithm

. Time Space
Operation . X
complexity complexity
n n
X Vi 0 én
LDA projection 12n 2n
Final complexity 12n 8n

B. The Proposed Algorithm’s Time and Space
Complexities

Similar to the previous Section, we must calculate the
training and testing complexities. According to the
proposed nonlinear functions, the maximum number of
optimizable variables is two. Suppose a and b are the
number of loops for the first and second variables.
Starting with training complexity, we find:

Table 4: Time and Space complexities for training the proposed
algorithm

] . . Space
T |
Operation ime complexity complexity
Apply nonlinear on 2n
preprocess
B 1, 6(n+1) 6
Sy 18n 6
Calculate MD using
12 3
Ky /—ly ’ SW
Total complexity of 10n+6 2n+15
one-time preprocess
Repe.at for th_e first a(26n+18) 2n+6
variable a times
Repea.t for the.second ab(26n+18) 2n+6
variable b times
Apply LDA 36n 6n
Final complexity ab(26n+18)+36n 8n+6
Our case 26abn+36. 8
abn+36n n
n>>100

and for testing complexity, we find:

Table 5: Time and Space complexities for testing the proposed
algorithm

. Time Space
Operation . .
complexity complexity
n n
{Xi}izl’{yi}izl 0 2n
Apply nonlinear 2n 2n
preprocess
LDA projection 12n 8n
Final complexity 14n 12n
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C. A Comparison Between the Complexities of the
Classical LDA and the Proposed Algorithm

Calculating the ratio of the proposed algorithm's
complexity over the classical LDA algorithm's complexity
is done to compare their complexities, as shown in Table
6.

Table 6: The ratio of the complexity of the proposed algorithm
over the complexity of the classical LDA algorithm

stage Ratio of time Ration of space
& complexity complexity
training =ab+1 1.25
testing 1.17 1.5

As shown in Table 6, the time complexity of training
the proposed algorithm is higher than the time
complexity of the classical LDA algorithm due to the
optimization process. Otherwise, they are almost similar.

Simulation Results
A. Simulation of the Proposed Algorithm

Three steps for complete simulation:

I. Optimize the proposed-dist LDA, proposed-Box, and
proposed-Tanh algorithms for each selected HOC in
Section 2, as shown in Fig. 4.

Il. Calculate of the linear projection vector u as shown in
Fig. 5.

Ill. Calculate the Number of Misclassified Datasets
(NoMD) for the two mentioned problems: problem
pl in Section 4, the classification between 8PSK and
16PSK, and problem p2, which is the classification
between 16QAM and 64QAM.

B. The Proposed-Dist LDA Algorithm

Fig. 6 shows the simulation results of the normalized
NoMD values of the classical LDA (16) and the proposed-
dist LDA algorithms for the problems p1 and p2, and SNR
values [-5: 20] dB.

10°

10"t

o
= 102
z  [NUMU=Uba

_3 |™=classical LDA(p1)
10™ | e classical LDA(p2) >-32d
=4=proposed-dist LDA(p1)
1074 proposed-dist LDA(p2)

-5 0 5 10 15 20
SNR(dB)

Fig. 6: Normalized NoMD values of the classical LDA and the
proposed-dist LDA algorithms for the problems p1 and p2.

As shown in Fig. 6, the proposed-dist LDA algorithm
could improve the discrimination between 8PSK and
16PSK for SNR values greater than 13 dB and between
16QAM and 64QAM for SNR values greater than 4 dB and
for the normalized NoMD value of 0.04 (as an example),
the improvement by using the proposed-dist LDA
algorithm compared to the classical LDA algorithm is 2.64
dB for the problem p1 and 3.92 dB for the problem p2.

C. The Proposed-Box LDA Algorithm

Fig. 7 shows the simulation results of the normalized
NoMD values of the classical LDA and the proposed-Box
LDA algorithms for problems p1 and p2, and SNR values [-
5:20] dB.

10°

1071t

a
= 402
=z

=== classical LDA(p1)

me=classical LDA(p2) >

=4=proposed-Box LDA(p1)
proposed-Box LDA(p2)

2dB

1073

107
5 0 5 10 15 20

SNR(dB)

Fig. 7: Normalized NoMD values of the classical LDA and the
proposed-Box LDA algorithms for the problems p1 and p2.

As shown in Fig. 7, the proposed-Box LDA algorithm
could improve the discrimination between 8PSK and
16PSK for SNR values greater than 13 dB and between
16QAM and 64QAM for SNR values greater than 4 dB and
for the normalized NoMD value of 0.04 (as an example),
the improvement by using the proposed-Box LDA
algorithm compared to the classical LDA algorithm is 2.4
dB for the problem p1 and 3.72 for the problem p2.

D. The Proposed-Tanh LDA Algorithm

Fig. 8 shows the simulation results of the normalized
NoMD values of the classical LDA and the proposed-Tanh
LDA algorithms for problems p1 and p2, and SNR values [-
5:20] dB.

As shown in Fig. 8, the proposed-Tanh LDA algorithm
could improve the discrimination between 8PSK and
16PSK for SNR values greater than 13 dB and between
16QAM and 64QAM for SNR values greater than 4 dB and
for the normalized NoMD value of 0.04 (as an example),
the improvement by using the proposed-Tanh LDA
algorithm compared to the classical LDA algorithm is 2.48
dB for the problem p1 and 4 dB for the problem p2.
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Fig. 8: Normalized NoMD values of the classical LDA and the
proposed-Tanh LDA algorithms for the problems p1 and p2.

E. Classification Accuracy Improvement Compared with
Reference Papers [1], [2]

MPSK and MQAM have been classified in reference
papers [1], [2].

In [1], the author calculated the classification accuracy
of MPSK and MQAM over a flat fading channel for SNR
values of 10 dB and 0 dB. The classification accuracy of
MPSK and MQAM is calculated using our optimized
nonlinear LDA algorithm, i.e., the regularized distance-
based LDA algorithm. The improvement of our proposed
nonlinear LDA algorithm is calculated by subtracting the
classification accuracy of the reference paper [1] from the
classification accuracy of our proposed algorithm, as
shown in Table 7.

Table 7: Comparison between the performance of the reference
paper [1] and our proposed algorithm

SNR (dB) odB 10 dB

Classification accuracy in 76.8% 84.37%
Reference paper [1]

Classification accura'cy of our 78.25% 95.16%
proposed algorithm

The improvement of our proposed 1.45% 10.79%

algorithm

As shown in Table 7, the classification accuracy of our
proposed algorithm is improved compared with the
reference paper [1]. The maximum improvement of our
proposed algorithm compared with the reference paper
[1]is 10.79%.

In [2], the author calculated the classification accuracy
of MPSK and MQAM over a flat fading channel for SNR
range [0: 20] dB. The improvement of our proposed
nonlinear LDA algorithm is calculated by subtracting the
classification accuracy of the reference paper [2] from the
classification accuracy of our proposed algorithm, as
shown in Fig. 9.
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Fig. 9: Comparison between the performance of the reference
aper [2] and our proposed algorithm.

As shown in Fig. 9, the classification accuracy of our
proposed algorithm is improved compared with the
reference paper [2]. The maximum improvement of our
proposed algorithm compared with the reference paper
[2] is 38.552%.

Conclusion

To improve the classification, an optimized nonlinear
preprocess LDA algorithm has been developed. Three
optimized functions have been used. These functions
have similar performances.

According to Figs. 6, 7, and 8, the proposed preprocess
LDA algorithms improve the classification between 8PSK
and 16PSK for SNR values greater than 13 dB and between
16QAM and 64QAM for SNR values greater than 4 dB. The
proposed-dist LDA algorithm has the best performance
for classification between 8PSK and 16PSK. In contrast,
the proposed-Tanh LDA algorithm has the best
performance for classification between 16QAM and
64QAM. On the other hand, according to Table 7 and Fig.
9, the classification accuracy of our proposed algorithm is
improved compared with the reference papers [1], [2].
The maximum improvement of our proposed algorithm
compared with the reference paper [1] is 10.79%, and the
maximum improvement of our proposed algorithm
compared with the reference paper [2] is 38.552%.

By using the proposed optimization algorithm, the
AMC classification accuracy has been improved. Other
classification problems can use this algorithm. And other
nonlinear preprocess functions or optimization
algorithms may be found in future work.
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AMC Automatic Modulation Classification
SNR Signal-to-Noise Ratio
LDA Linear Discriminant Analysis
HOCs Higher-Order Cumulants
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MPSK M-array Phase Shift Keying
MQAM M-array Quadrature Amplitude shift
Modulation
LB Likelihood-Based
FB Feature-Based
iid Independent and identically
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the control and monitoring systems of rotational machines which is widely used in
the aviation industry, railway, and automotive applications. Variable Reluctance
Speed sensor (VRS) is a kind of magnetic sensor that has been traditionally
employed for many different industrial measurements because of several well-
known advantages, such as passive nature, non-contact operations, robustness,

low cost, low sensitivity to dirt, and large-signal output.
Methods: In this paper, a variable reluctance speed sensor is proposed. The design

Keywords:
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Electromagnetic sensors

speed

Instantaneous angular speed
(IAS)
Finite element (FEM)

process of the proposed sensor is presented and both the magnetic and electrical
models of this sensor are derived by assuming the effect of magnetomotive force
caused by eddy current formed on the outer edge of the target gear at high
frequencies. As a result, the proposed model can demonstrate the performance of
the variable reluctance speed sensor at high frequencies very well.

Results: The proposed VRS is designed and simulated using MATLAB and Ansys
Maxwell software to verify the theoretical results is constructed and tested.
Conclusion: In this paper, a variable reluctance speed sensor is proposed and

studied. The magnetic and electrical models of the proposed sensor are derived
and the output voltage equation has been calculated as a function of the air gap

*Corresponding Author’s Email
Address: malayeri@ihu.ac.ir

length. The proposed VR sensor is simulated using 2D Finite Element Analysis
software to identify the main parameters that influence the sensor output and also

to verify the accuracy of the model. According to the simulation results, the output
waveform quality will be affected by parameters such as air gap length, target gear
material, the self-inductance of the VR sensor, and the load component values. In
terms of the electrical model, we were able to simulate the effect of load
resistance and capacitance on the sensor output.

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

The speed sensor is one of the main components of the
control and monitoring systems of rotational machines
which is widely used in the aviation industry, railway, and
automotive applications [2]-[11]. For instance, for
vibration-based damage detection of rotor blades in gas
turbine engines, or for torsional vibration monitoring, it is
necessary to measure instantaneous angular speed (IAS)
as accurately as possible [12]-[19].

Doi: 10.22061/JECEI.2022.8528.522

So far, several methods have been proposed for
measuring IAS based on different kinds of sensing systems
including Hall sensor-based, laser-based, optical
encoders, capacitive and electromagnetic sensors, and
potentiometric methods [20]-[25]. Variable Reluctance
Speed sensor (VRS) is a kind of magnetic sensor that has
been traditionally employed for many different industrial
measurements  because of several well-known
advantages, such as passive nature, non-contact
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operations, robustness, low cost, low sensitivity to dirt,
and large-signal output. The main disadvantage of the VRS
sensor is that the signal-to-noise ratio is very low at slow
speeds and the output voltage depends on the target
speed. In [26], a novel design and implementation of the
VR sensors have been proposed which has resulted in an
improvement in the speed measurement capabilities for
turbomachinery. The proposed design provides an
enhancement in output signal quality during the low and
high-speed performance, and also during high-power
operation. In addition, the new measuring system
proposed in [26], has the capability for health monitoring
of the engine bearings based on analysis of the differential
output voltages from the two sensors. In [27], a numerical
study has been performed on a VR sensor used for a
coolant pump. In this research, a coupled circuit is
introduced for calculating the induced voltage. The result
of this study indicates that a sensor with a radially
magnetized permanent magnet is more sensitive than C-
shape. Also, a ferromagnetic yoke installation has the
advantage of closing the magnetic circuit in order to
increase the flux concentration within the circuit. All of
these results will produce a higher output voltage. In [28],
both the electrical and magnetic model of a VR sensor has
been carried out and presented. In this paper, also the
effect of load components on the output magnitude and
resonant frequency of the output signal has been
evaluated. In [29], [30], a speed measuring system is
proposed based on the variable reluctance sensor in order
to measure Instantaneous rotation speed and torsional
vibration monitoring. In these papers, both the magnetic
and electrical model of the system is proposed to evaluate
the system quality. This model allows for simulating the
behavior of the system, given the arbitrary shape and
speed of the rotating target. All of the models presented
in all of these articles have been simplified and the effect
of magnetomotive force caused by eddy current formed
on the outer edge of the target gear at high frequencies
has not been considered. So, this model can’t
demonstrate the performance of the variable reluctance
speed sensor at high frequencies very well. This paper is
arranged as follows. In the first section, the basic theory
of the variable reluctance speed sensor is described and
both the magnetic and electrical equivalent circuits of the
VR sensor are derived considering the effect of the eddy
current that forms on the target gear. In the second
section, 2D Finite Element Analysis (FEM) is used to model
and simulate the output voltage generated by the sensor
as a function of gear Instantaneous rotation speed. In the
third section, an experimental setup is presented together
with some experimental results confirming the results
obtained from theory and simulation and finally,
conclusions are drawn.

Modeling
As shown in Fig. 1, the structure of the VR sensor is made

of a permanent magnet that is responsible for generating
magnetic flux, and a sensing coil that is wrapped around
an iron core that acts as a probe. When a ferromagnetic
target passes through the probe, loading the permanent
magnet occur and causes variation of the magnetic flux
density, which consequently crosses the sensing coil and
according to faraday law, induces voltage on the sensing
winding.

Front-end | -
circuit

Fig. 1: Structure of variable reluctance speed sensor.

The system shown in Fig. 1 can be considered from two
perspectives. In this section, both the magnetic and
electrical model of the proposed VR sensor is derived. The
magnetic part is composed of a magnet, ferrous iron core,
and ferrous testing gear, and finally, the electrical section
formed by the VRS coil, the wiring (usually a twin-axial
cable), and the front-end electronics.

A. Magnetic Equivalent Circuit

The magnetic equivalent circuit of the system have
shown in Fig. 1 can be derived using the usual approach
exploiting the definition of the magnetic flux and applying
the Ampere law to the identified flux line ¢ in Fig. 2(a),
extending in the magnet for the section ¢m, and outside
the magnet for the section @i. Using the model shown in
Fig. 2(a), the magnetic equivalent circuit can be derived as
Fig. 2(b), in which Rm, Rk, Re, Ri and Rg are permanent
magnet internal reluctance, leakage reluctance, iron core
reluctance, sensor housing reluctance, and air gap
reluctance respectively.

| Traget gear /

(a)
Rm @

w ]

Rk S

(b)

Fig. 2: Magnetic circuit derivation: (a) magnetic model, (b)
magnetic circuit.
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As shown in Fig. 2(a), air gap and sensor housing
reluctances vary with the target gear motion. So, it can be
considered as a function of time. Nevertheless, the value
of Ri is usually very large whereas R; is so small, so they
can be neglected in order to simplify the calculation. The
flux in the magnetic circuit is generated by two
magnetomotive forces (MMFs), a constant MMF relative
to the permanent magnet, PM, in series with its internal
Rm and the other given by MMF created by the sensing
coil. By neglecting the current flowing in the sensing coil,
this MMF can be ignored in calculations.

In Fig. 3, the result of the FEM analysis has been shown
which indicates the accuracy of the magnetic equivalent
circuit shown in Fig. 2(b).

A i

00063
. na041

- o 15 0 from)

Fig. 3: FEM analysis of the target VR sensor.

The air gap reluctance can be defined by the following
equation:

_L®

== (1)

HOAg

where Ag is the equivalent surface of the gap area, po0 is
the air magnetic permeability, whereas [g(t) is the
equivalent gap length as a function of the time. Therefore,
as the target gear rotates, the air gap reluctance will be a
time-dependent variable, which in turn causes a variable
flux in the air gap. The air gap variation when the target
gear rotates and considering 1-D geometry is shown in Fig.
4.

h(x) 4 =Wl
Ax

b
/ ——KHf

Fig. 4: Target gear and sensor tip profiles.

The target is supposed to move at the speed v, parallel to

axis x. According to Fig. 4, the average effective gap length
can be defined as follows:

() = A_xf h(x —vt)dt (2)

As explained previously, the leakage reluctance of VR
sensors can be ignored to simplify calculations. So
according to the equivalent magnetic circuit shown in Fig.
2(b), the magnetic flux can be calculated as follow:

MMF, = (8, + 8.+ 8 (1) +B)® (3)

The MMF in (3) is the total magneto motive force that
can be defined as follow:

MMF, = Ni(t) + Pm + mmf,q (4)
where N is the number of turns in the sensing coil. By
using the VR sensor in an electrical circuit, a current flow
throws the sensing coil. So, this current makes the
magnetomotive force Ni(t) and also Pm is the MMF caused
by the permanent magnet. MMFes in (4) is the
magnetomotive force generated by eddy current formed
on the outer edge of the target gear which is shown in Fig.
2(a). The magnetic flux equation can be written as follow:
Ni(t) + Pm + mmf,,

L,©® (5)
9
By + R+ R

p(t) =

B. Electrical Equivalent Circuit

The equation which defines the magnetic flux has been
calculated in the previous section. For calculating the
induced voltage in the sensing coil of the VR sensor, the
Faraday law can be used as follow:

de () -
dt

As shown in (5), the magnetic flux has been composed
of three terms. The flux generated by sensing coil current,
the flux generated by permanent magnet and finally the
flux generated by target gear eddy current which
generates harmonics on the output voltage of the sensor
at high frequencies.

Vo (t) = Veoir () + Vo (t) + mefed ®) (7)

So, using (5) and (6), the induced voltages can be
defined as follow:

V=-N

N2  di(t) 5. d 1
Veou (8) = — L@ dt +NZi(t) & Lo
* ﬂoAg * :qug
(8)
N?  di(t) . d 1
Veour (8) = TTTL® dt +Nei(t & Lo
e + HoAg i+ HoAg
9)
d 1
Vinmfeq (1) = —=N.mmfeq EW (10)
* HoAg
where Rt is defined as follow:
R, = R, + B+ R, (12)
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The (8) that defines the voltage of the coil, is composed
of two terms. According to the inductance voltage (12),
the first term is the voltage that places on the self-
inductance of the sensor. So, self-inductance can be
defined as the (13).

Vie = Le dfi(tt) (12)
2
L) =—7% (13)
R’t * ;OAg

As shown in (13), the inductance value is a time-
dependent variable because it depends on the air gap
length.

The second term of (8), is opposing electromotive force
respect to the one generated by the magnet that is shown
by (14).

14 NZi(t d !
= i R ——E
or(®) O % 1,0 (14)
0“9
di(t)
Vcoil(t) = Lc 7 + Vop(t) (15)
So, we have (16) for the output voltage:
V() =V () + V(D) (16)
where:
V() = Vop )+ VPm(t) + mefed ®) (17)

By assuming Rci as the parasitic resistance of the
sensing coil and according to the (16) and (17) that defines
the output voltage and the voltage induced in the coil, the
electrical model of the VR sensor can be derived as Fig. 5.
The load component considered at the output of the
sensor is used to adjust the amplitude of the output
waveform for a range of frequencies. The variation of the
output pulse for a different amount of the load impedance
is shown in Fig. 6.

Lc(t) Reoil |
MM =TT
19111 VWY : :
+ ! + 1
! = !
Vo) QL 7R RS Vi
1 - :
V() - B

Load Component

Fig. 5: Equivalent electrical circuit of the VR sensor.

The sensor current, can be calculated by solving the
differential equation below:

di(t)
L:(t) TS + Rl (t) + Z,1(t) = V(t) (18)

It is obvious that (18) is not an ordinary differential
equation with constant parameters, so it has to be solved
numerically.

2 Ri=10kQ
Ri=1kQ
- Ri=500Q
1.8

- Ri=200Q

0 10 20 30 40 50
f(kHz)
(a)
5 C=40nf
------ C=30nf
Ci=20nf
4t eeeeeas Ci=10nf
Ci=1nf
3
>
<
2 L
1
0 10 20 30 40 50
f(kHz)
(b)

Fig. 6: The output voltage changes for different frequencies, (a)
CL=1nf; (b) RL=10KQ.

Design and Simulation of the proposed sensor

In this section, the design process of the proposed VR
sensor is shown and then the simulations are performed
according to the design results. As shown in Fig. 7, the
design process of the VRS sensor is an iterative process.
At the first step of the design process, the magnet and
pole piece are selected as Table 1. By assuming V(t)=5v for
the output voltage, the design process continue until the
desired value for V(t) is reached.

The 2D Finite Element Analysis (FEM) is used for the
simulation of the output voltage generated by the sensor.
The distribution of the magnetic flux during target gear
rotation is shown in Fig. 8 for two different states of
assuming and regardless of the target gear eddy current.
As previously explained, the magnetic flux produced by
the target gear eddy current causes harmonics and makes
distortion on the sensor output voltage.

Table 1: VR Sensor simulation parameters

Electromagnetic Dimensions
Material Pro ertgies (mm)
i lengthxdiameter
Hc = 1034507 exd
Magnet  NeFeB A/m,
Ur = 1.05

Pole ] .

. Ferrite Linear B-H Curve 5x4
Piece
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Selecting pole piece and
magnet (material and size)
Calculating Rt,lg(t)
Calculating Rq(t)

yes

Calculating Lc(t)

;(\b) —

Fig. 8: Target simulation, (a) magnetic flux by Ignoring eddy
current effect. (b) magnetic flux by considering eddy current
effect.

So, in order to obtain the sensor coil voltage induced
by the target gear eddy current, the simulation is
performed in two ways, once by ignoring the effect of the
flux generated by the target gear eddy current and then
by considering the eddy current effect. The output voltage
for both of the simulation states is shown in Fig. 9(a).

As shown in Fig. 9, the flux caused by the eddy current
generated on the outer edge of the target gear makes
distortion on the voltage induced in the sensor coil. The
voltage caused by the eddy current is shown in Fig. 9(b).

m—Without eddy current
10+ — With eddy current
5k
e
5 0
o
>
-5+
-10+
0 0.5 1 15 2
Time(s)
(a)
6F
4
S 2
>
So
(%
=2
-4
6l
-8 L L r r
0 0.5 1 15 2
Time(ms)
(b)

Fig. 9: Simulation results, (a) The output voltage of the VR
speed sensor for 6000RPM (b) The voltage induced in the coil
by the eddy current flux.

This voltage waveform is the result of the difference
between the two waveforms shown in Fig. 9(a). A
comparison of the two waveforms shown in Fig. 9(a)and
Fig. 9(b) indicates that the flux generated by the target
gear eddy current, acts in the opposite direction of the
main flux and it weakens the main magnetic field. So, as
shown in Fig. 2(b), it can be modeled as a magnetomotive
force (MMFeqd) in the magnetic circuit. The value of the
MMFed is proportional to the rotation frequency of the
target gear. So, the higher instantaneous rotational speed,
the greater distortion of the output waveform. The sensor
output voltage for two different speeds is shown in Fig .10

The self-inductance variation is shown in Fig. 11 for the
target gear. As shown in Fig. 11 and according to (13), the
self-inductance varies with air gap length variations.

The amount of the induced voltage due to the MMFeq
is related directly to the magnetic permeability coefficient
of the target gear material. As the magnetic permeability
increases, the voltage induced by MMFeq which is shown
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in Fig. 9(b) decreases and the sensor output waveform will
be more appropriate.

e 6000RPM
= 3000RPM

_80 0.5 1 15 2 25 3 3.5 4 4.5

Time(ms)

Fig. 10: The sensor output voltage for two different speed.

500r

400+

Lc(uH)

300r

By 2 3 4 5 6 7 8

Time(ms)
Fig. 11: VR sensor self-inductance variations in 3000RPM.
In order to show this issue, simulation has been
performed for three different types of the target gear

material which is shown in Table 2.

Table 2: Different target gear materials

Material Relative Metal
Permeability Conductivity(S/m)
Iron 4000 10300000
Aluminum 1.000021 38000000
Steel 1 1100000

As shown in Fig. 12, the iron target gear with the
highest magnetic permeability coefficient compared to
the aluminum and steel materials has the best output
result.

1.5
2 : : : . : :
0 2 4 6 8 10 12
Time(ms)
(a)

100

50F

Vout(mV)
o

Time(ms)

(b)

60

B
o

20

Vout(mV)

L L L '

0.5 1 15 2 25 3 35
Time(ms)

(c)
Fig. 12: The sensor output voltage for different target gear
materials (a) Iron, (b) Aluminum, (c) Steel.

&
RS}

Experimental Results

An experimental test is used to validate the magnetic
model derived and presented in previous sections. As
shown in Fig. 13, the test system consists of a variable
speed motor and, a target gear with 10 teeth and a VR
sensor with the characteristics shown in Table 1.

Target Gear

Fig. 13: Experimental set-up used for the tests.

The sensor output signal was acquired with a digital
oscilloscope (RIGOL DS1052E) and The VR sensor is loaded
by a large impedance as shown in figure5. The test is
performed and the experimental result of the test is
shown in Fig. 14.

As explained at previous sections, the output
waveform of the VR sensor is always a function of the
target gear geometry, material and airgap length. The
output voltage waveform of the VR sensor for an iron

158 J. Electr. Comput. Eng. Innovations, 11(1): 153-160, 2023



Performance Analysis and Modeling of a Variable Reluctance Speed Sensor for Turbomachinery Applications

target gear is shown in Fig. 14(a). According to the
magnetic circuit shown in Fig. 2(b), and the high relative
permeability of iron, most of the magnetomotive force
(MMFeq) generated in this mode is related to the sensor
magnet and MMFeq is so weaker than the total MMF. So,
in this case, the voltage waveform has lower harmonics
and is very similar to the target gear geometry.

The second test has been performed using an
aluminum target gear as shown in Fig. 14(b). As shown in
Fig. 2(b) and due to the low value of the relative
permeability of aluminum, the voltage waveform is
distorted. Therefore, to use this sensor for applications
such as vibration monitoring or blade tip timing in
turbomachinery, using complex electronic circuits to
eliminate the sensor output waveform is necessary.

The amplitude of the output voltage waveform can be
adjusted according to Fig. 6 by changing the output load
impedance. So that the voltage amplitude changes at
different frequencies do not deviate from the linear state.

The comparison of the experimental output waveform
of the proposed VR sensor by the simulation results that
shown in Fig. 12(a) and Fig. 12(b), ensures the accuracy of
the modeling performed.

L—ul’—\ '—“—m"l

Time

Fig. 14: Experimental test result of the proposed VR sensor
(a)lron target gear (b)Aluminum target gear.

Conclusions

In this paper, a variable reluctance speed sensor is
proposed and studied. The magnetic and electrical models
of the proposed sensor are derived and the output voltage
equation has been calculated as a function of the air gap
length. The proposed VR sensor is simulated using 2D
Finite Element Analysis software to identify the main

parameters that influence the sensor output and also to
verify the accuracy of the model. According to the
simulation results, the output waveform quality will be
affected by parameters such as air gap length, target gear
material, the self-inductance of the VR sensor, and the
load component values. In terms of the electrical model,
we were able to simulate the effect of load resistance and
capacitance on the sensor output.
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Background and Objectives: Non-orthogonal multiple access (NOMA) is a
promising solution to meet a high data rate demand in the new generation of
cellular networks. Moreover, simultaneous wireless information and power
transfer (SWIPT) was introduced to enhance the performance in terms of energy
efficiency. In this paper, a single-cell cooperative NOMA system with energy
harvesting full-duplex (FD) relaying is proposed to improve the sum rate and energy
efficiency.

Methods: A downlink model consisting of a base station (BS), two cell-center users
(nearly located users), and two cell-edge users (far located users) are considered.
In each signalling interval, the BS transmits a superposition signal of cell-center and
cell-edge users based on the power domain (PD) NOMA strategy. Employing a relay
selection criterion, a cell-center user is paired with a cell-edge user and acts as an
FD decode and forward (DF) relay to improve the cell-edge user performance. An
energy harvesting (EH) model is considered where a power splitting (PS) protocol is
adopted at the relay node. The other cell-center user saves the harvested energy
from the BS to exploit in the subsequent signalling intervals. Two problems of power
allocation for sum rate and energy efficiency maximization in constraints of the
minimum required data rate for each user and maximum transmit power at the BS
are formulated for the proposed scheme. Due to the non-convexity, the
optimization problems are transformed and approximated to the convex
optimization problems and solved by iterative algorithms. Difference of convex (DC)
programming is employed for solving the sum rate maximization problem where an
effective combination of DC programming, bisection method, and Dinkelbach
algorithm is utilized for dealing with the energy efficiency maximization problem.
Results: The sum rate and energy efficiency over maximum available power at the
BS are presented. Also, the effects of the power splitting factor and the cell radius
on the sum rate and energy efficiency are investigated. Moreover, a comparison
with the OMA and NOMA schemes is studied for the different minimum required
data rates.

Conclusion: Simulation results validate that the proposed scheme outperforms the
OMA and NOMA schemes in terms of sum rate in all SNR regimes. Moreover, the
energy efficiency of the proposed scheme achieves considerably better
performance than OMA for all SNR values and obtains remarkable better
performance than NOMA in most SNR values.

Introduction of the Internet of Things (loT) and machine-type
With the rapid growth of wireless communications and ~ communications, demands for much greater data rates
the density of the cellular systems due to the appearance and efficient allocation of communication resources have
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been the vital subjects. To address these aforementioned
challenges, more efficient multiple access (MA)
techniques have recently been proposed in 5G and
beyond networks to achieve much higher system
throughput and massive connectivity. Accordingly, non-
orthogonal multiple access (NOMA) was introduced to
make highly efficient use of the resources and serve
multiple users at the same time, frequency, or code
resources. In fact, the NOMA applies the superposition
coding where a specific user performs the successive
interference cancellation (SIC) to attain its information
symbols [1]. It does this by initially decoding the signal(s)
of the users with higher power levels, subtracting it from
the superposed signal, and then decoding the difference
as the user with a lower power level [2]. In contrast to
conventional power allocation schemes, the NOMA users
with weaker channel conditions are allocated more
transmission power for successfully decoding their
information symbols. It has been shown in [3] that the
downlink NOMA with SIC can improve both the capacity
and cell-edge user’s throughput. In [4], the ergodic
capacity maximization problem and then an optimal
power allocation for multiple-input—multiple-output
(MIMO) NOMA systems were proposed.

Recently, the user-cooperative relaying has been
introduced into the NOMA transmission [5]-[7]. This
scenario allows the wusers with stronger channel
conditions to act as a relay for the users with weaker
channel conditions. A cooperative NOMA scheme to
further boost the performance of the system was
proposed in [8]. Also, in [9], a downlink cooperative
NOMA scenario is considered, where the base station
communicates with multiple mobile users simultaneously
with the help of a half-duplex amplify-and-forward (AF)
relay.

It is worth noting that a half-duplex cooperative
scheme might lead to spectral efficiency loss. As a result,
a full-duplex (FD) relaying scheme is a promising solution
to deal with this loss. In fact, the combining of cooperative
NOMA and FD is a solution that is effective in achieving
better spectral efficiency. A cooperative NOMA network
with FD relaying was used in [10], in which the system
outage probability and ergodic rate were derived. Also, in
[11] a NOMA scheme with a near user as an DF relay was
proposed where the resource allocation for maximizing
the performance in terms of energy efficiency was
achieved. In [12], the outage probability, user data rate,
and energy efficiency were derived in a cooperative
NOMA network with FD relaying. In addition, the
performance of a full duplex relay (FDR) assisted cognitive
radio (CR) network employing the NOMA scheme was
investigated in [13]. In [14], the performance of an FD
cooperative NOMA relaying system in the presence of
imperfect successive interference cancellation (ISIC) was
analysed and evaluated.

On the other hand, the FD relay node consumes more
energy for the relay transmission. Hence, reducing the
energy consumption of battery-assisted FD relaying users
to improve the system performance in terms of energy
efficiency has attracted great attention in modern
communication systems. Accordingly, we need a solution
to consume less energy in an efficient manner. Energy
harvesting (EH) is a promising technique that leads to
saving energy in a wireless network and permits an
improvement in terms of energy efficiency [15]. In this
regard, simultaneous wireless information and power
transfer (SWIPT) was investigated first in [16].
Accordingly, the authors proposed EH on the basis of time
switching (TS) and power splitting (PS) [17].

The efficient combining of SWIPT with the NOMA
technique is an effective solution that both improves the
system performance and saves energy. Therefore, in [18]
SWIPT was applied to a cooperative NOMA system in
which power allocation and PS coefficients were
optimized by maximizing the energy efficiency. Also,
studying a wireless-powered uplink communication
system with NOMA and time-allocation method was
proposed to maximize individual data rates and to
improve the fairness of all users [19]. Moreover, SWIPT
was applied to cooperative NOMA networks where the
NOMA users near the source acted as EH relays to help far
users. The authors in [20] analysed the outage probability
and system throughput for a cooperative NOMA network
with SWIPT and considered the impact of the PS factor on
the performance of the users. The NOMA system’s
performance with decode-and-forward based multiple EH
relays over Nakagami-m fading channels has been
investigated in [21]. In [22], the authors presented a two-
layered cooperative energy heterogeneous NOMA
network, where each base station is powered by both the
usual grid and alternative energy resources. Moreover, a
joint power optimization, user association, carrier
scheduling, and dynamic transmission control in dual-
hop/multihop backhaul configurations of reliable NOMA
HetNets with EH capability was investigated in [23].

Moreover, some new references employing FDR with
SWIPT have been applied in the NOMA transmissions. In
[24], the performance of a NOMA network with SWIPT
based battery-assisted energy harvesting FDR in terms of
outage probability has been investigated. Furthermore,
the performance of a wireless powered cooperative
spectrum sharing system based on NOMA transmission
and a non-linear EH model with the secondary transmitter
in the FD mode was analysed in [25]. The effects of
beamforming on the energy efficiency in an FD user-
assisted cooperative NOMA system were investigated in
[26]. An FD TS-SWIPT cooperative NOMA-based loT relay
system with perfect SIC (PSIC) and ISIC was proposed in
[27], where one master loT node acts as an FD DF relay to
enhance a cell-edge user’s performance.
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It should be mentioned that the implementation of
machine learning techniques such as multi-agent deep
reinforcement learning [28] and deep neural network
(DNN) [29]-[31] are suggested for optimal resource
management. A novel and effective deep reinforcement
learning (DRL)-based approach to addressing joint
resource management in a practical multi-carrier NOMA
system with ISIC was presented in [32]. Also [33] has
investigated a user selection and dynamic power
allocation scheme in the SWIPT-NOMA relay system with
DNN to optimize the user access and power allocation
simultaneously to maximize the sum rate. A machine
learning solution to improve harvesting energy based on
clustering users was proposed in [34]. However,
employing the machine learning based techniques is
beyond the scope of our proposed scheme and can be
considered as a candidate solution for future works.
Motivation and Contributions

To the best of our knowledge, the NOMA-FD-EH
references have focused only on two users' cooperative
relaying NOMA, where a cell-center NOMA user act as an
FD relay node for a cell-edge NOMA user or an FD relay
station after decoding of the BS transmitted symbols;
retransmits the information for two users based on
NOMA protocol. In contrast to these references, we
introduce a model with two cell-center relaying users and
two cell-edge users, where all user terminals are served
by a BS in a NOMA strategy. In this case, we need to solve
an optimization problem with more than two parameters
(four parameters) which leads to a more challenging and
general problem. Moreover, a novel relaying user
selection is employed, while in the previous works there
is only one cell-center user, and the relay selection is not
required. It is worth noting that the relay selection
criterion is not only based on the channel condition but
also depends on the harvested energy and hence has a
novelty. The existence of more than one cell-center user
allows the unselected cell-center user in each signalling
interval saves the harvested energy and accordingly
improves the energy efficiency. Also, the relay selection
follows a user pairing which determines the edge-user
that should be paired with the selected relaying user. It
should be noted that this scenario can be extended to a
model with multiple cell-center users and multiple cell-
edge users by employing a new pairing strategy among
cell-center and cell-edge users which can exhibit better
the superiority of our proposed scheme and can be
considered as an attractive scenario for future works.

In this paper, we present a cooperative power domain
NOMA for a downlink cellular network that consists of a
BS, two cell-center users, and two cell-edge users. The BS
sends the information of all users based on the NOMA
strategy and a selected cell-center node adopting the
energy harvesting model acts as a full-duplex relay user

for the cell-edge users. The main contributions of this

paper are summarized as follows.

e A cooperative NOMA-FD-EH model is investigated for
improving the sum rate and energy efficiency. To the
best of our knowledge, it is the first time that multiple
users at both cell-center and cell-edge are suggested.
The cell-center users detect their own data in addition
to the cell-edge users’ data and become a candidate
as relay nodes for the cell-edge users. As a result, the
sum rate formulation and theoretical analysis of this
system model are different and more complex than
the previous researches that have not been studied
yet.

e Anovel criterion for relay selection is proposed based
on both the channel conditions between the cell-
center and cell-edge users and also harvested energy
level of each cell-center user. Accordingly, a cell-edge
user whose date should be retransmitted is paired
with the cell-center relaying user. The other cell-
center user saves the energy for subsequent
transmissions.

e Due to the non-convexity of the optimization
problems, a suboptimal approach is proposed to
obtain the power allocation for the sum rate and
energy efficiency maximization by iteratively solving
the approximated convex problems. We use the
difference of convex (DC) programming for solving the
sum rate optimization problem while an effective
combination of DC programming, bisection method,
and Dinkelbach algorithm is employed to efficiently
solve the energy efficiency optimization problem.

e The proposed scheme is compared with the OMA and
NOMA schemes. The results show the superior
performance of the proposed scheme over the OMA
and NOMA strategies in terms of both the sum rate
and energy efficiency.

The rest of the paper is organized as follows. The
system model and problems’ formulations are derived.
Then, the optimization problems and suboptimal power
allocation algorithms for the maximization of the system’s
sum rate and energy efficiency are developed,
respectively. The proposed algorithms’ performances are
evaluated by simulations and finally, the conclusion of the
paper is presented.

Notation: E[x] is the expectation value of x. Also, |x]|
denotes the absolute value of the complex scalar x.
Moreover, Vf (x,) indicates the gradient of f(x) at point
Xo-

System Model and Problem Formulation

Let us consider a wireless network consisting of one BS
and four mobile users distributed in a cell. There are two
users near the BS and two users at the far locations from
the BS. The cell-center users can be candidate as relay
nodes for the cell-edge users. The transmission power for
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the cell-center users is prepared based on employing the
PS energy harvesting protocol. Both the BS and users are
equipped with single transmit antenna and single receive
antenna [14]. We assume that the cell-center users are
operating in the FD mode. There is a direct link between
BS and all mobile users but the coverage capability of BS
for the edge users is potentially weak.

——— BS transmission
— — »Relay transmission

Fig. 1: System model.

The system model is presented in Fig. 1. In our system
model, the BS transmits the superposition of all users’
signals based on PD NOMA [35]. Since the NOMA users
with strong channels can detect the messages of users
with weak channels, the cell-center users (r; and 1) are
capable of detecting the cell-edge users’ signals (d; and
d,) and also becoming a relay for retransmission of the
cell-edge users’ signals. It should be mentioned that the
required power for retransmission at the relay is provided
by EH in PS mode [17]. In each signalling interval, the
selected cell-center user as relay node retransmits only
one of the cell-edge users’ signals to improve the system’s
performance. In other words, among the cell-center
users, the one that has a maximum product of channel
gain (to the cell-edge users) and harvested energy level is
selected as a relay. Also, the cell-edge user whose data
will be retransmitted is paired with the selected cell-
center user based on the relay selection criterion.

Let hpq, denote the channel coefficient between the
BS and cell-edge user i (i = 1,2) and hg,, exhibits the
channel coefficient between the BS and the cell-center
useri(i = 1,2). Also, hridj| i,je{1,2} denotes the
channel coefficient between the cell-center users and the
cell-edge users. The channel gains can be viewed as
exponentially distributed random variables, providing
that the channels are fading with Rayleigh distribution.
Furthermore, h, ,, represents the channel coefficient
between two cell-center users. We assume the perfect
channel state information where is obtained with
negligible overhead before each signalling interval. In the
proposed model, the superimposed signal transmitted by
BS can be expressed as:

510 = ) Ba, (0 + ) R ©) (1
=1 =1

where P; denotes the BS transmit power and «; and y; are

the power allocation coefficients for ith cell-center user
and jth cell-edge user, respectively. Also, x,and Xq;
represent the signal of the ith cell-center user and jth
cell-edge user, respectively. Without loss of generality,
we consider that |h3r1| = |hBr2| = |th1| = |th2 ,
leading to power allocation coefficients in the descending
order as y, =Yy, =a,=a; [35]. Moreover, the
transmitted signal for users should be such that

IE{|xTi|2} =1,ie{1,2} and also IE{'xdjr} =1,je{1,2}.

Now, the criterion for the selection of the relaying user
can be shown as follows:
= max {max (Prl.|hrl.d1|2,Pri|hrid2|2)},ie{l,Z} (2)
where B, denotes the harvested power at the ith cell-
center user. It should be noted that criterion (2) in
addition to the selection of relaying node, jointly
determines the cell-edge user whose data will be
retransmitted. Then, without loss of generality and
assuming that r; is selected for relaying the signal of user
d,, the received signal at the relay user for information
processing can be represented as:

3n® = [Brbor, SO+ [BeSe-n

+ 1y, (8)

where S, and n,,(t) denote power splitting factor and
additive white Gaussian noise (AWGN) at the relay node,
respectively. Also, T represents the delays which is caused
by the processing and SIC implementation at the relay
node [11]. Furthermore, S, (t) is the retransmitted signal
by the relay node after detecting the cell-edge users’
signals which is given by:

5,(0) = \[szdl(t) (@)

where P, is the harvested power at the relay node before
retransmission. Moreover, the total harvested power of
1, in each signalling interval can be described as [1]:

¥, (O
5
N } )

where 0 <7 <1 is the energy conversion efficiency.
After retransmission by the relay node and
implementation of SIC and self-interference reduction,
the Signal to Interference plus Noise Ratio (SINR) at 1, is
given by:

PR

|hBr2 |2Psaz:8r2
|2 5 (6)
BB, + |hBrz| BaiBr, + Ny

SINR,, =
| T2

¢

where a; and a, denote the power, coefficients allocated
to the r; and 1, respectively and N, represents the noise
power. Furthermore, { denotes the self-interference (SI)
reduction factor defined as the ratio of the SI powers
before and after SI suppression [11]. Also, hr2 represents
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the Sl leakage channel of the relaying user [11] (where the
Sl cancellation is considered to be perfect).

Moreover, the received signal at the unselected relay
(ry) for information processing is given by:

I(® = [Bruhor SO+ [Bbrnsic-0

+ 1, (0)

Considering f3,, denotes the power splitting factor, the

total harvested power at r; in each signalling interval can
Vr, (©)

be expressed as [1]:
2
(8)
VB, }

Also, the SINR at the unselected cell-center user (ry)
with the strongest channel gain after SIC implementation
and cancellation of the signal from the relaying user
(according to the awareness of the cell-edge users’
signals) is presented by:

h 2Poz
SINR,, = ““'1\]7:13’1 (9)

Now, we represent the received signal at two cell-edge

users as follows:

Ya,(t) = hpq; $1(t) + hpyq, Sz (6 — 1)

+ng,(t), ief1,2}

After SIC implementation and cancellation of the signal

of user d,, the SINR at the cell-edge user d, is given by

(assuming the phase of the transmitted signal from the

relay node is shifted to co-phase the received signals from

the relay node and the BS at d,):
2 2
SINRd1 — |th§| Py, + |hr2d1| Prz (11)
|th1| P(1—y,—v2) + N

Furthermore, the SINR equation for detection of the

other cell-edge user (d,) signal is exhibited as follows:

Pr]iH = 1’](1 - ﬁrl)E{

(10)

2
|hsa,| Pva
2
|h3d2| P.(1—y,) + N,
In the following, we present the theoretical analyses
for the sum rate and energy efficiency, respectively.

SINR,, = (12)

A. Sum Rate Analysis

In this section, we will discuss the performance of the
proposed scheme and analyze the sum rate maximization
with the constraints on the total consumption power and
minimum rate requirement for each user. In the other
word, the optimal power allocation will be calculated such
that the proposed scheme achieves the best performance
in terms of sum rate on the given constraints. Accordingly,
the problem formulation in terms of sum rate
optimization can be represented as follows:

4
max Reym = Z R; (13)

D1,--Pa L
i=1

4
s.t.C1: Zpi SP™ pp <P, <ps<py

i=1

C2—C5: Ry =RM",i=1,..,4

where:
R, =log(1 + SINR,,)
R, =log(1 + SINR,,)
R; =log(1 + SINR,,)

R, =log(1+ SINR,,) (14)
P = a B
P2 = axF;
ps =V1Fs
Ps = V2 Fs

where {R;,p;,i = 1,2} and {R;, p;, i = 3,4} represent the
achievable rate equations and power assignments to the
cell-center (r;and 1) and cell-edge (d;and d,) users,
respectively. Also, P/*** is the maximum power at the BS
and R™" indicates the minimum required data rate for
R;. Due to the existence of the power allocation
parameters at both the numerator and denominator of
the achievable rate equations, the cost function is not
convex. As a result, the problem (13) in its original form is
neither a convex nor quasi-convex problem.
Nevertheless, we show that it can be transformed into a
convex problem via a linear transformation of the
optimization variables [36].

Now we introduce the
qi = 23-:1 p; for i=12,..4 or

following  variable
transformation:
converselyp; = q; —q;_,fori=2,...,4and p; = q;.

2
_ |hr,l

Assuming that I, = Ny, I, =

Przﬁrz + Ny, I3 =

2
|hr2d1| B, + Ny, I, = Ny and Is = N, we will have:

2
I+ |h
R, =log<1 | BIrl| Q1ﬁr1>
1

2
R, = log (12 + |hBr2|2q2Brz>
I + |hBr2| ‘hﬁrz

2
R, = log (13 + |th1| Q3>

I + |h3d1|2‘h

2
R, = log (15 + |th2| %)

Is + |th2|2(I3

These functions are still non-convex and also non-
concave, but with the help of the following presentation
and conversion of the maximization problem to a
minimization problem, it is possible to define the cost
function as a difference of two convex functions and
consequently, we will have a DC programming with the
convex constraints [37]. In our model, the two convex
functions are presented as follows:

(15)
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F(q) = - [log (11 + |hBr1|ZQ1ﬁr1) + log (12

+ |hBr2|ZQZ5rZ)

+ log (13 + |th1|2q3)

+log (15 + |th2|2q4)] (16)
G(g) = - [log (Iz + |hBr2|ZQ1ﬁrz)

+ log (14 + |th1|2q2)

+ log (15 + |th2|2q3)]

It is obvious that both functions are the sum of the
several convex functions and as a result, will be convex.
Based on variable transformation, the constraint C1 in
(13) changes from Y/, p; < P to Yl ,p; =qs <
P/"%* In addition, p; < p,, P2 < ps3, and p; < p,convert
t0q1 <G, 41,92 — 41 < g3 — qz,and q3 — G, < G4 —
qs, respectively. For the constraints C2 — C5, the
logarithmic functions substitute with their corresponding
linear forms. For example, the constraint R; =
log <Il+|h5’711|2‘hﬁr1> = log(l + 7|h3”|12q1ﬁr1) > Rpun

1 1
I 2R71nm—1)
|hB7”1|2ﬁT1
constraints C3 — C5. Finally, based on (16) and the

aforementioned substitutions, the problem (13) will be
transformed to:

qu4le4 Q(q@) =F(q) —G(q)
s.t. Cl:qu, < P ,q, <9, —q1 < g3 — q3

Sqa— Qs
I (zRI'”” - 1)

2
|h3‘f1| ﬂ‘ﬁ

easily converts to q; = and so on for the

C2:qy =
(2—R5'”'” - 1) L

|hBr2 |2,8r2
(279" - 1)

|2

C3:q, <27R""q, + (17)

C4: qz S Z_Rgninqg +
|h3d1
min (Z_Rinm - 1) IS
C5:q; <27Re g, + >
|hsa, |

For analyzing and solving a DC programming problem,
for function G(q), we must have an approximation by its
linear form as G™(q) = G(q™) + VG"(q™)(q — q™)
where G(q™) and VGT(q™) are the value and gradient
of the G(q) at the point g™, respectively. Now, with the
convexity of F(q) and the linearity of G™(q), the cost
function is convex. Therefore, due to the linear
constraints (C1 — C5), the problem (17) is convex and can
be efficiently solved via convex optimization methods.
Algorithm 1 illustrates the process of sum rate
optimization.

Algorithm 1 suboptimal power allocation in sum rate
maximization problem

Set iteration numbern =0

initialize ¢(® = 0

Repeat Steps (5) to (7) until [Q(g™*V) — Q(q™)| < €
Set q,(™ = P%* for any n

e wNe

Define convex approximation of Q"(q) at q™ as
Q"(q) = F(q) —G"(q) = F(q) — G(q"™) -
vGT(q™)(q - q™)
6. Solve the convex problem
q™*? = argmin Q™(q)

q

s.t. C1—C5o0f (17)
7. nen+1

It should be mentioned that the value for g, will always
be P*** in the minimization problem of (17), because the
cost function is a decreasing function based on gq,. So, we
assume in algorithm 1 that q, = P/"%*.

B. Energy Efficiency Analysis

In the following, the energy efficiency maximization
can be defined and then solved. First, it is worth noting
that we define energy efficiency as the achievable sum
rate over total power consumption. The energy efficiency
optimization problem is derived in (18) in which P.
indicates the circuit power consumption.

4 4
max E Ri/< E pi+PC>
D1,--D4 & L

i=1 i=1

4

(18)
s.t. Zpl- S P p <SP, Sp3 < pa
i=1

R; = RM™™ i=1,..,4 (R; basedon (14))

The energy efficiency problem is neither a convex nor
quasi-convex problem. But, with the help of
transformation similar to the sum rate analysis, it can be
transformed into a problem such as the following form:

qmi1;14 (M(@) —N(@))/(qs + )
Lo
5.t. Cligq, < P™ ,q1<q;— 1 < q3—q;

_S qs — (3
I (2R -1
C2:q, = S ( > )
|hBr1| .Brl ]
(277" = 1)1, (19)

2
|hBr2 | Brz

(279" - 1)
|2

C3: q1 < Z_R;‘ninqz +

Ch:iq, <278 q, +
|th1
min (Z_Rznm - 1) 15
C5:q; <27Ra qs + 5
|thz|
where,
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M(q) = — [log (11 + |hBr1|ZQ1ﬁr1) + log (12
+ |hBr2|ZQZ5rZ)
+ log (13 + |th1|2q3)
+log (15 + |h3d2|2q4)] (20)

N(q) = - [tog (I, + |hg, " 016, )
+ log (14 + |th1|2q2)
+ log (15 + |th2|2q3)]

As can be observed, both functions M(q) and N(q) are
convex functions resulting in a difference of the two
convex functions at the numerator of the fractional cost
function.

Similar to the sum rate optimization problem, we
exploit the linear approximation of N(q) such that
N*(q) = N(q®) + VNT(q®)(q — q™) to achieve a
convex function at the numerator. For exploiting the
Dinkelbach [38], it is necessary to have a concave function
at the numerator and a convex function at the
denominator of the fractional cost function. The
denominator is a linear function of the problem
parameters and hence is a convex function. On the other
hand, with the conversion of minimization problem to a
maximization one, the numerator will be concave. Now, it
is possible to solve the problem by using the Dinkelbach
algorithm. On the basis of the Dinkelbach algorithm, the
following objective function should be introduced:

H(q, ) =(M(q) — N(q)) — A(qq + P.) (21)

where A is a positive parameter. The optimal solution can
be found by solving the problem parameterized by A such
that H(q,A) = 0 [36]. Consequently, the optimization
problem is transformed and given by:

max H(q,2) =(N(q) — M(q)) — A(qs + F.)
q1,---94 (22)
s.t.  C1,— C5of (19)

Algorithm 2 illustrates the optimal power allocation in
the energy efficiency maximization problem based on
Dinkelbach approach. It should be noticed that
considering q, = P/"** is not optimal anymore similar to
sum rate optimization problem, because the numerator is
a logarithmic function of g, while the denominator of the
cost function is a linear function of q,. Hence, the energy
efficiency will not improve with the increasing the g, and
hence we cannot employ the maximum value for q,. But,
knowing the fact that inequality 0< g, < P™** is always
established, it is possible to adopt the bisection algorithm
to achieve g, and subsequently the other parameters
based on algorithm 2. As a result, we employ the bisection
with the combination of Dinkelbach algorithm to solve the
optimization problem in (22).

Algorithm 2 suboptimal power allocation in energy efficiency
maximization problem based on Dinkelbach algorithm

Set iteration number k = 0

Initialize ¢©©) = 0 and A(®) = 0.

Set C[4§ =0and CI4.(0) = pmax

Repeat Steps (5) to (12) until |[H(q**V)| < ¢

While q4E,kB) — Qa4 ) > €, do

Set ¢, = (Q4L )+ Q4(k))/2

Define convex approximation of H®)(q) at g as
H*(q) = M(q) — N*(q) — 2% (q4® + P.) = M(q) —
N(g®) - INT(q®)(q — q%) = 2% (¢, + R.)

8. Solve the convex problem

qi+D = argmax H*(q)

s.t. C1— C5of (19)

N bk wnNe

9. ifR% < RM" then

k k
set q4£3) = (CI4L ) + CI4( ))/2
else

set q4§,kB) = (CI4L ) + Q4(k))/2
10. 2040 = (M(q) - N®())/(q.® + F.)

11. if R% < R7M then
(k+1) _ (k)

set q4‘LB - CI4LB and Q4(k+1) Psmax
else
K+ k+1 13
set q41€3 D = 0and q4( = 4513)
12. ke<k+1

In algorithm 2, LB and UB indices address the lower
bound and upper bound, respectively.

Feasibility and Computational Complexity

As we know, a feasible solution for an optimization
problem is a solution that satisfies all constraints that the
program is subjected to, where it does not violate even a
single constraint. In the sum rate optimization problem,
the constraint on the maximum power of BS (q, = P/*%*)
is always satisfied as equality. But it should be noted that
for the satisfaction of the other constraints, inequalities
Qiv1 = q;, i =1,2,3 must be established. Hence, the
feasibility occurs when these inequalities are satisfied
that are dependent on the values of {R{”i” =1, ...,4-},
{I,,i=1,..,5}, and also channels' gains. Moreover,
another condition for the satisfaction of the constraints

_gmin gmin
(2 2 2—1)12 > 11<2 1 i —1)

|h3r2| Brz |hBr1| ﬁrl
guarantee the accuracy of the obtained value for gq;. In
the case of energy efficiency, conditions for the
constraints are similar to the sum rate optimization,
except that the constraint on the P/*** must be satisfied
in the form of inequality.

The computational complexity of the optimization
problems depends on the utilized algorithms for solving
the problems. Hence, we describe the complexity order

C, and Cs is that Z'R?ﬂnq2 + to
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for each employed algorithm in the proposed
optimization problems. From the general convergence
properties of the DC algorithm, it has a linear convergence
and only relies on a few basic operations, which leads to
a low computational cost [39]. In fact, the DC
programming optimization problem can be solved by
using standard algorithms from convex optimization
theory such as the interior point method and sequential
quadratic programming [37]. Therefore, the complexity of
the DC algorithm within some tolerance measured by € is
in the order of O(v/Nlog(N/€)) [40], where N is the
number of optimization problem parameters. On the
other hand, the bisection line search is known to find an
€-accurate solution within the number of iterations
bounded by O(log(e€y/€)), where €, = |b —a| is the
initial difference between the upper and lower bounds in
the bisection method. Therefore, the overall complexity
is bounded by O(N log(ey/€)), which is linear in N [41].
It is worth noting that in our problem, N =1 for the
bisection method; because only one of the parameters is
obtained by bisection.

Moreover, the convergence rate of Dinkelbach
algorithm is super linear [42]. Assuming upper and lower
bounds of the maximum energy efficiency value are
available as U and L, we could find the optimal values
updating A according to the bisection method, instead of
using Dinkelbach’s update criterion. Although bisection
converges typically slower than Dinkelbach method [42],
it provides an estimate of Dinkelbach algorithm. By using
the bisection method, the overall asymptotic complexity
can be found within a tolerance € with O(N log([(U —
L)/€])) iterations [42]. As can be seen, the employed
algorithms have appropriate conditions from the
complexity point of view.

Results and Discussion

Simulation results are illustrated in this section to
validate our theoretical works in terms of sum rate and
energy efficiency. We consider a single-cell scenario
employing NOMA-FD-EH with the distributed users in the
cell. It is assumed that the cell-center and cell-edge users
are randomly distributed within a disk with radius 5
meters and a ring with radii 5 and 10 meters, respectively
[43].

The Path loss exponent is considered as 2 [26] and the
noise power N, is 0.25. Energy harvesting efficiency 17 is
set to 0.5 [44], and the minimum target data rate (R7™)
is equal for all users where is considered to be R™" =
0.5 bps/Hz and R™™ = 1 bps/Hz [26] in the simulations.
As we mentioned, energy harvesting is based on the PS
method for which the power splitting factor is set to 8, =
ﬁrz. In addition, circuit power consumption is set to P, =
0.1 Watt. The OMA and optimal NOMA (optimal four
users NOMA scheme with sum power and minimum

achievable rate constraints) are two techniques that are
considered for comparison with the proposed scheme. It
is worth noting that the simulations are generated from
100000 independent realizations of different channel
conditions. Also, the iteration error tolerances €; and €,
are 0.001 [26];

Fig. 2 illustrates the sum rate performance of the
proposed scheme versus the splitting factor for different
SNRs (the maximum available power at the BS to the noise
ratio) and various minimum target data rates. It can be
seen that the optimum splitting factors for both RI™" =
0.5 bps/Hz and R™™ = 1 bps/Hz are achieved at the
low values of the splitting factor. It means that more
harvested power leads to improving the sum rate
performance, especially in low SNR regimes, where the BS
power is low and hence the requirement to relaying is
more sensible. On the other hand, with the reduction of
the minimum target data rate, the sum rate increases.
Moreover, the performance is approximately the same
for the different splitting factors in the high SNR values. It
should be noted that, when the splitting factor is very
small and approximately all of the BS power is employed
for relaying, the performance degrades a little; where the
cell-center users' rates approach zero. These results are
used in the following simulations.
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Fig. 2: Sum rate of the proposed scheme versus splitting factor

for different SNRs and minimum target data rates (R™" =
0.5,1 bps/Hz).

In Fig. 3, the sum rate performance of the proposed
scheme over SNR is compared with the OMA and optimal
NOMA with the splitting factor of 0.15 in two cases as
RM™" = 0.5 bps/Hz and R™™ = 1bps/Hz. As can be
seen from this figure, the proposed scheme considerably
outperforms the OMA and optimal NOMA schemes,
especially in low SNR values for both minimum target data
rates.

Also, the performance of the sum rate improves with
the increase of SNR. On the other hand, it is obvious that
the only proposed scheme has non-zero values in the SNR
values less than 10dB, while the other schemes have zero
values in this SNR regime.
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Fig. 3: Comparison of the proposed scheme with the OMA and
optimal NOMA schemes in terms of sum rate over SNR for two
minimum target data rates (R™" = 0.5,1 bps/Hz).

Fig. 4 illustrates the performance in terms of energy
efficiency for the proposed scheme based on splitting
factor for different SNRs and minimum target data rates
where RM™" = 0.5 bps/Hz and R™" = 1 bps/Hz. For
both minimum target data rates and with the increasing
of the SNR, energy efficiency achieves higher values at the
larger splitting factors. It means that in the low SNR
regimes we need a smaller splitting factor and vice versa
for achieving better performance. On the other hand,
when the splitting factor has a high value and the
harvesting is ignored, energy efficiency approaches zero
in all cases. Moreover, the maximum energy efficiency in
the case of R™™ = 0.5 bps/Hz achieves with a larger
splitting factor in comparison with the case RI™"™ =
1 bps/Hz.
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Fig. 4: Energy efficiency of the proposed scheme versus
splitting factor for different SNRs and minimum target data
rates (RM™" = 0.5,1 bps/Hz).

As can be seen, there is no same optimum value for the
splitting factor in all SNR regimes. As a result, we adopt a
moderate value for the splitting factor to be employed in
the energy efficiency.

In Fig. 5, the energy efficiency performance of the
proposed scheme versus SNR is compared with the OMA
and optimal NOMA in two cases as R™™ = 0.5 bps/Hz
and R™" = 1 bps/Hz with a splitting factor of 0.6 and
0.5, respectively. It can be seen from the figure that in

both minimum target data rates the proposed scheme
considerably outperforms the OMA in all SNR regimes and
achieves higher values in comparison to the optimal
NOMA in almost all ranges of SNR. However, in the very
high SNR regimes, optimal NOMA approaches a constant
value, while the proposed scheme has small values. This
probably stems from that in the proposed scheme we
don't subtract the harvested power of the unselected cell-
center user in each signaling from the total BS transmit
power. Moreover, based on the results in the Fig. 4 if we
employed the smaller splitting factor, the performance
would improve in the low SNR regimes and by utilizing the
larger value for the splitting factor, energy efficiency
would increase in the high SNR values.

0.4
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Fig. 5: Comparison of the proposed scheme energy efficiency
with the OMA and optimal NOMA over SNR for R*" =

0.5 bps/Hz and R™" = 1 bps/Hz.

Fig. 6 and Fig. 7 show the performances of the
proposed, OMA, and NOMA schemes versus the the cell
radius. It should be noted that all distances among nodes
scale with the increase of the cell radius from 10 meters
to 40 meters. Also, the minimum target data rates are set
to R™™ = 0.5 bps/Hz and R™™ = 1 bps/Hz and SNR is
considered as 20 dB for the sum rate and as 30 dB for the
energy efficiency. Moreover, for the energy efficiency
analysis in the Fig. 7, the splitting factors are considered
as 0.6 and 0.5 for RM™" =0.5bps/Hz and R™" =
1 bps/Hz, respectively. As can be seen from the Fig. 6
and Fig. 7, increasing the cell radius leads to a decrease in
the performance for both the sum rate and energy
efficiency. However, the proposed scheme achieves
better performance in terms of sum rate and energy
efficiency for all cell radius values in both cases where
RM™"™ = 0.5 bps/Hz and R™" = 1bps/Hz. However
increasing the cell radius up to 40 meters results in energy
efficiency degradation for all schemes, the speed of this
reduction is very slower in the proposed scheme. In
addition, when the radius of the cell increases from 10 up
to 15 meters, the performance of the proposed scheme
improves. This likely stems from the less optimal
transmitted power from the BS, because the sum rate
decreases with the increase of the cell dimension.
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Fig. 6: Sum rate versus the cell radius for the proposed, OMA
and optimal NOMA schemes with R™" = 0.5 bps/Hz and
RM™" = 1 bps/Hz and SNR of 20 dB.
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Fig. 7: Energy efficiency versus the cell radius for the proposed,
OMA and optimal NOMA schemes with R™™ = 0.5 bps/Hz
and RT™™ = 1 bps/Hz and SNR of 30 dB.

Fig. 8 depicts the sum rate versus energy conversion
efficiency for different SNRs and minimum target data
rates as R™" = 0.5 bps/Hz and R™" =1 bps/Hz. It
can be concluded from the figure that obviously
approaching the n to the value of 1 improves the
performance. It is worth noting that the same result is
achieved for the energy efficiency over the value of 1.
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Fig. 8: Sum rate versus energy conversion efficiency for

different SNRs and minimum target data rates as R™" =
0.5,1 bps/Hz.

Conclusion

This paper investigated a communication scheme,
which efficiently combines cooperative NOMA, FD
relaying, and EH techniques. Employing cooperative
NOMA, the BS aims to broadcast the information to the
mobile users that are distributed in a cell. Two users
deployed in the near of the BS while two other users
located at the far locations. In each signalling interval, one
of the cell-center users is paired with a cell-edge user
where the cell-center user employing PS protocol
retransmits the cell-edge user’s data. The DC
programming and an efficient combination of DC,
bisection method, and Dinkelbach algorithm were
proposed to assign the suboptimal power allocations for
maximizing the sum rate and energy efficiency
performances, respectively. The numerical results
demonstrated that when the SNR is 30dB, the square cell
dimension is 10 meters, and R™" =1bps/Hz, the
proposed scheme using the appropriate values splitting
factor significantly enlarges the system sum rate by 33%
over optimal NOMA. This superiority approaches to 120%
at SNR equal to 20dB. Moreover, the energy efficiency
enhancement of the proposed scheme over optimal
NOMA for RM™" = 1 bps/Hz, cell dimension equal to 10
meters, and SNR as 30dB and 20dB approach 200% and
40%, respectively. However, MIMO NOMA can be
considered in the proposed schemes. Also, achieving the
unequal optimal splitting factors is a suggestion for future
works.
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NOMA Non-Orthogonal Multiple Access
BS Base Station

PD Power Domain

FD Full-Duplex

DF Decode and Forward
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EH Energy Harvesting

PS Power Splitting

loT Internet of Things

Sic Successive Interference Cancellation

MIMO Multiple-Input—Multiple-Output

AF Amplify-and-Forward

SWIPT Simultaneous Wireless Information
and Power Transfer

TS Time Switching

FDR Full Duplex Relay

CR Cognitive Radio

ISiC Imperfect Successive Interference
Cancellation

PSIC Perfect Successive Interference
Cancellation

DC Difference of Convex

Si Self-Interference

SNR Signal to Noise Ratio

SINR Signal to Interference plus Noise Ratio
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Abstract

Background and Objectives: Object detection has been a fundamental issue in
computer vision. Research findings indicate that object detection aided by
convolutional neural networks (CNNs) is still in its infancy despite having outpaced
other methods.

Methods: This study proposes a straightforward, easily implementable, and high-
precision object detection method that can detect objects with minimum least
error. Object detectors generally fall into one-stage and two-stage detectors.
Unlike one-stage detectors, two-stage detectors are often more precise, despite
performing at a lower speed. In this study, a one-stage detector is proposed, and
the results indicated its sufficient precision. The proposed method uses a feature
pyramid network (FPN) to detect objects on multiple scales. This network is
combined with the ResNet 50 deep neural network.

Results: The proposed method is trained and tested on Pascal VOC 2007 and COCO
datasets. It yields a mean average precision (mAP) of 41.91 in Pascal Voc2007 and
60.07% in MS COCO. The proposed method is tested under additive noise. The test
images of the datasets are combined with the salt and pepper noise to obtain the
value of mAP for different noise levels up to 50% for Pascal VOC and MS COCO
datasets. The investigations show that the proposed method provides acceptable
results.

Conclusion: It can be concluded that using deep learning algorithms and CNNs and
combining them with a feature network can significantly enhance object detection
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Introduction

system performance. The conventional object detection
methods are developed on the basis of handcrafted and
shallow trainable architecture features. The design of

Object detection is a term to describe a subset of
computer vision and machine learning techniques highly
influenced by deep learning and CNNs. Many studies have

been conducted in this area. Object detection aims to
identify and locate the types of objects in an image and
categorize them into humans, animals, or vehicles [1]. As
humans easily identify objects in an environment, an
object detection system is designed to be trained like
humans to be able to identify objects of different
categories in fed images. A lower semantic distance
between the machine and man evidently improves

Doi: 10.22061/JECEI.2022.9012.567

intricate sets combining the features of many low-level
images can easily impede their performance. The swift
advancement in deep learning robust has led to the
introduction of robust tools with semantic learning
capabilities and deeper features for problem-solving in
conventional architectures [2]. The emergence of neural
networks influenced object detection methods. A neural
network is a computational model formed by a large
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number of interconnected nodes or neurons, each
indicating an output function called the activation
function [3]. Such networks have wide-ranging Al
applications, such as in signal processing and automatic
control [3], as well as various image processing areas [4]-
[6], radar images processing [7], [8] and mobile
telecommunications [9]. It should be stated that despite
the wide application of neural networks, they generally
fail to provide high precision in computer vision.
Therefore, attempts were directed toward increasing the
number of layers and the depth of these networks.
However, there was a problem: increasing the number of
layers would lead to the vanishing gradient problem, thus
drastically slowing down the training process. Further, in
more severe cases, it would halt the training process.
Accordingly, the attempts to study deep learning
increased. Deep learning, still under development, is a
subset of machine learning that aims to learn from data
using hierarchical architectures. It is extensively
employed in artificial intelligence and machine vision [10].
Deep learning algorithms generally fall into four
classifications: convolutional neural networks, restricted
Boltzmann machine (RBM), autoencoders, and sparse
encoders. These four categories are compared in this
study. The computations of the RBM method are
lengthier and time-taking. Autoencoders are not resistant
to changes in the image, such as image rotation.

The training of features is impossible in sparse coding.
CNNs are applicable in two-dimensional data. They are
resistant to image changes, which makes them excellent
options for object detection, allowing them to perform
optimally. A critical factor that has recently directed the
attention toward deep learning is the success of these
algorithms in the ILSVRC challenge held by ImageNet
every year [10]. In deep-learning-based methods, the
object features should be extracted from the image. In
other words, the data should be processed to identify the
explicit and determining features of the objects. The
higher the number of the extracted features results in the
higher the precision of object detection. Research shows
that using deep learning algorithms can significantly
improve the precision of object detection systems and
help achieve close-to-human precision. Deep learning
also facilitates feature extraction from images without
human intervention, which is an outstanding contribution
and a critical advantage. As mentioned, the convolutional
neural networks are perfect for object detection. The
proposed method is a hybrid method with a core founded
on the ResNet [11] deep neural network. This network has
been designed and implemented in various depths. The
details can be found in [11].

ResNet50, which is 50 layers deep, was selected
among all ResNet layers. To improve the precision and
quality of feature extraction, an FPN was designed based

on [12], which was a hybrid of ResNet50 and a set of
convolutional layers.

Related Work

Many studies address object detection, more
specifically, to improve the precision of the existing
systems and approximate neural networks to the human
recognition system. Modern object detectors rarely can
reach high-speed and precise inference with a short
training. The TTFNet network has been proposed to
balance precision, speed of inference, and training time
[13]. Detectors with high-speed inference operators
directly need less training time. Highly accurate detectors
fall into detectors with low inference speeds and
detectors requiring long training time. Authors in [13]
stress the importance of shortening training time while
maintaining the performance of well-known detectors.
Since the time required for feature encoding and loss
calculation is insignificant compared to feature extraction
time. They adopt the training sample encoding approach
to help enhance the learning rate and accelerate the
training process. Authors in [14] propose a simple yet
effective method called progressive self-knowledge
distillation (PS-KD). This method employs its predictions
as a model of trainer knowledge to strengthen the
generalization performance of deep neural networks. In
this method, the system plays the role of a learner that
turns into a trainer over time. In this regard, the
objectives are adjusted by combining the main
background and the previous model predictions. The
extensive research on image classification, object
detection, and machine translation indicate improved
performance by using this method. CNNs often encode an
input image into a set of intermediate features. Although
this structure is suitable for classification tasks, it fails to
perform optimally in tasks requiring simultaneous
detection and localization, such as object detection. The
encoder-decoder architectures have been proposed as a
solution. They are used by applying a decoder network on
a backbone model. It has been noted that due to the
decrease in the scale of the backbone, encoder-decoder
architectures do not influence the establishment of
robust multi-scale features. Accordingly, SpineNet, a
backbone with scale-permuted features, is introduced
[15]. The authors seek the answer to this question: Is the
scale-permuted model a suitable backbone architectural
design for simultaneous detection and localization?
Intuitively, scale-permuted backbone architecture
exterminates spatial information with down-sampling,
challenging the retrieval of a decoder network. Object
detection [16] is defined by estimating a very large but
extremely sparse bounding box dependent probability
distribution. This article introduces two new concepts: a
corner-based region-of-interest estimator and a
deconvolution-based CNN model. Most object detectors
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are based on the anchor mechanism. To evaluate the
alignment between the anchors and objects, they depend
on calculating intersection over union parameters
between the predefined anchor and real bounding boxes
of objects. Authors in [17] question this type of using the
intersection of union (IOU) and propose a new anchor
alignment criterion. Anchors are a set of predefined
reference boxes of a certain height and width. They are
tiled across the image and help the network manages
scale and object form changes by converting the object
detection problem to a regression problem and classifying
the anchor boundary box. This article proposes a mutual
guidance mechanism that establishes an adaptive
alignment between anchors and objects. The most
modern object detection convolutional architectures are
designed manually. In [18], the aim is to achieve a better
architecture than an FPN for object detection. This article
explores neural architectures and finds a new FPN in a
new scalable searching space. This architecture is known
as NAS-FPN, which is a combination of bottom-up and
top-down connections. One-stage detectors
simultaneously predict the classification time of objects
and changes in the regression of the predefined boxes.
This structure suffers from several flaws despite its good
performance: The result of the predefined classification is
inappropriately assigned to the regression during
reasoning. Also, only one-time regression does not suffice
for precise object detection. The present study first
proposes a new module known as Reg-Offset-Cls (ROC) to
solve the problem. The proposed module consists of
three stages: bounding box regression, predicting the
feature sampling location, and bounding box regression
classification. Also, the hierarchical shot detector (HSD)
detector was proposed to solve the second problem. This
detector consists of two ROC modules and a feature-
enhanced module [19]. Another study presents a
systematic investigation of neural networks architecture
designed for object detection and proposes several major
optimizations to improve system performance. This
article first proposes a bi-directional feature pyramid
network (BiFPN) that allows the convenient and fast
combination of multi-scale features. Next, a hybrid scaling
method is proposed. The authors use the EfficientNet
backbone to develop a new family of object detectors
known as EfficientDet [20] . Humans perceive the world
through sight, hearing, touch, and past experiences.
Human experiences are taught by normal or unconscious
learning. Authors in [21] propose an integrated network
called YOLOR to encode implicit and explicit knowledge.
Similar to the human brain, which is capable of conscious
and unconscious knowledge acquisition, this integrated
network can set up a display of simultaneous
performance of tasks. This article summarizes how to
design an integrated network that interpolates implicit

knowledge into explicit knowledge. A systematic
investigation of copy-paste indicates the sufficiency and
acceptable performance of the simple mechanism of -
randomly pasting the objects [22]. In [23], a large set of
untagged images have been utilized for object detection.
Authors study only several tagged images in each class.
This method is known as multi-sample object detection.
This procedure is iterated between the training model
and the highly reliable sampling. In the training process,
convenient samples are created first. Then, the initial
weak model can improve. Over time, more reliable
samples are selected, followed by another round of
model improvement. The introduced framework is
referred to as multi-modal self-paced learning for
detection (MSPLD) [23]. An accurate, flexible, and
completely anchor-free framework for object detection
has been introduced [24].

Table 1: Related works

Method Brief description of the method
TTFNet The TTFNet network has been proposed to
(13] balance precision, speed of inference, and
training time.
This method employs its predictions as a
PSKD [14] model gf tr.ainer knowledge to strengthen the
generalization performance of deep neural
networks.
SpineNet  In this method SpineNet, a backbone with
[15] scale-permuted features, is introduced.
In this method Object detection is defined by
DeNet estimating a very large but extremely sparse
101 [16] bounding box dependent  probability
distribution.
. This article proposes a mutual guidance
Localize . - :
(17] m.echanlsm that establishes an. adaptive
alignment between anchors and objects
NAS-FPN  This article explores neural architectures and
AmoebaN finds a new FPN in a new scalable searching
et [18] space.
Since the one-time regression does not suffice
HSD [19] for precise object detection, HSD detector was
proposed to solve this problem.
EfficientD This article proposes a bi-directional feature
et-D7x . . .
(20] pyramid network and a hybrid scaling method.
Authors in this paper propose an integrated
YOISE_DG network called YOLOR to encode implicit and
explicit knowledge.
Cascade A systematic investigation of copy-paste
Eff-B7 indicates the sufficiency and acceptable
NAS-FPN  performance of the simple mechanism of -
[22] randomly pasting the objects.
MSPLD In this article a large set of untagged images

[23] have been utilized for object detection.

In this article an accurate, flexible, and
completely anchor-free framework for object
detection has been introduced.

FoveaBox
[24]
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Although almost all the highly advanced object
detectors use predefined anchors, their proposed
method directly learns the probability of the existence of
an object and the bounding box coordinates without the
anchor. This procedure involves two stages: the -
prediction of class-sensitive semantic maps to measure
the mentioned probability and the production of class-
bounding boxes for each location with a potential object.
In Table 1, related works are briefly stated.

The Proposed Method

Object classification and location are two critical steps
in an object detection system design. The proposed
method in this study is CNN-based and one-stage, with a
ResNet50 core that can localize and classify the objects in
the image. To achieve higher efficiency and better feature
extraction, the FPN used here was combined with
ResNet50. With the usage of a one-stage detector in this
study, this question may arise: Is a simple one-stage
detector able to achieve the same precision as a two-
stage detector, as they have been known for their good
performance? It should be noted that one-stage -
detectors are applied to the regular and dense samplings
of objects' locations scales. Recent research on one-stage
detectors indicates that new one-stage detector designs
are ten to forty percent more accurate than advanced
two-stage methods [25]. Accordingly, the proposed
method is a one-stage system with a ResNet50 core [11].
Moreover, the method involves an FPN to improve the
feature extraction process and enhance the precision of
the object detection system.

In general, the proposed method consists of two
stages:

A) The training stage: Before the proposed system
begins object detection, a convolutional neural network
should be trained on a dataset.

B) The object detection stage: at this stage, the
desired images (test images) are fed to the system. The
system then detects the objects based on the training
received in the previous stage. Below is the pseudocode
of the proposed method.

Network ResNet

It is one of the deepest available architectures. It was
introduced by Microsoft in 2015. With a depth of 152
convolutional layers and one fully-connected layer, this
architecture has been recognized as the superior
architecture in many competitions. It has also been able
to reduce the ISLVRC challenge error by 3.57% [11]. This
architecture has various layer depths discussed in [11].
The proposed method uses the Resnet50 structure. The
number (50) indicates the layer depth of this architecture.
(See Table 2). The ResNet architecture is one of the
deepest architectures, which is presented in different
depths (18, 34, 50, etc.) [11].

Algorithm 1: The pseudocode for proposed method

START
1 Downloading the dataset.
2 Implementing utility functions.
3 coordinates of the corners
4 coordinates of the center and the box
5 Computing pairwise Intersection Over Union (IOU.
6 Implementing Anchor generator.
7 Resizing The Input IMAGE (1333*800)
8 Encoding labels.
9 Building the ResNet50 backbone.
10 Building Feature Pyramid Network(FPN).
11 Building the classification and box regression head.
12 Implementing decode predictions.
13 confidence_threshold=0.05,
14  nms_iou_threshold=0.5,
15 Implementing losses.
16 Setting up training parameters.
17 Initializing and compiling model.
18 Setting up callbacks.
19 Load the dataset.
20 Training the model And Loading weights.
21 Building inference model.
22 Generating Object detections.
END.

Table 2: The layer details of ResNet50 [11]

Layer name Output size 50-layer
Convl 112%112 7x7, 64, stride 2
3x3 max pool, stride 2
Conv2_x 56X%56 1x1,64
3 X 3,64 [x3
1x1,256
1x1,128
Conv3_x 28%28 [3 X 3,128]><4
1x1,512
1x 1,256
Conv4_x 14x14 [ 3x 3,256 ]XG
1x1,1024
1x1,512
Conv5_x 7Xx7 [ 3x3,512 ]X3
1x1,2048
1x1 Average pool, 1000-d fc,
softmax
Before this architecture was introduced, other

architectures had shown that increasing network depth
has a direct effect on network efficiency and increases
network efficiency but the problem was that in those
architectures due to the problem of vanishing gradient.
The depth of the network could be increased to a certain
extent. In order to increase the depth of a shallow
network, we need the identity layer. ResNet is a residual
deep learning framework whose architecture is such that
the identification of the layers is easily performed.
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Therefore, by using this architecture, the depth of the
network can be increased. In addition, ResNet's
architectural structure is designed in such a way that
there is an input from the previous step in each step, and
this causes that better feature maps to be produced.
Since in the proposed method we combine a feature
pyramid network with the ResNet architecture and this
increases the depth of the network, therefore, we choose
the depth of 50 (ResNet50) among the different
structures of the ResNet architecture so that the training
of the network does not take too long and object
detection is faster performed.

Feature Pyramid Network

FPNs can be applied to extract feature maps of images
more efficiently. The proposed FPN used in [12] has a top-
down architecture with lateral connections to create
feature maps. This network significantly improves the
feature extraction process. Multi-scale object detection is
a major challenge in computer vision. This pyramid can
enable a given model to detect objects in a wide range of
scales by scanning locations and pyramid surfaces, hence
the use of feature pyramids in the proposed method. The
reported method in [12] purposes using the pyramidal
and hierarchical structure of a convolution network. To
achieve this goal, a structure has been relied on that
combines low-resolution and semantically strong
features with high-resolution and semantically weak
features in a top-down manner. This pyramid can enable
a given model to detect objects in a wide range of scales
by scanning locations and pyramid surfaces, Therefore,
following the ResNet network, we implemented a feature
pyramid network to extract features more accurately.

Eight two-dimensional convolutional layers have been
incorporated into the proposed method to develop this
network (See Table 3).

Table 3: The convolutional layer details used in creating the FPN
used

Padding Stride Dimensions Nur_nber Layer
of filters name

Same 1 1x1 256 Conv1
Same 1 1x1 256 Conv 2
Same 1 1x1 256 Conv 3
Same 1 3x3 256 Conv 4
Same 1 3x3 256 Conv 5
Same 1 3x3 256 Conv 6
Same 2 3x3 256 Conv 7
Same 2 3x3 256 Conv 8

Fig. 1 shows the structure of the core of the proposed
system, and as it is known, the core of the system in our
proposed method is created by combining a deep
convolutional neural network called ResNet [11] with a
feature pyramid network. This structure makes the

extraction of features better and ultimately improves the
accuracy of the object recognition system.

Backbone

ResNet50 VFPN

Fig. 1: The proposed system's core.

Image Resizing

The dimensions of the image change in a way that the
length of the shorter side of the image equals 800 pixels.
If the longer side of the image equals 1333 pixels after
image resizing, the image size changes so that the longer
side length equals 1333 pixels. In other words, in this
stage, a minimum image side of 800 pixels and a
maximum side length of 1333 pixels are defined.

Raw labels

Raw labels, including bounding boxes and class
attributes, are applied in network training. This operation
consists of the following stages:

e Creating anchor boxes in proportion to the database
image dimensions.

e Assigning the ground truth box of objects (the main
box refers to the actual box of every object in the
image) to anchor boxes.

Here, the ground truth box of objects is assigned to
anchor boxes based on overlapping. To that end, the IOU
should be calculated among all anchor boxes during the
training time and the ground truth box of the objects. The
comparison based on 10U as a block diagram depicted in

Fig. 2.
4.‘ Comparison with 10U l
|

| Creating of IOU matrix I

l

Comparing the IOU with

a threshold value

l

Determine the anchor
box {If IOU greater than

threshold value)

l

Background anchor box

assignment (If 10U less
than threshold value)

l

Anchor boxes without

classes are ignored

Fig. 2: The IOU block diagram.
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System Training and Feature Extraction

In the training process, the system seeks to identify the
best unknown parameters, such as the weight of
convolutional filters and coefficients of the fully-
connected layers, to achieve the least classification error
rate. The proposed method uses the back propagation of
errors and stochastic gradient descent (SGD) methods to
update the weights in each iteration.

In stochastic gradient descent, the weights in each
iteration are updated according to (1) . Equation (2) is the
simpler re-expression of (1).

8=0-n-9](6;x7;y®) (1)
x = X — (Learning_rate) * dx (2)

where x is the order of parameters and weight of the
filters and Learning_ rate indicates the rate at which the
network is trained, determined at the beginning of the
training process . It should be noted that the training rate
parameter is modifiable. After a sufficient number of
iterations, the network is trained to classify the database
images.

After the training, the features of the dataset images
should be extracted, which is a critical step as
classification is performed based on these features and
the rectangular boxes of objects (called windows,
showing the location coordinates of objects). Finally,
when an image is fed to the convolutional network, it
crosses the convolutional layers, leading to a vector
output. This output is known as the feature vector. By
feeding all the images in the dataset to the network, there
will be a set of feature vectors. Each vector is provided to
the fully-connected layer for classification. The fully-
connected layer in the proposed method here consists of
1000 neurons. Therefore, there will ultimately be 1000
specific classifications of database images. Generally, to
summarize the first stage, the designed system is trained
based on a set of datasets in the first stage. The optimum
weights of filters and network parameters of the
convolutional network, which are set to the optimal state
to minimize classification errors, are then calculated to
finalize the classification of the dataset images. This data
is used to detect the existing objects in a new image. Next,
for object detection, the test images are fed to the
system. With the passing of images from the trained
system, the feature vector of each image is extracted.
Based on the classification set in the previous stage, the
fully-connected layer determines the class of each object.

Activation Functions

Activation functions are essential in neural networks,
playing a vital role in the network. The role of these
functions is to make the optimization problem non-linear.
More specifically, the activation functions decide whether
or not a specific neuron in neural networks should be

activated, determining to which category or class the
output of the neural network belongs. Activation
functions fall into various types, such as sigmoid, Tanh
hyperbolic, and ReLU. The proposed method uses the
ReLU and sigmoid functions as given by (3) and (4),
respectively.

f(x)=max (0,x) (3)
a(x)=1/(1+e™¥) (4)
Results and Discussions

This section discusses the evaluation criteria, datasets,
and implementation results. Also, it compares the
numerical results of the proposed method with some
recent methods.

Evaluation Criteria

Here, the mAP criterion was used, as it is one of the
most common and important evaluation criteria in object
detection.

Intersection Over Union (I0U)

IOU is an evaluation criterion used to examine the
precision of the predicted bounding box according to the
ground truth box of the objects. Its value indicates the
overlapping area between the predicted box and is a
number that is the ground truth box of the object. In the
case that this value is greater than a specific threshold,
the system recognizes that anchor box as a predicted
object. Therefore, this criterion determines the location
precision by comparing the overlap between the ground
truth box and the predicted bounding box. The
determined value is between zero and one. The detection
of an object is regarded as true when its IOU value
exceeds a predefined threshold value. The usual
threshold value is 0.5. When the predicted box overlaps
with a ground truth box of more than 50%, the diagnosis
made is considered valid. IOU is expressed as the follows:

IOU = (area of overlap)/(area of union) (5)

where the area of overlap is the intersection between the
two boxes that also indicates the level of overlap. Area of
union indicates an area with zero overlap between the
two boxes [26].

The Precision and Recall Criteria

Precision (P) and recall (R) are used to evaluate the -
classification ability of a method in question. In that
regard, the values of the following parameters should be
determined: true positive (TP) diagnosis, false positive
(FP) diagnosis, and false negative (FN) diagnosis. These
parameters are estimated based on location precision, -
which is calculated based on IOU. Based on the IOU
threshold values, then the values of TP and FP are
calculated for the detected objects. The values of P and R
are determined per each detection (true or false) based
on TP and FP values using the Equations below [26]:
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_ TP TP
" TP+FP  all detections
TP TP

= TP+FN (7)

T all ground truths

Average Precision (AP) and Mean Average Precision
(Map)

The average precision criterion is calculated according
to the values of P and R. This parameter is the average
precision obtained per recall. The value of mAP is then -
calculated by determining the mean of the AP value in
different classifications [26], [27].

Datasets

To assess the performance of every object detection
system, they should be run on suitable databases, and the
standard criteria should be calculated accordingly. In this
study, the Pascal VOC and COCO datasets were used for
this purpose.

The Pascal Visual Object Classes (VOC) Dataset

This dataset was introduced in 2005. It comprises two
sections: the first section consists of various image
classes. The second section includes the annual
tournaments. It consists of five challenges: classification,
diagnosis, segmentation, action classification, and person
layout. The various solution methods used in different
competitions are discussed and compared in a workshop.
The tournament was held from 2005 to 2012. Fig. 3 shows
several sample images of this dataset [28].

Fig. 3: Sample images of the Pascal VOC dataset [28].

The Microsoft Common Objects in Context (MS
COCO) Dataset

Microsoft researchers introduced this database in
2014. It consists of 91 classes of objects and many
samples and tagged images. Compared to Pascal VOC, it
has fewer feature categories and samples in each
category.

This dataset addresses three core problems: detection
of non-iconic view of objects, contextual reasoning
between objects, and precise two-dimensional location of
objects.

Fig. 4 presents a sample image of images in this dataset
[29].

Person

Dog

“

Fig. 4: Sample images of the MS COCO dataset [29].

The Implementation Results

This section is a discussion of simulation results
performed on two important object detection datasets.
First, the average precision criterion is separately applied
as a sample to each class of the existing objects in both
datasets. The mAP of the proposed method is then
compared with some recent methods.

Table 4 shows that the proposed method achieved a
better average precision in 10 sample classes, such as
Bird, Dog, Cat, and Person. Then, by calculating the
precision of all classes and obtaining their means, the
mAP value of the proposed method is calculated. This
criterion indicates the performance of the object
detection system.

Table 4: The average precision of the proposed method in ten
different classifications in the Pascal VOC 2007 and MS COCO
datasets

Average precision (%)

Class Voc 2007 dataset  MS COCO dataset
Person 97.43 85.08
Cat 96.91 71.42
Dog 94.43 73.80
Bird 98.40 87.43
Train 91.23 67.42
Car 98.29 90.06
Motor 93.55 79.32
Bus 95.14 76.83
Cow 92.43 72.18
Sheep 94.27 85.1

Table 5 compares the proposed method with several
recent methods based on the values of the mAP criterion.

As shown, the proposed method displayed a good
object detection performance. The method proposed
yielded a mean average precision (mAP) of 41.91 in the
Pascal Voc2007 and 60.07% in COCO. Fig. 5 and Fig. 6
display samples of the detected objects by the proposed
method in Pascal VOC and MS COCO datasets.

J. Electr. Comput. Eng. Innovations, 11(1): 173-182, 2023 179



S. M. Notghimoghadam et al.

Table 5: The results of the mAP criterion of the proposed
method and several recent methods in the Pascal VOC 2007 and
MS COCO datasets

Method Pascal VOC Method MS COCO
Name mAP% Name mAP%
PS-KD [14] 79.7 TTFNet [13] 35.1
DeNet-101 SpineNet-
77.1 45,
[16] 49 [15] >3
UniverseNe
Localize [17] 81.50 t-20.08s 47.4
(30]
NAS-FPN
HSD [19] 83.00 AmoebaNet 48.3
(18]
EfficientDet
ReCoR [31] 83.90 D7 [20] 55.1
Cascade Eff-
B7 NAS-FPN 88.6 YOL[SZ'DG 57.3
[22]
FoveaBox [24] 76.60 MSPLD [23] 56.6
proposed 91.41 proposed 60.07
method method

Fig. 6: Samples of objects detected in MS COCO.

The Proposed System Under Noise

To better evaluate the proposed model, some noise
was introduced to the proposed system to examine its
performance under noise. The test images of the datasets
were combined with the salt and pepper noise [32] to
obtain the value of mAP for different noise levels. Fig. 7
shows the mAP value against noise levels.

As shown, even at 0.3 noise level (for instance, when
30% of pixels of the image have been ruined by noise), the
detection precision is above 50%. In real imaging
situations, usually, the noise generated on the images is
less than 0.05., hence the acceptable performance of the
proposed model even in dealing with this level of noise.
To obtain an intuitive understanding of the noise level,
Fig. 8 display the output of the proposed model under
different noise levels.

100
% \1\.
80
70 IS
! e T
s 50 \ —&—MS COCO
40 Y'\ —i— Pascal VOC
30 “

20
10

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Noise Level

Fig. 7: The mAP diagram based on the noise level.

A

© D)
Fig. 8: Object detection with different noise levels: (A) 0.1, (B)
0.25, (C) 0.35 and (D) 0.5.

Conclusion

Since object detection is widely used in various fields
such as medicine, self-driving cars, radar images
processing and etc, the aim of this article is to implement
a method for object detection with high accuracy. In this
research, we studied the new articles which were
presented in the topic of object recognition in the last few
years and we found this reality that the object detection
by convolutional neural networks is superior to other
methods, but still the existing methods can be improved
in terms of accuracy and speed. Therefore, our most
important goal in this article was to present a method
based on deep learning, using convolutional neural
networks to recognize objects so that the proposed
method detects objects with the least error in the
shortest possible time. In general, object detection
methods are classified into single-stage and two-stage
detectors, and two-stage detectors are often more
accurate but slower than single-stage detectors. Here, a
one-stage object detection method was implemented
using CNNs with a ResNet50 core. An FPN was used to
improve the quality of the feature extraction process. The
proposed system was then trained and evaluated with MS
COCO and Pascal VOC2007 datasets. In the end, the value
of mAP, one of the most notable criteria for performance
evaluation of object detection systems, was calculated.
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The proposed method was evaluated against seven other
methods based on the mAP value obtained in each
dataset. Moreover, a specific noise level was added to
further investigate the system's performance in different
noise level scenarios and mAP values.

The results indicated the better performance of the
proposed method. Therefore, since the proposed system
was trained using a deep-learning algorithm, the features
of images were extracted hierarchically from the input
images. The extracted data were then combined with an
FPN. This combination improved the proposed method's
detection precision. Accordingly, it can be concluded that
using deep learning algorithms and CNNs and combining
them with a feature network can significantly enhance
object detection precision. And finally, considering the
importance and many applications of object recognition a
lot of research can be done in this field. Some examples
of future work are as follows:

e Implementation of the proposed method presented in
the article with other architectures and comparison
with the results of our method.

e Investigating the use of noise reduction methods in
object recognition.

e Implementation of the proposed method in order to
object detection in the video.

e Designing a system by combining current object
detection methods which may lead to improved
performance.
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Abbreviation

CNN Convolutional Neural Network
FPN Feature Pyramid Network
MAP Mean Average Precision
ResNet Residual Network

COCO Common Objects in Context

MS COCO MicrosoftCommon Objects in Context

VOoC Visual Object Classes

RBM Restricted Boltzmann Machine

ILSVRC ImageNet Large  Scale  Visual
Recognition Challenge

TTFNet Training Time Friendly Network

PS-KD Progressive Self-Knowledge distillation

IoU Intersection Of Union

HSD Hierarchical Shot Detector

BIFPN Bi-directional Feature Pyramid
Network

YOLOR You Only Learn One Representation

MSPLD Multi-modal Self-Paced Learning for
Detection

DeNet Danish Ethernet Network

AR Average Precision
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Background and Objectives: The displacement of molecules is one of the major
fabrication faults in manufacturing molecular electronic devices. In this paper, we
profoundly study the effect of displacement on the current-voltage, and
conductance-voltage characteristics of the Au-Benzenedithiol-Au single-molecule
device.

Methods: The ab-initio calculations on the isolated molecules were performed to
obtain the basic single-level quantum-dot model parameters. These parameters
were then used within the self-consistent field algorithm to calculate the electrical
characteristics of the device.

Results: The maximum conductance occurs when the molecule is placed exactly in
the midpoint of the distance between the two electrodes, where the electrostatic
capacitance reaches its minimum. When the molecule deviates from this point,
and approaches one electrode, the conductance is decreased, and asymmetric
behavior emerges. A molecular rectifier can be manufactured by placing the
molecule close to one electrode.

Conclusion: Although modern software packages may employ advanced and
complicated models including the combination of the density functional theory
(DFT) and non-equilibrium Green’s function (NEGF) methods to obtain accurate
results, they are demanding in computer memory and time. Moreover,
understanding the physical quantities of the systems from large-scale matrices is
often difficult. The single-level model is a computationally light method, which
provides a profound understanding of the device characteristics since all

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

guantities are presented by numbers.
oo

Introduction

Molecules, due to their advantages such as small size,
chemical tunability, and self-assembly properties, are
considered the main components of future electronic
devices and systems [1]. The first molecular electronic
device was proposed by Aviram and Ratner in 1974.
During their theoretical calculations, they predicted that
an organic molecule can act like a diode when attached to
the electrodes. The proposed rectifier structure was
similar to a P-N junction and consisted of electron donor
and acceptor parts that were separated from each other

Doi: 10.22061/JECEI.2022.9195.585

by a tunneling bridge [2]. But the main challenge was
measuring the current and conductivity of individual
molecules or a small group of them. This challenge was
first overcome in 1997 by an experimental group at Yale
University, led by Mark Reed. By using the mechanically
controllable break junction (MCBJ) method, they
succeeded in measuring the current in single molecules
[3]. After this pioneering experiment, the measurement
of molecular conformation, current and conductivity in
molecular devices continued by many experimental
research groups around the world [4]-[17]. Therefore, by
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using various experimental procedures, including the
spectroscopic, thermoelectricity, and break-junction
methods, the researchers succeeded in fabricating single-
molecule devices, and as a result investigated the effect
of various factors such as the types of molecule-electrode
contact (bonding and anti-bonding), the length of the
molecular bonds, different molecular functional groups
and environmental factors (solvent and temperature)
that affect their conductivity [7]-[13]. In recent years,
many researchers have measured charge transfer in
single organic molecules or a small group of them [9]-[13].
In addition, theoretical models at the semi-empirical and
guantum chemical levels were utilized to understand the
conductivity in such molecules. These models include the
non-equilibrium Green's function (NEGF) multi-level
models, tight-binding (TB) model, density functional
theory model (DFT), local density approximation (LDA)
and first-principles approaches [18]-[32]. Conductance of
molecular devices is a challenging concept in which not
only the chemical nature of the molecule plays a role, but
also external factors such as the geometry of the metal-
molecule chemical bonds and the electrostatics of the
environment are important [8]-[10] . Therefore, although
the results of calculations and models generally
determine the current-voltage behavior of the device, the
values obtained from the ab initio methods are usually
several tens of times higher than the measurements and
practical observations [3], [21]. One reason is that the
exact geometry of the electrodes made in practice is
unknown. Additionally, modeling of the molecule-
electrode interface is challenging. In the last few decades,
the molecular structure of benzene has been considered
a small molecule in electronics. Benzene, with the
molecular formula CsHs, is a planar molecule with a
regular hexagonal structure in which each C-C-C bond
angle is 120 degrees. Since each carbon atom is bonded
to three other atoms, the orbitals are SP? type, and each
carbon has an orbital perpendicular to the hexagonal
plane; So, each orbital overlap with two neighboring
orbitals to the same extent. Therefore, all six electrons are
completely delocalized in the ring path, resulting in two
donut-like electron clouds, one at the top and one at the
bottom of the ring. This molecule can establish strong
chemical bonds with the surface of gold electrodes by two
thiol end groups [6]. In the manufacturing process of
molecular devices, there is a possibility of deposition of a
molecule in an inappropriate position between the
electrodes. This paper aims to investigate the effect of the
displacement of the molecule between two electrodes on
the conductance of Au-1,4-benzenedithiol (BDT)-Au two-
terminal device. Fig. 1 shows the BDT molecule between
two gold electrodes. Changing the distance of the
molecule to the source or drain changes its coupling to
the electrodes (Fig. 2). Therefore, it is expected that the
current and current-voltage characteristics of the device
will be affected.

Drain

Source ; i

Fig. 2: Structure of the Au-BDT-Au molecular device. The
source and drain contacts are modeled as the two plates of
two planar capacitors.

In this research, we model the BDT molecule with a
single-level quantum dot and investigate its displacement
effect on the conductance of the Au-BDT-Au molecular
device. Parameters in multi-level models are in the form
of matrices, while they are in the form of numbers in
single-level models. The single-level model is less
complicated and accurate compared to other multi-level
models, but because its parameters are numerical, it
provides a better understanding of the physical behavior
of the device in general. This paper is organized as follows.
In the models and methods section, we briefly describe
the single-level theoretical model, and in the discussion
section, we analyze the effect of changing the position of
the molecule on the device conductance, electrostatic
capacitance, and molecule potential. Subsequently, we
conclude in the last section.

Models and Methods

Although several mathematical and physical models
and methods have been proposed for studying molecular
devices, the results obtained using these models are often
deviates from the measurements and experimental
observations. Fig. 3 compares the practically measured
current-voltage and conductance characteristics of the
Au-BDT-Au device with the theoretical calculation results
obtained from the multi-level DFT and NEGF model. This
figure depicts that there is an impressive difference
between theoretical and practical current values. To
describe the electron transfer, we use the quantum dot
(QD) model, which includes only one energy level. This is
the simplest model to describe charge transfer in
molecular devices, which includes the discrete nature of
the energy spectrum of the molecule and ignores the
effects related to the electrode-molecule contacts. In this
model, the broadening of an energy level is approximated
by the Lorentzian function as [20]:
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9(8) = 2 (er +1p)/2 i 1)
T (€—=E)* + ((Is +T1p)/2)

where, I'; and I, are the coupling energies of the source

and drain electrodes to the molecule, respectively. The

coupling energies are inversely related to the electron

transfer rate, Tt =T /h. In this paper we consider the

coupling energies as follows:

—R
Ix(z) = T,exp (— Zl/—4QD) (2)
l—z—R
Ix(z) = I,exp (%) (3)

where, I}, denotes the maximum coupling energy, Ry, is
the radius of the molecule, and z and [ are the distance of
the molecule from the source electrode, and the source-
drain distance, respectively. The energy of the highest
occupied molecular orbital (HOMO) of the molecule, €,
the energy of the lowest unoccupied molecular orbital,
€1,and Rgyp, and [ have been calculated using the DFT at
the B3LYP level of theory with 6-31G* basis set. These
calculations for the isolated BDT molecule have been
performed using the Gaussian-09 software. The
electrochemical potential of the gold electrodes is p =
—5eV and the maximum coupling energy is [}, = 0.1eV.
0.4 F L L L T 0.1

03 E : .
0.2
0.1
01 E
0.2 F
-0.3 i
0.4 =

0.05

Current (pA)
Conductance (pS)

200 ; 40
150} ‘
100f
s0f

50
-100}
-150
200

Current (uA)
Conductance (uS)

Voltage (V)

Fig. 3: The top figure depicts the measurement results [3], and
the bottom figure shows the theoretical calculations [26] of the
current-voltage and conductance of Au-BDT-Au device.

Table 1 lists the model parameters. According to the
calculations, the electrochemical potential energy of the
gold electrode is closer to the HOMO than to the LUMO,
so it is expected that electron transfer will take place
through the HOMO level.

Table 1: Model parameters used in this paper.

€ole)
-5.64

€(ev) Unm) Rgp(nm)  p(eV) Tm(eV)
-0.36 5 1.5 -5 0.1

Moreover, in previous studies, it has been reported
that the transfer in the Au-BDT-Au structure takes place
through the frontier HOMO orbital [17]. Thus, it is
reasonable to use one-level quantum-dot model.

After connecting the electrodes to the molecule, the
Fermi energy level of the molecule is shifted by three
mechanisms. The first mechanism is the state filling
effect. Since initially the electrochemical potential of the
electrodes is not equal to the Fermi energy of the
molecule, some electric charge is transferred between
the electrode and the molecule to equalize the Fermi
energy level ofthe molecule tothe electrochemical
potential of the electrodes. Charge transfer in this case
leads to the state filling effect. The second mechanism is
the charging effect. Since the electron has an electric
charge, the potential energy of the molecule changes due
to electron transport. The third mechanism is the
electrostatic effect of electrodes. Due to the fact that the
molecule is located between two electrodes connected to
the power source, the electric field created by the
electrodes changes the energy level of the molecule.
Therefore, the total change, U, in the energy level of the
molecule includes the change due to charging effect, U,
and the change caused by electrostatic effect, Ugg, which
is U= U; + Ugs. These energies can be approximated
using the planar capacitor model. Considering the surface
of gold electrodes and the molecule as parallel plates of a
planar capacitor, the electrostatic capacitance is Cgg =
Cs + Cp, as shown in Fig. 2. The charging energy of the

molecule is given as [17]:
q?
Ug=— (N - No); (4)
Ces
where, q is the elementary charge, N, denotes the
number of electrons in the molecule before charge
transfer, and N is the number of electrons after charge

transfer, which can be calculated from the following

equations.
+o00
Ny = 9(&)fm(e)de (5)
_ *° Tsfs(e, us) + Ipfp (e, tp)
N = j_m AT, gle—U)de (o)

In (5)and (6), fn, fs and fp are the Fermi-Dirac electron
distribution functions of the molecule, source and drain
electrodes, respectively. The current of the device is
described by the self-consistent field (SCF) approach as
follows [20],

LT,

= %f_w 9 =7, ) = folampde o)

The applied voltage, Vjs, changes the electrochemical
potential energy levels of the source and drain electrodes
as, —qVps = Hp — Us.

The Fermi level of the molecule changes when the
molecule moves between the source and the drain since
the source and drain capacitors are changed. Thus, using
the simple capacitor voltage divider circuit, the distant
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dependent Fermi energy of the molecule is,

z

Ep(2) = _T( Hp — Hs) + M. (8)
The SCF algorithm, which provides the solution to the

above equations is shown in Fig. 4.

SCF-Algorithm

Input Vpg, initial guess for U4
loop: calculate N based on (6)
calculate U,,,, basedon (4)

if  |Upew — Upial < a then go to current
else
Unew = Uota + B(Unew — Uo1a)
go to loop
current: calculate current using (7)

end

Fig. 4: The self-consistent field (SCF) algorithm for current
calculation.

Results and Discussions

Considering the effects of the geometry of the metal-
molecule chemical bonds and the electrostatic potential
energy of the molecule, we investigate the effect of
moving the BDT between the two electrodes on the three
physical quantities; namely, the electrostatic capacitance,
the potential energy of the molecule, and the device
conductance.

0.33
0.32

0.31

CES (aF)

0.3

0.29

0.28
1.5 2 25 3 3.5

z (A)
Fig. 5: The electrostatic capacitance vs. the distance of
molecule from the source electrode, z.
A. The Potential Energy of the Molecule

Fig. 6 shows the change in the electrostatic potential
of the molecule based on the change in the charging
energy described by (4). when its distance from the
source electrode changes from 1.5 A to 3.5 A. The results
show that the electrostatic potential is not equal for the
corresponding positive and negative voltages, when z #
[/2. In the Ryp <z <1/2 range, the electrostatic
potential in positive applied voltages has a greater value
than in negative voltages. Because when the molecule is
closer to the source, using (2) and (3) result in Tg > T},.
Consequently, for positive voltages, the charge
transferred from the source to the molecule is greater
than the charge transferred from the molecule to the
drain per unit time, which ultimately causes the molecule
to lose a small amount of charge. But in negative voltages,
the charge transferred from the drain to the molecule is

less than the charge transferred from the molecule to the
source per unit of time, and thus, the molecule loses a
large amount of charge.

0.2
0
;-0.2
Q2 4
=04 ——15A
2A
1 —e—25A
-0.6 ey
—0—35A| *eeasseewees

5 -4 3 -2 -4 0 1 2 3 4 5
VDS (V)
Fig. 6: The potential energy of the molecule vs. the distance of
the molecule from the source electrode, z.

Based on the results depicted in Fig. 5 and using (8), it
can be deduced that the electron transfer process in
Vps > 0 takes place in lower applied voltages. In the
range [/2 <z <l since I's > I, the molecule loses
more charge in Vg > 0 than in Vg < 0, and this process
takes place in less negative voltages. Placing the molecule
at z =1/2 results in Iy = Is, and as a consequence, the
amount of charge transferred from the molecule to the
electrodes is equal in positive and negative voltages. The
asymmetry properties suggest that by placing the
molecule near one electrode, a molecular diode can be
manufactured.

B. The Device Conductance

Fig. 7 and Fig. 8 depict the current-voltage and
conductance-voltage characteristics of the Au-BDT-Au
molecular device, when the distance of the molecule from
the source electrode changes from 1.5A to 3A. It can be
seen that when z # [/2, the electrical characteristics of
the device are asymmetric and the asymmetry increases
when the molecule deviates more from the middle point
of the electrodes. As the molecule approaches the source,
Rop < z <1/2, the conductance is greater in the Vpg >
0 region than in Vpg < 0 region. Because, in Vpg >0
region, the HOMO drops in the bias window in lower
voltages and the conduction begins. The conduction
starts when p, reaches the HOMO level at positive
voltages, and when g reaches the HOMO level at
negative voltages. Fig. 8 shows that, in Ryp <z <1/2,
the conductance peak is larger for Vpg > 0 than for Vg <
0. Because, when the molecule moves in this region, Iy >
[, and as a result, the electron transfer rate from the
source to the molecule is higher than the electron transfer
rate from the drain to the molecule, for Vp¢ > 0.
Therefore, at positive voltages, the current reaches its
maximum value with a greater slope. Instead, in the [ <
z < l/2 region, the conductance is higher at V¢ > 0 than
at Vpg > 0. At z =1/2, the current-voltage (Fig. 7) and
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the conductance-voltage (Fig. 8) characteristics are
completely symmetric. The current-voltage and the
conductance-voltage characteristics show that the
maximum conductance occurs at z=1/2, and it is
decreased when the molecule approaches the source or
the drain electrode. Fig. 7 depicts the turn-on voltage is
Voo =1V at z=1/2, which agrees with the
measurement results [3] and first-principles calculations.
Moreover, the conductance gap depicted in Fig. 8 is
Vyap = 2€V, which is in agreement with the previous
studies [3], [26].

15

-5 4 -3 -2 -1 0 1 2 3 4 5
VDS (V)
Fig. 7: The current-voltage characteristic of the device vs. the

distance of the molecule from the source electrode, z.
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Fig. 8: The conductance-voltage characteristic of the device vs.
the distance of the molecule from the source electrode, z.
Conclusions

In this paper, within the framework of the single-level
quantum dot model, we have shown that the
conductance of the Au-BDT-Au molecular device is
maximized when it is placed at the midpoint of the
distance between the source and the drain electrodes,
where the electrostatic capacitance reaches is minimum.
When the molecule approaches one electrode, the
capacitance is increased, while the conductance is
decreased. Moreover, the charge transferred through the
HOMO is unequal in corresponding positive and negative
voltages. In the symmetric distances from z = [/2, the
charge transfer is equal for corresponding negative and
positive applied voltages. The turn-on voltage, V,, = 1V
and the conductance gap, V4, = 2eV are in agreement
with other theoretical studies [26] and practical

measurements [3]. The results also indicate that
displacing the molecule leads to rectification
characteristics, which finds application in the
manufacturing process of molecular diodes.
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effect transistor (CNTFET) technology.

Methods: In the proposed design, CNTFET technology is used where reducing the
power consumption is the main priority. A CNTFET’s geometry directly determines
the threshold voltage. In this architecture, at each stage, a half adder is applied to

generate the intermediate binary signals which are called half-sum (HS) and half-

carry (HC). To implement the binary operations of the design, the gate diffusion
Keywords: input (GDI) method is applied. A significant reduction of the power consumption
CNTFET is achieved while the PDP is improved.
Results: The proposed designs are simulated in synopsis HSPICE simulator. The
Stanford 32 nm CNTFET technology is applied while the power supply is 0.9 v and
the simulation is performed at room temperature. In this case, the pitch value of
20nm are chosen where the number of the tubes taken are 3. In this work a GDI
based sum generator and a low-power encoder are used to calculate the final sum
value of each stage. Furthermore, the proposed carry generation/propagation
block results in a remarkable reduction of the overall propagation delay time. The
simulation reveals a significant improvement in terms of the power consumption
(up to 27%), the PDP (up to 41%) and the FO4 delay (up to 20%).
Conclusion: An efficient CNTFET based multi-digit ternary adder has been
presented in this paper. The Synopsis HSPICE simulator is used where Stanford 32
nm CNTFET model are applied to simulate the design. According to the results, a
significant saving in average power consumption is achieved where the power-
delay product (PDP) is improved by 41% compared to the best existing design.

It has brought many benefits in terms of hardware
utilization, interconnects, number of digits required and
average power consumption. Also reducing the scale size
to the Nanometer limits the usage in the implementation
of low-power digital designs. A review of the literates
depicts that non-silicon devices of multi-valued logic
systems are an offered circuit to implement high-

Low power ALU
Reversible logic
Ternary logic
Multi-valued logic

*Corresponding Author’s Email
Address:
Dehyadegari@kntu.ac.ir

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

Binary combinational logical circuits have an important
concern in terms of the design complexity [1]. Generally,
interconnects generate 70% of total on-chip capacitance
[41]. Due to that, they are the most important sources of
the power dissipation in a VLSI chip [2], [42], [43].
Recently, Multi Valued Logic (MVL) has been of interest.
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efficiency digital architectures. Since hardware
complexity is directly proportional to the radix of a MVL
system [3], calculations of base-3 (close to e = 2.718) isan
optimum choice called ternary logic. New molecular
devices have been widely developed to succeed
conventional silicon-based CMOS technology. CNTFETs
may be an alternative to silicon MOSFET devices due to
their excellent operating characteristics with some
similarity in their inherent characteristics [4].

The similar dimension of an N-type and a P-type
CNTFET has the same mobility. It affects the sizing of the
transistors in a complex circuit. CNTFETs are more
suitable for implementing three-valued logic circuits
because they can obtain multiple threshold voltages by
changing the physical dimensions of the carbon
nanotubes (CNTs). Chirality is a well-known characteristic
of CNTFETSs. It depends on the diameter of the CNTs. Any
variation of the chirality affects the CNT’s threshold
voltage.

Multiple threshold voltages are required to implement
a three-valued logic circuit. So, it can be obtained by
CNTFETs of different chirality [5]. A wide different
CNTFET-based ternary operations and logic circuits such
as the logic gates, adders, and multipliers are discussed in
[6]-[23].

Also, two CNTFET based Ternary ALUs (TALUs) which
include a huge number of transistors have been
presented in [21] and [22]. These power-consuming
structures use a decoder-encoder based approach. A
novel CMOS based ternary ALU is proposed by [26]. It
employees the decoders, the ternary gates and the
ternary buffers to implement various digital blocks like
the adder, the subtractor and the multiplier. In this work
[26], the depletion type MOS transistors and the large off-
chip resistors significantly increase the power and the
area consumption. A modified version of this TALU [26] is
presented by [27] where the adder and the subtractor
modules are in the same block and the outputs are
multiplexed using the ALU select signals. There is a
modified version of [27] which is proposed by [28], where
the adder, the subtractor and the Ex-OR gate are
combined in a single module. In this paper, a novel multi-
digit ternary adder is introduced while it is more efficient
in terms of the power and the PDP metrics. The proposed
architecture applies the GDI method for implementing
the binary operations.

Hence, an improvement is expected in terms of the
power consumption. The rest of this paper is organized as
the following: section two gives a concept of the ternary
logic and the multi-digit ternary adders.

Our detailed proposed design is presented in Section
three. In section four the simulation results and the
comparisons have been fully discussed. Finally, section
five is the conclusion.

Backgrounds of Research
A. CNTFET Based Ternary Logic

A three-valued logic (ternary logic) is an offered type
of multi-valued logics. In this, the three truth
values indicating true, false and an indeterminate 3™
value are included. In this case, 0, 1 and 2 directly
correspond to a voltage value of 0, Vdd/2, and Vdd. In
fact, f(y) is a ternary logic function of y={y1, y2, ..., yn} maps
{0.1.2}" to {0.1.2}. In this three-state logic, AND and OR
functions are defined as min {y;, y;} and max {y; vy}
respectively. In three-state logic, the inverting gate, which
is widely used in the design of other gates like NAND and
NOR and most of the logic circuits, is defined as NTI, PTI
and STI (which stand for negative, positive and standard
ternary inverter respectively). Threshold voltage changes
in exchange for CNT diameter changes have made them a
viable option in MVL circuits. A graphite sheet is rolled up
to create a CNT. In this case, C is the roll-up vector ( C =
na+mb).

In this equation, @ and b are the unit lattice vectors
and the pair (n,m) is the chirality vector of the carbon
nanotube. The integer values (n,m) determine the type of
a CNT: metallic or semiconducting. If (n = m) and (n-m =
3ie.g.iisaninteger), a CNT is a metal.

Otherwise, it treats as a semiconductor. The diameter
of a CNT in Nano-meter is expressed as: Deyr =
0.0783 Vn? + m? + n.m . Also, the threshold voltage of
a FET in volt and a CNT’s diameter in (nm) are inversely
proportional as: Vy, = 0.43/Dcyr . The most common
chirality vectors that are used for implementation of MVL
circuits are (19,0), (13,0) and (10,0) so that they provide
threshold voltages of 0.289, 0.428 and 0.559 for an N-
CNTFET and equivalent values with negative sign for a P-
CNTFET respectively [29].

B. The GDI Transistor Level Implementation Technique

The gate diffusion input (GDI) method [30]-[34] is a
well-known method which is developed based on a simple
cell including two transistors.

It is shown in Fig. 1. G: the common gate input of the
NCNT and the PCNT transistors (in CMOS technology
NMOS and PMOS are used), P: the outer diffusion node of
the PCNT transistor, N: the outer diffusion node of the
NCNT transistor, D: the common diffusion node of the
both transistors.

Fig.1: The basic cell of the GDI method [34].
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Depending upon the circuit structure, P, N, and D
would be either input or output ports. Table 1 includes
several simple logic functions implemented by the GDI
method.

Various Boolean functions could be simply
implemented when a simple configuration changes
occurred at the inputs. So, the GDI method gains simpler
design, fewer transistor of the structure, and lower power
dissipation [34].

Table 1: Several functions which are implemented by the basic
GDI cell [34]

N P G D FUNCTION
0’ B A AB F1

B 1’ A A+B F2

1’ B A A+B OR

B 0’ A AB AND

c B A AB + AC MUX
0’ 1’ A A NOT

C. Ternary Adders

Reviewing the literates introduces a simple
architecture which implies several single-digit adders to
implement a multi-digit adder [45]. This suffers from a
long propagation delay time. A similar structure is
presented by [46]. Another design including two half-
adders are applied to generate the sum where a
standalone circuit is utilized to generate the carry signal.
The carry is ternary in nature and it is propagated to the
next stage [47]. In some ternary adders provided in the
literates, a ternary decoder is utilized to generate the
binary version of the input. The three outputs of the
decoder (Y°.Y1.Y2) are created according to the input
(Y) as in (1). Since there are two possible states of the
decoder outputs, the binary logic gates are utilized to
generate the intermediate binary values. Then, these
intermediate binary values produce the ternary
sum/carry. The adder presented in [35] has a simple
structure. A fast carry generation block is included in the
design. Hence, an improved overall delay for multi-digit
adders is expected spending large average power
consumption. A multi-digit adder is introduced by [36] in
which two half-adders are applied to produce the sum
value. It applies a self-governing circuit to create the
carry. The carry signal is ternary in nature while it needs
to be transferred to the next stage. The most important
drawback of the design is huge power consumption and a
large amount of delay. Why so at any stage of the adder,
a voltage divider is applied made the ternary carry. An

energy efficient single-digit/multi-digit adder is illustrated
in [36]. In the first stage of the architecture, positive and
negative ternary complements of the inputs are
generated. Then, the outputs of the first stage and the
original inputs are fed to a network of transistors to
estimate the intermediate output. This structure gains a
moderate power consumption and PDP in comparison
with the other existing designs.

yi +y; = max{y;.y;}
yi-y; = min{y;. y;} ()
y=2-y

The Proposed Multi-Digit Ternary Adder

The proposed multi-digit ternary (multi-trit) adder
applies some intermediate binary calculations to perform
the operation. At each stage, two decoders are used to
prepare the intermediate binary signals from the inputs.
Then, the intermediate binary signals are applied to a half
adder circuit. The outputs of the half adder are also binary
signals which in turn drive the final sum generator circuit.
The gate diffusion input method (GDI) method is utilized
as a power efficient method to design the binary circuits.
Finally, an encoder converts the binary sum to a ternary
digit. The proposed structure is based on the model which
isintroduced in [37]. In the proposed architecture, a carry
generator determines the carry-out of ith stage using the
half-adder outputs of ith stage and the carry signals of the
(i- 1) th stage. Itleadsto a reduction in carry propagation
time while the complexity is slightly increased. Since the
half adders work in parallel while a part of the carry-out is
pre-calculated by the half adder, the carry propagation
delay is decreased. To explain the design in detail,
(Ay_1..- A1 4y) , B(By—q....B1.By) , Cirare
considered as the ternary inputs.
Sum(Sumpy_;. ....Sum,. Sum), and Cout are the ternary
outputs. The intermediate binary signals are expressed by

Yl.j which corresponds to ith digit-adder stage. There are
two possible value of the intermediate binary signals:
logic 2 (if Y = j) or logic 0O (if Y # j), where j {0, 1, 2}. For
instance, Ao! corresponds to input of Oth digit-adder stage
whose value is logic 2 only if ternary signal A is equal to
logic 2. Fig. 2, shows the block diagram of the proposed
multi-digit ternary adder for the ith stage. In this
structure, ternary inputs are decoded to binary signals. A
binary half adder computes the intermediate signals half-
sum (HS) and half-carry (HC) which in turn are used to
compute the final sum/carry signals in the binary
sum/carry generator block. Finally, an encoder converts
the binary signals to a ternary value. The binary
operations, which are applied to compute the HS and HC
signals, are shown in Fig. 3 [38]. A power and delay
optimized decoder are designed to generate the mutually
exclusive binary signals as in (1). In this design, an NTI is
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used to calculate A, a pair of PTI-GDI inverter is used to
compute A% and finally a GDI NOR is applied to calculate
Al

A;l Bil

GDI_Decoder

GDI_Decoder

o[ ] o] o]

GDI_Binary_Half Adder
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Fig. 2: The ith stage block diagram of the proposed ternary
adder.
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Fig. 3: The binary operations of the half adder to calculate the
intermediate binary signals [38].
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Fig. 4: The proposed GDI-based decoder.

The transistor level implementation of the proposed
GDI-based decoder is shown by Fig. 4. These binary signals
are fed to GDIl-binary half adder to compute the
intermediate binary signals. The proposed half adder
generates mutually exclusive intermediate binary signals
HS, HSi' and HSi2. HC! represents the carry signal. Table
2 is the truth table of a ternary half adder which represent
HS and HC for all of the inputs states. According to Table
2, (2)-(4) are obtained. Since HS®, HS and HS? are
mutually exclusive signals, only two of these signals
should be calculated. The third one could be implemented
applying a NOR operation [37]. In this case, the GDI
method is used to implement (2)-(4). Noting to the
equations, “OR, AND, NOT” operations are implemented
using the basic GDI cell.

Clearly, the transistor level implementation of the
proposed GDI-binary half adder is presented by Fig. 5
where all the N-CNTs and the P-CNTs have the chirality of
(19,0). The circuits in Fig. 5(a), (b), (c) and (d) are the
CNTFET-based implementation of HS, HS?, HCi* and HS{?
respectively.

HS?= (A} + BY) (A7 +BY) (A} + B}) (2)
HS}!= (A} + BY) (A7 + B (A? +B}) (3)
HC}= (A} + BY) (A} +B}) (4)

Table 2: The truth table of a ternary half adder

A B HS HC
0 0 0 0
0 1 1 0
0 2 2 0
1 0 1 0
1 1 2 0
1 2 0 1
2 0 2 0
2 1 0 1
2 2 1 1

Then, the intermediate binary signals are applied to
the GDI-binary sum/carry generator block to calculate the
sum and the carry.

There are two separated CNTFET implementation for
the sum and the carry generators. The GDI method is also
utilized for the binary operations. Table 3 is the truth table
of the ith stage output carry (Cout;) in order to the sum of
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the inputs (A, Bi) and the previous stage carry (input carry
of the ith stage: Couti.1).

0

Al

HC;!

Al

stages while it generates Cout2 and Cout? for the odd
stages.

|Dl
Al &
IOI
Hs!
B! e
AP
(b}
HS? 0
HS; HS;?

{d)

Fig. 5: The proposed GDI-binary half adder. All the CNTFETs have the chirality of (19,0).

The intermediate binary signals (HSi, HCi) are also
included in the table. According to the truth table, the
carry signal could be simply calculating by the following
logical (5), (6). That is clear that only binary AND, OR and
NOT are required to implement these equations. In this
case, the basic CNTFET based GDI cell is used to
implement the carry generator. The ith stage carry
generator generates Cout? and Cout? for the even

J. Electr. Comput. Eng. Innovations, 11(1): 189-202, 2023

Fig. 6 shows the implementation of the carry generator
in the 0™ and 1th stage GDI-binary sum/carry generator
block where the basic GDI cell is employed to implement
the logical operations. The CNTFET based circuits in Fig.
6(a), (b), (c) and (d) are used to implement Couto?, Cout:®,
Couto? and Couti? respectively. In this design, all the
CNTFETs have the chirality of (19,0).
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Cout? = (HS? + Cout?.,) HC! (HS? + Cout?,) (5) 2 o 2 0
1 0 1
Cout? = HS} HC} Cout?, (6) 4 1 1 1
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Fig.6. The proposed carry generator in the Oth and 1th GDI-binary sum/carry generator block.
All the CNTFETSs have the chirality of (19,0).

Table 3: The truth table of the ith stage output carry (Cout;)

In the GDI-binary sum/carry generator block, a CNTFET

Sum HG  HS Cout Cout; Cout; based GDI circuit, which is similar to the HS calculation
(A Bi) |Coutiio  [Coutiz-s  |Coutii circuit in the half adder block, is used to generate the final
0 0 0 0 0 0 ternary Sum (Sumi?, Sumi?).
1 0 1 0 0 1
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In this case, the intermediate binary signals (HS) and
the input carry of the stage is used to generate the final
sum. Fig. 7(a), (b) represent the transistor level
implementation to generate Sum;? and Sumi?, while Fig.
7(c) is the implementation of Couti1?.

L
Cout;?
_g
]
]
ﬂi Sum;’
III‘
I
Cout; 1" T

Cout;;?

HS?

(a) (b)
Cout; " Cout; ;!
l]..

T : stage.
The

e)

Fig. 7: The proposed final sum generator in the GDI-binary sum/carry generator block. All the
CNTFETs have the chirality of (19,0).

The GDI basic cell, which is comprises of a P-CNTFET
and an N-CNTFET with the chirality of (19,0), is used to
implement the design. Encoder is an essential element in
the architecture of a ternary adder that uses binary
operations to estimate the binary intermediate signals. In
this work, the power optimized encoders that are
presented in [39] are applied to generate the ternary sum

implementation of the encoder which is used in the
proposed design for the ternary sum generation at each
stage (Sum;) is presented by Fig. 8. Similarly, Fig. 8(b)
represents the encoder which is used to implement the
ternary final carry at the last stage (Coutn-1).

Vdd Vdd
Sum;! _CI Couty1? _CI
d Tp-Sum? - Coutsa
Sumy Couty,
LI |~ Sum;! LI :D |~ Couty4"
Sum;! I_ Squ’ (Tt:q.f—'
Fig. 8: The irhplementation for the sum (a) an vatcarry (b) [39].

= All the CNTFETSs have the chirality of (13,
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All the CNTFETs for the both encoders have the
chirality of (13,0). In the encoder circuit, which is applied
in this work, when Sum is equal to logic 2, logic 2 is
generated at the output. In this case, if Sumi is equal to
logic 2, a direct path between VDD and GND is created
that forces the output to change to logic 1. If neither of
Sumi? and Sum® are logic 2 then the output is pulled down
to logic 0. In this work, gate diffusion input is a method
which is used to reduce the power dissipation, the
propagation delay time, and the occupation area. The
basic GDI cell is used to implement the GDI-decoder, GDI-
binary half adder and GDI-binary sum/carry generator.

Due to this, the implementation of the proposed circuit
is expected to be more efficient than previous works.

The Simulation Results and Discussion

The proposed designs are simulated in synopsis HSPICE
simulator [49]. The Stanford 32 nm CNTFET technology is
applied while the power supply is 0.9 v and the simulation
is performed at room temperature. In this case, the pitch
value of 20nm are chosen where the number of the tubes
taken are 3. The main simulation parameters of the CNTs
in Hspice simulator are included in Table 7. To have a
meaningful comparison with the previous works, the
proposed decoder, the proposed single digit adder and
the proposed multi-digit adder are investigated in terms
of the average power consumption, the power-delay
product (PDP) and the fan out of 4 (FO4) delay. In this
simulation the average power consumption is achieved by
applying a random input pattern with the switching
frequency of 500 MHz. The average power is composed
of two types: dynamic and static. For instance, the static
power consumption of the proposed single-digit adder is
0.51 uW while the average power is reported 0.88 uW.
Table 4 is a comparison of the decoders.

Table 4: A comparison of the decoders

Decoder Power Delay-FO4 (ps)  PDP (10-18))
(W)
[38] 0.061 18.9 1.15
[37] 0.053 16.80 0.88
Proposed 0.042 15.28 0.64
Table 5: A comparison of the encoders
Encoder Power Delay-FO4 PDP (1018 ))
(W) (ps)
[38] 0.99 25.2 25.2
[12] 9.31 5.09 47.3
196

[6] 0.78 7.62 5.94
[39] 0.37 8.53 3.15
Table 6: A comparison of the single-digit adders
Single-digit Power Delay-FO4 PDP (1018 ))
adder (LW) (ps)
[12] 329 37.27 1.225
[6] 2.47 26.85 0.066
[5] 1.51 134.7 0.204
[10] 7.43 34.28 0.255
[14] 211 29.23 0.062
[37] 1.14 37.78 0.043
Proposed 0.88 36.37 0.032

The proposed decoder design results in a reduction of
21% in power consumption, 9% in propagation delay and
22% in PDP compared with [37]. Furthermore, the fan-out
requirement of the decoder in [37] is more than the
proposed architecture. Hence, a circuit connected to the
input of the decoder consumes lower energy in our work.
The decoder which is used in the proposed design has
lower power spending more delay time while the PDP is
improved. Table 5 shows the simulation results of the
several already provided encoders where 4 STI gate are
connected as the load and a random pattern waveform as
the input that results in the same output is applied. An
implementation of a single-stage adder, which has no
carry chain, could be done applying one stage of the
proposed multi-digit adder. In some cases, it is called a full
adder (FA). To have an exact consideration of FO4 delay,
power and PDP, the output of the single-digit adder is
connected to 4 STl as in [37] and the simulation waveform
is the same as in [37]. [37] improves the results in terms
of the average power and the PDP, but delay is 40%
worse. The main reason for the defect is the high delay of
the encoder. Although the same encoder is used in the
proposed design, the overall delay is greatly reduced due
to the GDI-encoder, GDI-binary half adder and GDI-binary
sum/carry generator. The single-digit adder of [6] gains
lower propagation delay time due to the simple encoder
structure. However, the proposed single-digit adder has
improved delay by 10% than [6]. In terms of the average
power and the PDP, the proposed design could improve
the results by 23% and 26% respectively compared with
[37]. It’s very important to study the effect of voltage
variation on the behavior of the proposed CNT based
design. Hence, the two graph of the propagation delay
and the power consumption are plotted in term of the
supply variation for the proposed design, [37] and [14].
Fig. 9 (a) shows that when the current of CNTFETs
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increase due to the increase in voltage, the propagation
delay decreases. On the other hand, as shown in Fig. 9(b),
a positive change in supply voltage reduces the power
consumption. Fig. 9(c) and Fig. 9(d) show how the
temperature changes affect the design performance.
Clearly, the temperature has a direct relation with the
propagation delay and a reverse relation with the average
power consumption. A metric describes the noise
variation %%
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It is used to investigate the noise effect on the
performance of a logic circuit. The NIC calculation is
presented by [40].

The noise pulses are simply categorized by their width
and amplitude [37].

A pulse with an adequate width and amplitude may
cause a glitch (spurious switching).
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Fig. 9: The effect of the power supply (a, b) and temperature (c, d) variation on delay and power.

Fig. 10 is the NIC of the single-digit adders. Any point
above the curve represents a glitch at the output. Fig. 10
clearly illustrates that the proposed single-digit adder has
better noise immunity compared with [14] and [37].
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Fig. 10: NIC of single-digit adders.

To evaluate the improvement achieved in the proposed
CNT-based multi-digit ternary adder, the main
parameters including the power consumption, the
propagation delay and the PDP are reported. In order to
have a favorable comparison with previous works, two
ripple carry multi-digit adder [6]-[12], two ripple carry
adder which apply single-digit adder for multi-digit
operations [5]-[10], and a conditional sum adder
proposed by [14] are completely investigated by the same
test patterns. Moreover, a lately published add/sub
ternary circuit is investigated [48]. Table 8 reports the
average power consumption of the several N-digit adders
for N= {3,6,9,12}. According to the results, the proposed
3-digit, 6-digit, 9-digit and 12-digit adders improve the
results by 10%, 25%, 27% and 19%, respectively,
compared to the best design [37] in Table 8. In addition to
the proposed power efficient GDI-CNT based circuits, the
proposed power efficient decoder and the power efficient
encoder [39], there is no encoder-decoder pairs in the
carry propagation chain of the architecture [37]. There
are the main reasons for the reduction of the power
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consumption. A comparison of the multi-digit adders in
term of the propagation delay are reported by Table 9.

Table 7: The simulation parameters of the CNTs [49]

Parameters Descriptions Value
Lch Physical channel length 32nm
Lss The length of doped CNT source-  32nm
side extension region
Ldd The length of doped CNT source- 32nm
side extension region
Lgeff The mean free path in the intrinsic  100nm
CNT channel
Pitch The distance between the centres  20nm
of the two adjacent CNTs within the
same device
Tox The thickness of high-k top gate 4nm
dielectric material
Csub The coupling capacitance between 40
the channel region and the uF/um
substrate
Efi The Fermi level of the doped S/D 0.6 eV
tube
Table 8: Power consumption of multi-digit adders
Power consumption (uW)
(N)-digit 3 6 9 12
adder
[12] 51.10 103.7 134.3 212.4
(6] 8.20 16.69 23.41  31.85
[5] 5.69 12.18 17.61 22.64
[10] 28.88 60.89 83.62 117.0
[14] 6.68 13.36 20.17 27.07
[37] 3.21 5.83 8.41 11.37
[48] 1.30 4.93 8.91 14.30
Proposed 2.89 4.32 6.11 9.21
Table 9: Propagation delay of multi-digit adders
Propagation delay (ps) _FO4
(N)-digit 3 6 9 12
[12] 63.76 117.2 170.7 223.7
[6] 97.52 205.4 3134 422.6
[5] 290.5 526.9 762.5 997.9
[10] 108.7 206.1 303.3 381.4
[14] 64.5 93.1 125.9 132.5
[37] 62.8 93.7 124.4 155.6
[48] 290.22 607.1 752.4 820.3
Proposed 53.40 74.21 101.3 122.7

In this case, the worst-case propagation delay is
measured for all of the adders so that the signal changes
propagate through the carry path and finally affect the
Coutn-1 and Sumn-1. Unlike [5] and [6], [14] and [37] have
lower complexity. Hence, an efficient carry
generation/propagation results in lower propagation
delay for each of them. The FO4 delay is calculated when
four STI gates are connected at each output node of the
critical path as in [37].

The simulation depicts that the proposed GDI based
method improves the FO4-delay by 15% for N=3, 20% for
N=6, 19% for N=6 and 8% for N=12 compared to the best
design for each value of N. Although the overall structure
of the proposed design is similar to [37], the proposed
low-delay decoder and the low-complexity half adder has
a great effect on reducing the overall propagation delay.
The effect of the load capacitance on the propagation
delay, is investigated. 1F, 2F and 3F capacitors are placed
at the output node of the proposed multi-digit adder and
two of the existing designs for N=6 and N=12. Fig. 11
shows the propagation delay against the load capacitance
for 6-digit and 12-digit adders where the FO4- delays are
also included.

The simulation reveals that there is lower dependency
on the load capacitance for the both proposed 6-digit and
12-digit adders compared with the other designs. [14] has
the worse result due to the limited driving capability. The
product of the propagation delay and the power
consumption (PDP) is the most widely used metric to
validate the performance of a design. The PDP of the
proposed multi-digit adder are compared with the other
existing designs by Table 10. The proposed delay and
power optimized decoder, half adder and carry/sum
generator play an important role to reach the more
efficient structure. So that the PDP is improved by 25% for
N=3, 41% for N=6 and N=9 and 36% for N=12. Since the
PDP is a well-known metric to evaluate the efficiency of a
digital design, it is widely used in this work to compare the
proposed architecture with the other existing designs.
However, a circuit with low PDP (i.e. a very energy
efficient design) may do the operations in a very slow
manner. In this case, the energy-delay product (EDP) may
be used as a much more preferable metric in some cases.
To meet all aspects the EDP of the proposed and the other
existing designs are reported by Table 11.

That is clear by the results that the proposed design is
the most energy efficient design.

A CNTFET circuits consists of various diameter size
CNTs. Due to that, it is so important to investigate the
effect of the size variation. In this case Monte Carlo
simulation is performed on the proposed single-digit
adder and two other existing designs.

The simulation is performed with up to +-15% Gaussian
distribution +- 3o variations and 30 iterations for each
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simulation. The simulation results are plotted in Fig. 12
where the power and delay variation are considered
versus the diameter variation. That’s clear that the
proposed design depicts lower power variation compared
with [14] and [37].

In term of the delay variation [14] gains the best
performance.

350 A
o Ref [37] /
300 | A Ref[14]

* Proposed 6_digit /

N
(2]

Propagation delay (ps)
- N
& 8

8

wn
o

FO4 1F 2F 3F
Load capacitance

(a)

&

o Ref [37] A
A Ref [14] /
* Proposed 12_digit /

Propagation delay (ps)
n N W o
s % 8 & 8
N\
N\
™

2

8

FO4 1F 2F 3F
Load capacitance

(b)

Fig. 11: Propagation delay vs load capacitance for 6-digit (a)
and 12-digit (b) adders.

Table 10: PDP of multi-digit adders

Power-delay product (fJ)

(N)-digit 3 6 9 12

adder
[12] 3.26 12.2 22.9 47.5
[6] 0.80 3.43 7.34 13.4
[5] 1.66 6.42 13.4 22.6
[10] 3.14 12.6 25.4 44.6
[14] 0.43 1.24 2.54 3.59
[37] 0.20 0.55 1.05 1.77
[48] 0.38 2.99 6.70 11.73

Proposed 0.15 0.32 0.62 1.13

Table 11: EDP of multi-digit adders

Energy-delay product (x 107-24 J.s)

(N)-digit 3 6 9 12
adder
[12] 0.21 1.43 3.9 10.6
[6] 0.08 0.7 2.3 5.6
[5] 0.48 6.42 3.4 22.5
[10] 0.34 2.6 7.7 17.01
[14] 0.03 0.12 0.32 0.48
[37] 0.012 0.051 0.13 0.27
[48] 0.11 1.1 5.04 9.6
Proposed 0.008 0.023 0.063 0.138
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Fig. 12: Monte Carlo simulations for delay (a) and power (b).

Conclusion

A CNTFET based power and delay efficient multi-digit
ternary adder has been presented in this paper. At each
stage, a decoder converts the ternary inputs to the binary
signals. The proposed structure includes a novel half
adder to generate the intermediate binary signals. The
binary signals have been used to calculate the final sum
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and carry in the proposed sum/carry generator unit. The
basic GDI cell has been widely used as an implementation
method for the decoder, the half adder and the sum/carry
generator designs.

The proposed design has been simulated in HSPICE
with Stanford 32 nm CNTFET technology [49]. The
simulation reveals a significant improvement in terms of
power consumption (up to 27%), PDP (up to 41%) and FO4
delay (up to 20%).

Abbreviations
FA Full Adder
MVL Multi-Valued Logic
HS Half Sum
HC Half Carry
NIC Noise Immunity Curve
GDI Gate Diffusion Input
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Background and Objectives: Development of intermittent wind generation
has necessitated the inclusion of several creative approaches in modeling the
deregulated power market with presence of wind sources. The uncertain
nature of wind resources will cause the private companies meet several risks
in their medium and long term planning in a restructured power market. In
addition to considering the uncertainties such as load, fuel costs, wind power
generation and technical actions of rivals for modeling the restructured power
market, the regulatory policies i.e. incentive policy for wind resources and
Carbon tax should be assumed in this approach.

Methods: The first contribution of this article is to propose a developed
mathematical model in order to evaluate the medium term deregulated
power market by assuming the hybrid wind-thermal power plants. The second
contribution is to evaluate the impact of different types of Feed in Tariff
supports on Market Clearing Price, Expected Cost for Government, profits and
contribution of each firm in electricity generation in the restructured power
market. Also, the scenario based method has been used to generate the
scenarios for wind uncertainties and then their reliability validate based on
the statistical methods.

Results: The proposed mathematical model in the first contribution is
calculated for each season and load levels based on the proposed wind
scenarios. The functionality and feasibility of this model is demonstrated by
simulation studies.

Conclusion: The proposed model in this article can be so useful for evaluating
the different types of incentive policies for renewable energies. Moreover,
this study confirms the previous researches that selected the Feed in Tariff as
an efficient approach for developing the wind resources.

©2023 JECEL All rights reserved.

Introduction

Wind power plants, because of the various regulatory
policies as well as their uncertainties, are among the risky
investment in the deregulated power market. Thus, it is
essential to provide a comprehensive model to
investigate the effect of different types of incentive
policies in the deregulated power market. In this model,
all uncertainties in the electricity market, market

Doi: 10.22061/jecei.2022.8980.563

regulatory policies and incentives of renewable power
plant should be considered.

European Union (EU) countries have prepared several
incentive policies to increase renewable resources [1].
Among renewable sources, the perfection rate of wind
technology is higher than the others. The development
has happened in consequence of several advantages of
wind such as minimum environmental effects [2]-[5].
Furthermore , the wind has been developed very quickly

203


https://doi.org/10.22061/jecei.2022.8980.563
http://jecei.sru.ac.ir/
mailto:m.askari@semnaniau.ac.ir

M. Tolou Askari

rather than the other renewable technologies because of
the low R&D expenditure [6]. In the late 1990s, around
70% of wind generators had been installed in Europe,
19% in North America and just 9% in Asia [7]. Besides the
expansion of wind technologies, the structure of the
power market has reformed from the centralized to the
decentralized power market [8], [9]. In this article,
competitive power market has been mentioned as
restructured power market. However, these changes
have a serious effect on the goals of the various power
markets. The main purpose of the players in restructured
markets are not the same as the objectives explained by
the government in regulated markets. The main aims of
planning in the regulated power market is to respond the
demand through the acceptable reliability [10], [11].
While, maximize the profit is the goal of the investors in
the deregulated power market [12]-[15]. In the
restructured power market the decision makers of wind
resources are encounter with several challenges. These
challenges related to the volatility of wind speed,
uncertainties in the restructured power market,
regulatory policies (such as incentive policies, CO2
taxation, etc.) and high capital investment of this
technology. These challenges are barriers against the
development of wind resources [16]. Moreover, the wind
power plants could not compete with other conventional
power plants in the restructured power market because
of the intermittent nature of wind. Therefore, incentive
policies need to expand the wind power plants [3], [17].
There are four main policies for developing the renewable
energies which are including the auctions and fiscal
incentives, tax credits, quotas and tradable green
certificates and Feed-in tariffs (FIT). However, the FIT is
the most effective incentive to develop the renewable
resources [15], [21]. Feed-in tariffs are incentive
mechanism suggested to speed up the investment
in renewable energy by providing them reward (a "tariff")
above the retail or wholesale rates of electricity. Spain is
one of the first countries that have developed specific
incentive mechanisms for implementing the renewable
energies. They established the first FIT in 1994 through
the fixed FIT. Then, Spain encouraged the renewable firms
to sell their generation through the wholesale market and
received premium in a restructured power market. Also,
distribution utilities had been obliged to buy the whole
renewable generation. Germany has supported the
renewable energies by developing the technologies in
order to decrease the generation cost of renewable
energies. In addition to Research and development
subsidies, the Feed in supports motivated the
development of renewable in Germany [23], [24]. The
other countries such as United States, Canada and
Denmark are developing the renewable sections by
considering the different types of supportive policies.

Although FIT supports are effective policy to develop the
renewable energies in developed countries, it exposes
excessive cost to the government and costumers.

In addition, the wind resources’ investors encounter
more uncertainties rather than the conventional
companies. These stochastic uncertainties are including
the wind velocity, electricity demand and fuel price. Also,
these stochastic parameters as well as the technical
actions of rivals fluctuate the market clearing price.
Therefore, the investors in the deregulated power market
and governments should equip themselves with powerful
and flexible decision making tools in order to investigate
the effect of these uncertainties as well as the effect of
various types of FIT on their, market clearing price (MCP),
profits and contribution of each firm in electricity
generation in the restructured power market. This
decision tools should capable to model the uncertainties
(such as demand, fuel price, wind and rational
uncertainties) and the CO2 tax and bilateral contracts in
addition of the FIT. Due to these uncertainties, modeling
and planning in the restructured power market has
encountered more risks. Different methods are available
to evaluate the uncertainties. Usually, these methods are
based on the probability and statistical methods.
Accordingly, the decision problems such as planning and
risk management should be solved by considering the
stochastic uncertainties such as load and fuel price
uncertainties and rational uncertainties that is the
operational strategic behaviour of participants in the
restructured environment. Moreover, the realities and
the regulator policies should be considered in medium
term planning.

A mathematical model has been suggested in [25] for
evaluating the effect of fix FIT. In this model, uncertainties
and also the realities of the deregulated power market
has been neglected. In [26], a review paper has been
given for assessing the policy in power market. It has been
illustrated that policy assessment and Generation
expansion planning are the most important issues [26].
furthermore, an approach has been given in [27].
Although this model provide useful data about the
incentive mechanism for renewable sources in the
deregulated power market, the CO2 tax has been
dismissed [27].

In this article, a developed mathematical model is
proposed to investigate the impact of FIT on the profit,
MCP, Expected Cost for Government and contribution of
each firm in the restructured power market. The main
contribution of this paper is to propose a mathematical
model in order to investigate the effect of different types
of FIT by considering the hybrid wind-thermal power
plants, rational and stochastic uncertainties and realities
such as bilateral contracts and carbon tax for thermal
units in a restructured power market. Also, the
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uncertainty of output power of wind power plants has
been considered in this study based on the scenario based
method. The reliability of these scenarios validate based
on the statistical methods. The developed mathematical
model is examined with fixed FIT, variable FIT for different
levels of demand and without FIT.

The rest of this paper is structured as follows: Section
2 illustrated the description of the proposed structure and
describes the modeling of wind generation. Section 3
demonstrate the proposed mathematical model to
simulate the deregulated power market. Section 4
implements the developed model on a power market and
the results are discussed in Section 5. Finally, the last
section is focused to the conclusion.

Description of the Proposed Structure

The flowchart of the proposed model is revealed in Fig.
1. It presents four main blocks, which are explained in the
next paragraphs. In this study, a new method has been
proposed to generate the wind scenarios according to the
scenario-based method. The wind scenarios together
with their probabilities have been generated based on the
data mining algorithm. Then, their results are validated
with the statistical method. The proposed method has
been applied for a standard system in order to reveal the
effectiveness of this approach. This section is presented

START

Modeling and clustering the
output power of WTGs

l

Validating with real
data and statistical
analysis

in block 1. In the second block, a model has been
developed to evaluate and analyze the medium term
restructured power market with the presence of the
hybrid wind-thermal firm. In this model, electricity
demand and fuel costs as short term uncertainties are
simulated through Monte-Carlo method annually. In
addition, the wind generation’s scenarios with
probabilities of their occurrence have been calculated
through the outcomes of block 1. These uncertainties are
called the stochastic uncertainties which are considered
in the proposed model to simulate the medium term
power market. Besides the stochastic uncertainties, the
strategic behavior of investors, as an effective parameter
on the MCP, is analyzed based on the concept of Cournot
game theory. This concept has been used in order to
determine the MCP in the restructured power market.
Also, regulatory interventions such as the CO2 tax, FIT,
and bilateral contracts are assumed in this model as the
exogenous parameters.

Then, the proposed model has been examined with
various types of FIT which are represented in the third
block. Finally, the output results of this model are given
for each type of FIT. These results are represented in the
fourth block. The details of these blocks are described in
the next sections.
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Fig. 1: Flowchart of the proposed structure.

J. Electr. Comput. Eng. Innovations, 11(1): 203-216, 2023 205



M. Tolou Askari

Scenario Reduction Algorithm for Output Power of
Wind Power Plants

Although, various methods have been implemented to
decrease the generated scenarios for the velocity of wind,
the precision of them were not justified through a
scientific method [15], [28], [29]. In this article, the
proposed method has been validated and justified based
on the real data and Weibull probability plot test. In this
article, the generated scenarios for wind power plants are
selected based on data mining. The basis of this method
is to classify the real wind speed data that have certain
characteristics in a specific group. Data mining have
various methods that in this article the K-means method
is used to generate wind scenarios. The main purpose of
scenario reduction algorithm is to downsize the data set
whereas holding the stochastic data as intact as possible
[30], [31]. In this paper, the clustering method is given to
generate scenarios for the velocity of wind. In the
proposed method, each year is divided into four seasons
and then the acceptable number of scenarios determined
for each season. Several scenarios can be generated for
wind speed data in each season, but choosing the optimal
number of scenarios can greatly help to increase the
speed of the program. For this reason, a method should
be proposed to select the appropriate number of
scenarios in each season. In this article, after the wind
scenarios have been generated, the parameters of the
Weiball distribution function (scale and shape) are
determined for these scenarios. Then, the scale and shape
parameters compared for both Weibull distribution
functions before and after the scenario generation. These
steps are tested for the cases with different number of
scenarios and reconciled with the Weibull parameters of
real wind speed data. Finally, scenarios that are closer to
the distribution function of real wind speed data in terms
of scale and shape have been used for the next stage of
this research. However, it is possible that the values of
shape and scale parameters for each generated scenarios
are very close to each other. Therefore, in order to avoid
inaccurate selection, the authors of this article suggest a
statistical method in addition to the previous method. In
other words, in order to validate and justified the
generated scenarios, an Anderson-Darling statistic test is
applied according to Fig. 3. This test was done using
Minitab software. Accordingly, if the scatter points are
located between two references lines it means that the
data set conform the Weibull distribution. Furthermore,
if the P-value is higher than the significance level, for
instance 0.05, then the Weibull probability plot test is
meaningful and the data fit a Weibull distribution. Also,
less AD values demonstrate a better fit. In this article, the
Weibull distribution functions for real wind data and wind
scenarios data for each season together with the Weibull

probability test have been applied to validate the number
of scenarios which is selected for each season. This is
because the Weibull distribution gives the best fit for the
wind speed data that have been used in this study [4],
[32].
The k-means clustering algorithm which is proposed
for this approach is as follows:
Step 1: To calculate the number of clusters based on the
mean and standard deviation.
Step 2: To initialize the centroids of each cluster
Step 3: To optimize the following objective function:

mzz

j=li=1

X9 _cjzu (1)

The k-means method is shown in Fig. 2.

Initialization: each cluster centroids

Assign the minimum distance of data from centroids

v

Grouping based on the minimum distance

Next input

Recalculating the position of cluster centroids

Converge?

Save the cluster centroids

Fig. 2: Flow chart of K-means method.

The wind speed data were gathered from Swift Current
in the Saskatchewan state-Canada [33]. Finally, the
proposed scenarios for all seasons are shown in Table 1.

Probablity Plot of seven scenario

ag Weibull- 95% CI
9| Shaps 138
go| Sl 7R
x -
;g AD 0.158
=z Pyale #0230
= 50|
t a0
= 30
al
a 20
10
5
3
2
1
01 10

1
Windim/s)
Fig. 3: Sample of Weibull probability plot test for first season.
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Table 1: seasonal generated scenarios for wind farm

Weibull Weibull parameters Statistical

Proposed Scenarios for electricity parameters for from simulated data  results
each scenario

generation

Shape  Scale Shape Scale P-value AD

S1 Output 0 331 10.02 16.63 24.66 3493 2.184 7.251 2.1522 6.5248 >0.25 0.149

[MW]
Prob[%] 14 23 24 19 14 6
S2  Output 0 141 592 1242 26.05 2291 6361 21695 51198  >0.25  0.166
[(MW]
Prob[%] 24 22 17 26 11

S3 Output 0 513 1171 19.61 27.17 3824 2279 7.671 2.5788 6.9993 >0.25 0.138

[MWw]
Prob[%] 20 29 30 11 8 2
S4  Output 0 273 11.48 2831 2432 844 28548 80269 >0.25 0.195
[(MW]
Prob[%] 20 23 35 22

Mathematical Formulation for Deregulated Power maximize the profit of each players in the deregulated
Market power market. The objective function is presented in (2)
The main goal of the proposed objective functionisto  to (4). Also, the constraints are shown in (5) to (9).

Max Benefit = iiids,x((ZN e,u,sl)_Qe,sleSPsl
+ ZZZdSlX((ZN eusl) Qeslj sl
Ne Ns NI
+ zzzdsl ><Qe,sl x BPS|
e s |

+ Zzzdsl ><Q'e',sl>< BPsI
e s |
Ne' Ns NI Nuw

+ 2.3 >d, X(ZN”WX PWe,yuwyslvnjx(SP“ +inc)"
e' |

e Ns NI Nu
- szzdslx[zN XFP X(a +b ><F,eusl-’-CuX(P&,u,sl)z)j
e s | u
Ne Ns NI u
- Zzzdsl X[ZNe,u XTaXX(au +bu X |:>e,u,sl +Cu>< (Pe,u,sl)z)>< EMu]
e s |
Ne' Ns NI u
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Nu
ge,sl = ZNe,u X I:)e,u,sl (3)

Nuw Nu'

ge‘,sl = ZNe',uw X I:)\Ne‘,uw,sl + ZNe‘,u' X I:)e',u‘,sl (4)
uw u'

Subject to:

BP, :SPslH(l+GP) (5)

ge,e',sl S DS' (6)
I:39,u.min < e,u S e,u,max (7)
I:)e',u'min < Pe‘,u' < F)e',u'max (8)

I:)We‘,uw,nmin S I:)Vve',uw,n S I:)Vve',uw,nmax (9)

The main objective function which is represented in (2)
is made up of two main sections. The revenue of
renewable and traditional power plants as well as the
income for each firm in contractual markets is shown in
the first section. Also, the incentive policy for wind firms
is given in first section. Then the costs such as the CO2 tax
and costs for heat power plants are shown in the second
part of the proposed model. The amounts of generations
of traditional and hybrid traditional-renewable private
firms are shown in (3), and (4), respectively.

Electricity price for bilateral contract in each season
and each load level is represented in (5). The demand
constraints is shown in (6), because the private firms are
not responsible to response the all request of the power
market. Upper and lower limit of the generation capacity
of each firms and units are represented in (7), and (8).
Furthermore, the generation restriction in renewable
units of hybrid firm is shown in (9).

The outputs of the proposed model are including the
whole energy generated in market, electricity produced
by each company, profit of power market, and profit of
each company. For this situation, investors in the power
market with lower expenses as opposed to different firms
will amplify their benefits by incrementing their
generations. On the other hand, different individuals with
excessive generating costs decide on not to take partin
this type of power market or they will take part with
minimum generation. Therefore, the
equilibrium price and equilibrium quantity will no
longer be provided.

In the balance condition the amount of electricity load
is equivalent with the amount of supply, which is the main
characteristic to pursue choice in the deregulated market.
In addition, the investors in the deregulated market has
less data about the decision of rivals and they need a
consistent model to make their operational decisions.

Game theoryis "the study of mathematical models of
conflict and cooperation between intelligent rational
decision-makers" [34].

There are three famous games to evaluate the
competitive power market which are including Cournot,
Bertrand, and van Stackelberg. In the first game theory
model, each company picks a result amount to maximize
benefit. Firms are accepted to deliver homogeneous
merchandise that are non-storable. The equilibrium price
is calculated based on an auction process.
The mannequin additionally assumes that
all corporations in the enterprise can be recognized at
the beginning of the game, and decision-making by way
of companies happens simultaneously [35]-[37].

Subsequently, on account of numerous likenesses
between Cournot game model and the deregulated
power market, the idea of Cournot game has been
implemented in this paper to decide the Market Clearing
Price (MCP). The concepts which is used in this paper in
order to calculate the MCP by considering the
uncertainties of demand and fuel costs are shown in Fig.
4 and Fig. 5.

In order to clarify the issue, the steps of the proposed
algorithm are explained in 8 steps as follows:

Step 1: Calculate the power generation of each company
using the proposed objective function based on the
initial electricity price.

Step 2: Update the electricity price using the following
linear demand function.

Dy (SPy ) =—Ay x SPy + By (10)

where Ds is the total generation of power market in each
season and load levels. Also, A and B are constant value
which are determined based on (11) and (12)
respectively.

a B (11)
pc'ﬂ-base,sl
By = dC'Dbase,sI (12)

Step 3: The calculated price is compared with the initial
price. If these 2 values are equal, the program is saved
and the results are shown. Otherwise, steps 1 and 2 are
repeated until the Nash equilibrium is reached. These
three steps show in internal loop of Fig. 4.

Step 4: The above three steps are implemented for all the
wind scenarios generated in the previous section of
this article. This step represents in external loop of Fig.
5.

Step 5: Simulating the demand and fuel costs for each firm
based on the Monte Carlo technique. In this paper,
normal distribution function is considered to generate
random data for these uncertainties. The proposed
algorithm shows in Fig. 5.
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Step 6: Save the output results which are including the
average market clearing price (AMCP), annual average
market clearing price (AAMCP), expected cost for
government (ECG), average annual profit (AAP) for
each firm and total profit of power market.

I Initialization: Firms, units, fuel price, heat rate function, ... l

»
»

/ Wind scenarios for each /
seasn

<

I Optimization in each firm (Max profit) |

IDetermining the total firms generation and substitute with Dsll

I Determining the price based on the demand function l

Price and profit
converge?

SNs<NUSNs

Save prices as MCP
&End

Fig. 4: Proposed algorithm to determine the MCP.

Set countMC=0

s 4
Dsl (countMC),
FP(countMC)=Dsl(1),FP(1)

N

Proposed model
(Figure 4)

ountMC < Defined
countMC

NO

Calculating the average of
MCP & Profit

A 4

Save MCP & Profit

Fig. 5: Monte-Carlo for simulating the uncertainties (Demand
and fuel costs).

1 Reliability test system

Case Study

The proposed approach in this study is tested by
applying IEEE RTS1 [38]. The whole installed capacity and
the peak load of the study system are 2850 and 2500 MW,
respectively. Characteristics regarding the firms in this
system are revealed in Table 2. The study system includes
five price maker investment companies.

The fuel costs and the information related with the
producing units of these investment companies are taken
from sources [39], [40] and are shown in Table 3. It is
considered one year for the period of this study. Four
windy seasons were considered for each year. Also, three
load levels (off-peak, medium and peak levels) were
assumed in this study for each season. The results of
simulating wind scenarios are shown in Table 1.

The load duration data have been gathered from [41]
and illustrated in Table 4. The amounts of CO2 emission
for candidate units are illustrated in Table 5. The
percentages of FIT for each load level are illustrated in
Table 6.

Table 2: specifications of units

Type of units

Oil/steam  Coal/steam  Wind  Nuclear
Firm 1 2 2 - -
Firm 2 3 3 - 1
Firm 3 4 4 - _
Firm 4 1 2 - -
Firm 5 1 2 6 -

Table 3: Fuel cost and power limitation for each unit

Types of unit Oil/steam  Coal/steam Wind Nuclear
Fuel[$/MBTU] 5.27 1.68 - 1.65
Max P [MW] 12-197 76-350 50 400
Min P [MW] 2.4-68.95 15.2-140 0 100

Table 4: Load duration data for each season and each load level

Load level and duration [MW]&[hrs]
Season

Off-peak Medium Peak

(Duration) (Duration) (Duration)
1 950(876) 1800(985.5) 2300(328.5)
2 1200(876) 1650(985.5) 2370(328.5)
3 1300(766.5) 1900(876) 2500(547.5)
4 1000(876) 1550(985.5) 2250(328.5)
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Table 5: CO2 emission [ lb/MMBTU]

Oil/steam Coal/steam Wind Nuclear
CO2EM 170 210 0 0
Table 6: Percentages of FIT for each load level
Base (%) Medium (%) Peak (%)
SN1 50 60 70
SN2 70 80 90
SN3 110 120 130
SN4 120 130 140

Results and Discussions

In this section, the findings of this research are
examined. These results will be analyzed in three parts.
The first part related to the generated scenarios for wind
power plants.

Then the robustness of the proposed mathematical
model is examined in the second part based on the
sensitivity analysis technique. Finally, the proposed
model is investigated for different types of FIT in the last
part.

A. Wind Scenario Gereration

In this section, the results of the Weibull distribution
functions of wind speed data as well as the clustering
wind data for each season are shown in Fig. 5 and Fig. 12.
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Fig. 5: Weibull probability plot test — first season.

Probability Density Function

0.14
0.13
0.12
0.11
0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

1(x)

0 2 4 6 8 10 12 14 16
X (m/s)

- Weibull(2.283;7.782)
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Fig. 9: Weibull probability plot test for third season.
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J. Electr. Comput. Eng.

Probability Density Function

0.13
0.12 N
0.11 / A
0.1 / \
0.09 / \
008 / \
r’f' 0.07 / Y
0.06 / \
0.05 / Y
oo4] / \
0.03]
002 / A\
0.01] / .

27 4 & 0 12 1 16 20

g
X (m/s)
- Weibull(2.432;8.44)

Fig. 12: Weibull distribution function for forth season.

B. Sensitivity Analysis of Proposed Model

The main purpose of this section is to validate and
verify the proposed model. In fact, sensitivity analysis is
used to examine the relationship between a specific
dependent variable and independent variables. In this
article, the effect of fuel price changes on the profit of
each company and also the whole market is investigated.
The results are given in Table 7. Accordingly, with the
increase in the fuel price, the total profit of the power
market decreases. These results show the correctness of
the proposed model in which the profit of firms decrease
as their costs increase.

Table 7: Sensitivity analysis of proposed model

Growth Profit [MS]
of fuel
price Firm1l Firm2 Firm3 Firm4 Firm5 Total
2% 2556 7899 51.11 6295 29.66 2483
4% 2455 75.29 49.1 62.06 27.59 238.6
6% 2418 7396 4836 61.33 2535 2332

C. Investigating the Different Types of FIT

The developed model is tested for four types of FIT and
their results are illustrated in Table 7 and Table 8. Each
case study is described as below:

Case study No. 1: In this case study, the FIT is not
considered for wind resources.

Case study No. 2: The proposed model for simulating the
restructured power market is solved with fixed FIT.
Two different scenarios have been considered for this
case study. These scenarios are including the FIT lower
than the average fixed FITs in European countries (92
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S/MWh), and FIT higher than the average fixed FITs in
European countries (110 S/MWh).

Case study No. 3: In this case study, the FIT changes for
different load levels. But these variations are
considered fixed for each load level. Three different
scenarios are imagined for solving the proposed
model. In the first scenario, 80% of the MCP for each
load levels (Low, Medium, and High) is paid to wind
resources as FIT. In the second and third scenario 100%
and 120% of the MCP for each load levels is considered
for wind resources as FIT, respectively.

Case study No. 4: The MCP is increased by growing the
electricity demand. Accordingly, the more FIT can be

scenario No.1, For instance, 50%, 60% and 70% of the
MCP will be paid to wind resources as FIT for base,
medium, and peak load levels, respectively. The
average market clearing price (AMCP), annual average
market clearing price (AAMCP) and expected cost for
government (ECG) are illustrated in Table 8. ECG is
mentioned as a factor in order to determine the cost
that the government should pay as incentive. It
calculates according to (13). According to Table 7, the
AAMCP increases by growing the rate of fixed FIT from
zero to 110 $/MWh. Also, The ECG increases through
these variations.

Nn NI

proposed in peak load level and it reduces to lower ~ ECG,=> (g, 4 xinc)—(g, 4 x MCP,) (13)
|
level. In case study No. 4, the proposed model solves )
for four different types of scenarios. The percentages
of FIT for each load level are illustrated in Table 6. In
Table 8: Simulation results for investigating the effect of type of FIT on MCP and ECG
AMCP [$/MWh] AAMCP
Cases Types of FIT ECG[S]
L M H [S/MWh]
No. 1 W/out FIT 22 42.924 90.748 51.891 0
Fixed FIT (92) 22.028 42.96 90.743 51.91 93141.95
No. 2
Fixed FIT (110) 22.033 42.972 90.748 51.918 135734.6
F/V SN1 22.02 42.915 90.547 51.827 99307.1
No. 3 F/V SN2 22.02 42.975 90.501 51.832 122898.8
F/V SN3 22.036 42.913 90.788 51.912 148283.9
V/V SN1 22.028 42.979 90.793 51.933 79625.51
V/V SN2 22.013 42.982 91.074 52.023 105031.9
No. 4
V/V SN3 22.019 42.954 90.847 51.94 155961.7
V/V SN4 22.008 42.99 90.481 51.826 167411.8

The results for investigating the effects of different

case studies on the average annual profit (AAP) for each
firm and total profit of power market have been
represented in Table 9.
Accordingly, the firm No. 5 as a hybrid wind-thermal firm
could not compete with conventional firms without FIT.
Also, it will gain the maximum profit in case study No. 2.
Since the demand and fuel price are considered as
uncertain parameters in the proposed model, the
standard deviation (SD) of each case study is shown in the
following table.
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In order to complete the discussion, the share of each
private company in the market are compared for different
case studies. These results are represented in Fig. 6.

This figure represents that the share of the generation
of firm 5 as hybrid wind-thermal firm increases by
considering the fixed FIT (110 S) rather than others. This
analysis is referred to evaluate the incentive policy on the
proposed model to simulate the deregulated power
market.
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Table 9: Simulation results for investigating the effect of type of FIT on AAP and total profit of power market

AAP for each firm [MS$]

Cases Types of FIT -[rl\(jltsa]l profit SD
firm 1 firm 2 firm 3 firm 4 firm 5
No. 1 W/out FIT 26.01 82.61 52.02 65.49 -4.36 221.79 3.94
Fixed FIT (92) 26.43 83.45 52.87 64.40 22.56 249.72 5.50
No. 2
Fixed FIT (110) 26.67 82.85 53.35 64.11 32.16 259.16 4.48
F/V SN1 26.08 82.75 52.16 64.76 14.89 240.65 6.49
No. 3 F/V SN2 26.08 81.83 52.17 64.01 20.28 244.38 8.78
F/V SN3 26.20 83.04 52.41 64.78 25.28 251.74 7.54
V/V SN1 26.48 82.71 52.96 63.92 11.09 237.17 6.79
V/V SN2 26.52 82.92 53.05 63.39 16.35 242.26 7.23
No. 4
V/V SN3 26.27 83.09 52.54 64.10 25.57 251.59 8.78
V/V SN4 26.29 83.15 52.59 63.90 27.86 253.82 7.48
- 40.00
X 35.00
» 30.00
£ 25.00
« 20.00
© 15.00
£ 10.00
& 5.00
0.00
Withou Fixed  Fixed F/V F/V V/V V/V V/V V/V
tFIT FIT92 FIT110 SN1 SN3 SN1 SN2 SN3 SN4
MFirm1 11.73 10.586 10.293 10.84 10.68 10.41 11.17 10.95 10.44 10.36
EMFirm2 37.25 33418 31969 3439 3348 3299 34.87 34.23 33.03 32.76
MFirm3 2346 21.173 20.586 21.68 21.35 20.82 22.33 2190 20.88 20.72
Firm4 29.53 25.788 24.74 2691 26.19 2574 2695 26.17 25.48 25.18
MFirm5 0.00 9.034 12412 6.19 8.30 10.05 4.68 6.75 10.17 10.98
Fig. 13: Contribution of each firm in different types of FIT.
Conclusion

The first contribution of this article is to propose a
developed model in order to simulate the medium term
deregulated power market by assuming the hybrid wind-
thermal firm. The second contribution is to evaluate the
impact of different types of FIT on MCP, ECG, profits and
contribution of each firm in electricity generation in the
restructured market of energy. To this end, the wind
power generation has been evaluated based on the
scenario based method.

The wind scenarios are generated based on the data
mining technique. Besides the wind uncertainty, the
demand and fuel price uncertainties are assumed in this
approach based on the Monte-Carlo technique. Also, the
strategic behavior of other participants in each tactical
period evaluates based on the Cournot game theory. The
findings affirm that the wind resources could not compete
with conventional firms. Furthermore, the proposed
model in this article can be so useful for evaluating the
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different types of incentive policies for renewable
energies. Moreover, this study confirms the previous
researches that selected the FIT as an efficient incentive
policy for developing the wind resources. For future work
this model can be examined with quota or other incentive
policies in the restructured power market.
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List of Variables and Parameters in the Model

i.Indices

| Load level

S Season

€ Traditional generation firm

o Hybrid traditional and renewable
generation firm

u Thermal unit of traditional firm

U’ Thermal unit of hybrid traditional
and renewable generation firm

uw Wind unit of hybrid traditional and
renewable generation firm

ii. parameters

ds| Duration of time [hours]

Ne,u Number of thermal units in e

Ne Number of thermal units in €

Ne\uw Number of wind units in ©

Qe,sl Total generation contracted by firm e

in sl [MW]

Qe’,sl

SP,

S

BP,

S

FP
a'u’bu’cu

a,,h,,c,

Tax

iii. Decision

variables

P

e,u,sl

P

e'u'sl

PW

e',uw,sl,n

ge,e',sl

MCPsl|

References

Total generation contracted by firm
€ insl (Mw)

Average electricity price of power
market in sl [S/MW)]

Contracted electricity price in sl

[S/MW]
Fuel price of unit u [S/MBtu]

Constant coefficients of heat rate
function for unit u

Constant coefficients of heat rate
function for unit u’

CO2 tax rate [$/IbCO2]

Cco2 produced by unit
ullb/MMBTU]

Percentage of electricity price
Average demand in sl [MW]

Minimum generation of thermal
unit u of firm e [MW)]

Maximum generation of thermal
unit u of firm e [MW)]

Minimum generation of thermal
unit u’ of firm e' [MW]

Maximum generation of thermal
unit u’ of firm e' [MW]

Minimum generation of wind unit
uw of firm e' for scenario n [MW]

Maximum generation of wind unit
uw of firm e' for scenario n [MW]

Power generation by thermal unit u
of firm e in sl [MW]

Power generation by thermal unit u’
of firm e’ in sl [MW]

Power generation by wind unit uw of
firm e’ in sl for scenario n [MW]

Total power generation of firms e, €'
(MW]

Market clearing price in sl [S/MW]
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Background and Objectives: In this paper, a novel structure as a Folded-Mirror (FM)
Trans-impedance Amplifier (TIA) is designed and introduced for the first time based on
the combination of the current-mirror and the folded-cascade topologies. The trans-
impedance amplifier stage is the most critical building block in a receiver system. This
novel proposed topology is based on the combination of the current mirror topology and
the folded-cascade topology, which is designed using active elements. The idea is to use
a current mirror topology at the input node. In the proposed circuit, unlike many other
reported designs, the signal current (and not the voltage) is being amplified till it reaches
the output node. The proposed TIA benefits from a low input resistance, due to the use
of a diode-connected transistor, as part of the current mirror topology, which helps to
isolate the dominant input capacitance. So, as a result, the data rate of 5Gbps is obtained
by consuming considerably low power. Also, the designed circuit employs only six active
elements, which yields a small occupied chip area, while providing 40.6dBQ of trans-
impedance gain, 3.55GHz frequency bandwidth, and 664nArms input-referred noise by
consuming only 315uW power using a 1V supply. Results justify the proper performance
of the proposed circuit structure as a low-power TIA stage.

Methods: The proposed topology is based on the combination of the current mirror
topology and the folded-cascade topology. The circuit performance of the proposed
folded-mirror TIA is simulated using 90nm CMOS technology parameters in the Hspice
software. Furthermore, the Monte-Carlo analysis over the size of widths and lengths of
the transistors is performed for 200runs, to analyze the fabrication process.

Results: The proposed FM TIA circuit provides 40.6dBQ trans-impedance gain and
3.55GHz frequency bandwidth, while, consuming only 315uW power using a 1V supply.
Besides, as analyzing the quality of the output signal in the receiver circuits for
communication applications is vital, the eye-diagram of the proposed FM TIA for a 50pA
input signal is opened about 5mV, while, for a 100pA input signal the eye is opened
vertically about 10mV. So, the vertical and horizontal opening of the eye is clearly shown.
Furthermore, Monte-Carlo analysis over the trans-impedance gain represents a normal
distribution with the mean value of 40.6dBQ and standard deviation of 0.4dBQ. Also, the
value of the input resistance of the FM TIA is equal to 84.4Q at low frequencies and
reaches the value of 75Q at -3dB frequency. The analysis of the effect of the feedback
network on the value of the input resistance demonstrates the input resistance in the
absence of the feedback network reaches up to 1.4MQ, which yields the importance of
the existence of the feedback network to obtain a broadband system.

Conclusion: In this paper, a trans-impedance amplifier based on a combination of the
current-mirror topology and the folded-cascade topology is presented, which amplifies
the current signal and converts it to the voltage at the output node. Due to the existence
of a diode-connected transistor at the input node, the input resistance of the TIA is
comparatively small. Furthermore, four out of six transistors are PMOS transistors, which
represent less thermal noise in comparison with NMQOS transistors. Also, the proposed
Folded-Mirror topology occupies a relatively small area on-chip, due to the fact that no
passive element is used in the feedforward network. Results using 90nm CMOS
technology parameters show 40.6dBQ trans-impedance gain, 3.55GHz frequency
bandwidth, 664nArms input-referred noise, and only 315uW power dissipation using a
1volt supply, which indicates the proper performance of the proposed circuit as a low-
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Introduction

The beam of light, as the fastest signal carrier, was always
an attractive candidate for communication systems.
Optical fibers, as a proper medium for transferring a beam
of light, introduce better performance in terms of
crosstalk, bandwidth, electromagnetic interference, and
channel loss in comparison with conventional mediums
[1].

Also, the rapid increase in the transit frequency of
CMOS technologies made deep-submicron CMOS devices
a proper candidate to provide an acceptable level of
integration besides a proper level of speed and low cost.

In Fig. 1 the building block of the transmitter and the
optical receiver system are demonstrated. At the receiver
stage after the photodiode, the trans-impedance
amplifier (TIA) stage, as the most critical building block in
a receiver system, is shown in gray. The photodiode
receives the optical signal and proportionally produces a
weak signal current.

At the Far-end, a weak signal current in the range of
microampere is detected [1], [2], which requires to be
amplified with low noise and a proper bandwidth, to be
detectable in the digital circuitry. Of course, nonlinearities
and second-order effects besides the trade-offs among
gain, bandwidth, speed, noise, power consumption, and
voltage headroom are part of the challenges the designer
must consider when using deep-submicron technologies.
Furthermore, a large parasitic capacitance in the input
node of the TIA limits the frequency bandwidth at the
beginning [4]-[10].

Of course, many researchers have published many
different structures such as regulated cascade (RGC)
structures [3], [11]-[13] to compensate for the effect of
this large parasitic capacitance. In [11]-[13] broadband
circuits are introduced using passive inductors and
resistors to enlarge the bandwidth, which of course
requires a large occupied area on the chip.

Additionally, high voltage headroom is required for
RGC structures at high-speed applications, which is not
possible due to the occurrence of the quantum tunneling
phenomena in nanometer CMOS technologies.

In  [14] a method, which converts the
transconductance of a transistor into a trans-impedance,
is proposed.

In this method, no resistor is required to do the
conversion, and a further degree of freedom is obtained
in comparison with previously published circuit
structures, but the usage of passive inductors in this
structure yields a large occupied chip area. Moreover, a
n-network as the TIA stage is proposed in [15] alongside a
shunt amplifier based on folded-cascade structures,
which benefits from a high gain and low-noise
characteristic, while, suffering from high power
consumption and a large occupied chip area due to the
use of passive inductors.

Also inverter [5], [6]-[21] is another attractive
structure used in designing TIA stages. In [5], a cascaded
circuit structure is employed in a conventional inverter
structure, which eliminates the Miller capacitance and
enlarges the bandwidth, but limits the output swing.
Furthermore, a three-stage cascaded push-pull
conventional inverter, which uses a series inductive
peaking technique to extend the bandwidth, is proposed
in [16].

Of course, this technique also requires a largely
occupied area on-chip. Additionally, an inverter
employing a diode-connected NMOS and a cascaded
PMOS is proposed in [17], which provides a wide dynamic
range with 227MHz frequency bandwidth.

Moreover, a conventional inverter employing active
feedback with an extra gain stage is proposed in [18],
while, a similar circuit is proposed in [19], which uses an
inverter structure in its input stage, followed by a 1.5KQ
feedback resistor.

Laser
Driver

1A SN
o
photo E ::. :
NEAYAAYS
Front-End

Fig. 1: Location of the TIA stage in an optical receiver system [1].
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Clearly, a 1.5KQ resistor occupies a considerable area
on-chip. Also, a conventional inverter is employed as the
booster amplifier in an RGC structure [19], which
introduces low input resistance that isolates further the
parasitic capacitance of the photodiode, while, suffering
from the miller capacitance in the inverter stage.

In [7] a current-mirror-based TIA is proposed, which
amplifies the current signal and covers it to the voltage at
the output node, unlike many other reported TIAs, which
convert the current signal to a voltage signal at the
begging, and then try to amplify the voltage.

In this paper, a new trans-impedance amplifier namely
“Folded-Mirror” (FM) is proposed, which benefits from a
low input resistance (due to the use of a diode-connected
transistor at the input node), and a relatively low noise
behavior (due to the use of PMOS transistors instead of
NMOS transistors). As the time constant of the dominant
pole is reduced due to the small value of the input
resistance, the circuit is capable of providing an extended
bandwidth, without the requirement of consuming extra
power.

The Proposed TIA

This novel proposed topology is based on the
combination of the current mirror topology and the
folded-cascade topology, which is designed using active
elements.

The idea is to use a current mirror topology at the input
node, as in Fig. 2-1 (a), which introduces a small value of
(gm)* as the input resistance. Then, the signal requires to
be amplified further in a cascade stage. So, a cascade
stage is added to the structure, and a current source is
used as its load, as in Fig. 2-1 (b). As these two stages
cannot provide proper trans-impedance gain, a folded
cascade structure is used instead of the cascade structure,
to fold the current signal toward M5, as it is shown in Fig.
2-1 (c).

The M5 transistor, as the diode-connected load, is
used in a current mirror topology to further amplify the
signal, as in Fig. 2-1 (d). So, the signal is now amplified in
three steps, in which M2 and M5 are used commonly in
the current mirror structure and in the folded cascade
structure, simultaneously. Finally, Fig. 2-1 (e)
demonstrates the active type of the proposed open-loop
TIA.

Fig. 2 (b) demonstrates the final version of the
proposed FM TIA. The produced signal of the photodiode
amplifies in a current-mirror structure (consists of M1 and
M2), a folded-cascade structure (consists of M2, M3, M4,
and M5) and in the second current-mirror topology
(consists of M5 and M6), respectively. Usage of a current-
mirror stage at the input node introduces a low input
resistance, which isolates the parasitic capacitance of the

photodiode. Moreover, the proper usage of the voltage-
current feedback decreases the output resistance and the
input resistance even more. Also, the usage of four PMOS
transistors out of six transistors yields less generated
thermal noise, due to the less mobility of holes in the
PMOS transistors.

Moreover, Fig. 3 shows the model of the photodiode
[25], [26] and Fig. 4 demonstrates the equivalent circuit
of the proposed FM TIA.

So, the open-loop trans-impedance gain (AV) of the FM
TIA can be calculated as follows:

_Imz  Gms

Ay X Tpe (1)

Im1 Ims

which, gm represents the transconductance, and ro
represents the drain-source resistance of the MOSFET.

Considering the fact that the gate-source voltage of
M1 and M2 are equal (V51 = Vys,) and also Vygs = Ve,
and M1, M2, M5 and M6 are PMOS transistors (K1 = W2
,Coxs = Coxe) With a same length at a specific technology
(Ly =L, , Ls = Lg), (1) can be simplified as follows:

Wy = Wg

Ay = —X—Xr,
VS S X Tes (2)
which (ﬂ X &) defines the current amplification.
w1 Ws
The input resistance of the proposed TIA is

comparatively small, due to the use of the diode-

connected transistor M1, which yields the value of (gi)
mi

as the input resistance, for the open-loop FM TIA. So, the
input resistance of the closed-loop FM TIA (R;;, ¢) can be
calculated as follows:

1
9
Ring = —=
1+ AV'R_f (3)
— 9Ims Rf
Imi Ims Rf + Im2 Ime Yoo

where Rfrepresents the feedback resistance.

Besides, the output resistance of the open loop FM TIA
is equal to (ros).

In order to calculate the closed-loop output resistance,
it can be written as follows:

To6
Rout = %
Im1 Gms Rf Toe

- Imi1 Ims Rf + Im2 Ime Yoo
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Fig. 3: Model of the Photodiode.
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Fig. 4: Equivalent Circuit of the Proposed FM TIA.

Also, for the capacitance seen at the input and output
nodes of the FM TIA, it can be written as follows:

Cin = Cgsl + Cgsz + Cpg = Cpy (5)
Cout = Cy, (6)
which  Cys represents the gate-source parasitic

capacitance of a MOSFET, Cpq is the parasitic capacitance
of the photodiode and C; represents the load capacitance.
As the parasitic capacitance of the photodiode contains
comparatively a large value, it can be concluded that the
input capacitance of the TIA is approximately equal to
Cpq-

So, in order to calculate the closed-loop trans-
impedance gain of the proposed FM TIA at low
frequencies, it can be written as follows:

A
Avp=——7—
1+ A4y R_f
Im2 Ime Rf Toe
Im1 Gms Rf t Gmz2 Gme Tos

And hence, the transfer function of the proposed FM
TIA can be achieved as follows:
AV,f

Ay (S) = 8
4 (14S.Cin-Ring) (1 +S.Cour-Rour ) ®

By using (3) to (7) and considering the fact that C;,, >
Cous, (8) can be re-written as follows:

Im2 Ime Rf Toe

AV(S) =
(gml Ims Rf + Im2 Ime roé)
1
9Ims Rf )
1+S.C
< ba Im1 Ims Rf + Im2 Gme Tos

(9)

As (9) reveals, the proposed FM TIA is approximated as
a single pole circuit, with its pole equal to S =
_ _9m1-9ms-Rf+ gma-Gme-Tos
Cpd-gms-Rf
written as follows:

. So, the -3dB frequency can be

Im1-Y9ms- Rf + Im2-Y9me-Toe
27. Cpq- Gms- Ry

fozas ® (10)

Results and Discussions

In the following, the circuit performance of the
proposed folded-mirror TIA is simulated using 90nm
CMOS technology parameters. The frequency response of
the proposed TIA up to 10GHz is demonstrated in Fig. 5.
As Fig. 5 presents, the proposed FM TIA circuit provides
40.6dBQ trans-impedance gain and 3.55GHz frequency
bandwidth, while, consuming only 315uW power using a
1V supply.
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Fig. 5: Frequency Response of the proposed FM TIA.

As analyzing the quality of the output signal in the
receiver circuits for communication applications is vital,
the eye-diagram of the proposed FM TIA is demonstrated
in Fig. 6, using Non-Return to Zero (NRZ) Pseudo-Random
Bit Sequence (PRBS) 27-1 for two different values of 50puA
and 100pA input signals, respectively. As Fig. 6 suggests
for a 50pA input signal, the eye is opened about 5mV,
while, for a 100pA input signal the eye is opened vertically
about 10mV. So, the vertical and horizontal opening of
the eye is clearly shown.

Furthermore, the Monte-Carlo analysis over the size of
the widths and lengths of the transistors is performed for
200runs, to analyze the fabrication process. Fig. 7
demonstrates the results over frequency response, while,
Fig. 8 demonstrates the results over the trans-impedance
gain. Monte-Carlo analysis over the trans-impedance gain
represents a normal distribution (the red line) with the
mean value of 40.6dBQ and standard deviation of 0.4dBQ,
asin Fig. 8.
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Fig. 6: The eye-diagram of the FM TIA using NRZ PRBS for (a)
50pA and (b) 100pA input signal.
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Fig. 7: Monte-Carlo Analysis over frequency response.

Also, the input resistance of the optical receivers (the
TIA stage) is a challenging parameter, as discussed before.
So, the input resistance of the proposed FM TIA versus
frequency is shown in Fig. 9.

As it was theoretically discussed before, the input
resistance of the FM TIA should be relatively small due to
the existence of a diode-connected transistor at the input
node, and the use of a voltage-current feedback. So, Fig.
9 displays the value of the input resistance of the FM TIA,
which is equal to 84.4Q at low frequencies and reaches
the value of 75Q) at -3dB frequency.
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Fig. 8: Monte-Carlo Analysis over transimpedance gain.
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Fig. 9: Input resistance of the FM TIA.

Furthermore, the effect of the feedback network on
the value of the input resistance is analyzed and
summarized in Table 1. As it can be concluded from Table
1, the input resistance in the absence of the feedback
network reaches up to 1.4MQ, which vyields the
importance of the existence of the feedback network to
obtain a broadband system.

Table 1: effect of the feedback network on the input resistance

The Open-loop The Closed-
TIA loop TIA
Input resistance 84.40 1.4MQ

(@low freq.)

As it is important that a broadband system can operate
properly in a reasonable range of temperature, the effect
of temperature variations on the frequency response of
the proposed FM TIA is analyzed, and the results are given
for three different values of -302C, +302C, and +902°C in
Fig. 10. As Fig. 10 suggests, increasing the temperature

results in an increased gain while resulting in a decreased
frequency bandwidth, which shows the trade-off
between the trans-impedance gain and the frequency
bandwidth. Table 2 numerically summarizes this analysis.

4204

40.92

4104

400 ;-

Gain (dB)

370 l=
100k 1000k 1meg

T T
10meg 100meg 1g9 10g
Frequency (Hz)

Fig. 10: Effect of temperature variations on frequency response.

Table 2: Effect of temperature variation on transimpedance
gain, frequency bandwidth and power consumption

-302C +302C +902C
Transimpedance
. 40.4dBQ 40.6dBQ 40.9dBQ
Gain
Frequency
Bandwidth 3.64GHz 3.55GHz 3.44GHz
Power 274uW  318uW  355uW

Consumption

Moreover, the sensitivity of the proposed FM TIA to
VDD is analyzed and the results are given in the following.
In Fig. 11, the result of %10 variations of the supply
voltage (VDD) is shown over frequency response.
According to Fig. 11, the trans-impedance gain varies
from 40.34dBQ to 41.02dBQ (varies about 0.68dB), while,
the frequency bandwidth varies from 3.425GHz to
3.695GHz (270MHz). Also, Table 3 summarizes the
numerical analysis of supply voltage variations. As Table 3
reveals, a %10 reduction in the value of the supply voltage
(from VDD to 0.9VDD), results in 0.06 less power
dissipation, and 0.04 less bandwidth, while, 0.01 more
gain value can be achieved.

Table 3: Effect of Vpp variation on Transimpedance gain,
frequency bandwidth and power consumption

1.1Vpp Vobp 0.9Vpp
Transimpedance )03/ 48 4066dB  41.02dB
Gain
Frequency 3.69GHz  3.56GHz  3.42GHz
Bandwidth
Power 413uW 3154w 298uW

Consumption
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Fig. 11: Supply voltage variations Vs. frequency response.

Noise Analysis

The demonstration of noise sources in the block
diagram of the proposed FM TIA as in Fig. 12, provides a
better understanding of the noise performance in this
circuit. According to (11), input-referred noise of the
proposed FM TIA circuit structure can be calculated as the
sum of noise in the core of the TIA, and the feedback
network, as follows [1]:

VZC
s n,Core
2, = I,leRf + 22 (11)
f
which
- 4KT
e =R~ (12)
Vvdd

— Vout

Fig. 12: Demonstration of noise sources in the block diagram of
the FM TIA.

Now, according to (11) calculation of the noise of the
TIA core is required. So, a current source is put in parallel
with the drain-source terminals of transistors, to
demonstrate the produced thermal noise in each
transistor, as in Fig. 13. First of all, it should be noted that
M1 is operating in the triode region, due to the fact that
it is used as a diode-connected transistor. Hence, the
generated noise of M1 is shunted to the ground [27]. So,
according to the shunted parasitic capacitance of the

photodiode, the produced thermal noise of M1 can be
calculated as follows:

KT

Iy == (13)
n,M1 de

which, K is the Boltzmann constant and T is the
temperature.

e

Fig. 13: representation of noise in the core of the FM TIA
by current sources.

Besides, as M4 forms a cascade structure, the thermal
noise generated by M4 is negligible [27]; due to the fact
that if the channel length modulation of M4 is neglected,
it can be said that I,,, + Ip, = 0, and hence M4 does not
affect Viout.

So, considering (11) and Fig. 13, V(.. can be
calculated as follows:

Im2 + 9Im3 + Ims

Vicore = #KTY | =20
m
(14)
gmé
2
Ime Imz
gms -gml

where y refers to the channel noise factor of a MOSFET.

So, in order to calculate the input-referred noise of the
TIA, considering (11), (12), and (14), it can be written as
follows:

——  4KT 14
Iim = 1+ s\ Gmz2 T Gmz + Gms
R Ry . | Gma|
(Gms- gm1)* (15)
+ m5*Ymi >]
Ime

As (15) suggests, by increasing the transconductance
of gmz, it is possible to decrease the input referred noise
of the proposed FM TIA. Additionally, the input referred
noise and the output noise of the proposed TIA are shown
in Fig. 14 and Fig. 15, respectively. As Fig. 14 shows, the
input referred noise at low frequencies is equal to
10pA/VHz, and reaches the value of 11.1pA/VHz at -3dB
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frequency. Also, the total input referred noise current of
the proposed FM TIA is equal to 10.4pA/VHz (664nArms).
As it was discussed before, the employed feedback
resistor decreases the thermal noise of the FM TIA. Table
4 compares the value of the input referred noise of the
proposed FM TIA with and without the feedback network.
As Table 4 reveals, the feedback network considerably
decreases the thermal noise current of the FM-TIA.
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Fig. 15: Output noise of the FM TIA.

Table 4: Effect of the feedback network on the input referred
noise current density

10p
P The Open-loop The Closed-loop
; TIA TIA
00 = T — ‘ T T m Input referred
100k 1000k 1meg 1;!:::5%:3(:::)9 1a 109 100g noise current  664nAms 9.5mAms
. . density
Fig. 14: Input referred noise of the FM TIA.
Table 5: Performance comparison among the proposed TIA and other reported designs
[14] [15] [22] [23] [24] [28] [29] [30] [31] This
Work
Year 2017 2016 2021 2016 2021 2015 2016 2017 2016
Technolo 0.13pm 0.13pm
(CMOS) &y 0.18um  0.18um 90nm  0.13um  90nm  0.13um SiGe siGe 0.18um  90nm
BiCMOS BiCMOS
Gain(dBQ) 59 58 41 54 42.3 50.1 72 83.7 55-69 40.6
Bandwidth (GHz) 7.9 8.1 6.5 11.5 5 7 38.4 32.1 1 3.55
Power 18m 348m  167m  45m 27m  75m  261m 150m 6m 315
Consumption (W)
Cpd (fF) 300 300 250 - 250 250 - - - 220
(S\‘/’)pply Voltage , ¢ 1.8 1 15 1 15 33 3.3 1.8 1
Input  referred 15 334 68 325 313 148 - 9.33 10.4
noise(pA/VHz) ’ ’ ’ ' ’ ' '
No. of passive , 2 0 2 0 0 0 0 0 0
inductors
FoM1 425 184.8 436 128 167 299 585 3276 417 1206
FoM2 5.54 3.69 3.25 - 1.3 2.4 - - - 25.5
Area 011 mm? - ) 0.0428 3122 162200 ) 2.3425 7500 um? 98 pm?
mm pum um mm
Work* Sim Sim Sim Exp Sim Exp Exp Exp Sim Sim
* Sim and Exp refer to experimental and simulation results, respectively.
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Moreover, Fig. 16 demonstrates the layout of the FM
TIA.

As the proposed circuit contains only six transistors in
the feedforward network, and a small resistance equal to
50Q as the feedback network, the occupied chip area of
the proposed TIA is only 98um?, which is a small area.

14.2 um

6.9 um

Fig. 16: The circuit layout of the proposed FM TIA.

Table 5 provides a summary of performance and
compares the parameters of the proposed TIA circuit with
other reported designs. The power consumption value of
the proposed TIA is shown to be significantly less than
other reported designs. However, in order to provide a
fair comparison, two Fig.s of Merit (FOMs) are defined in
Table 5, as follows:

FOM1 = Gain X B.W. (Q GHZ) (16)
h Ppc mw
FOM?2
Gain X B.W.x C;, O.GHz.pF (17)

~ Ppc X In.Ref.Noise (PA )

mW.|-——

VHz
Conclusion

In this paper, a trans-impedance amplifier based on a
combination of current-mirror topology and folded-
cascade topology is presented, which amplifies the
current signal and converts it to the voltage at the output
node.

Due to the existence of a diode-connected transistor at
the input node, the input resistance of the TIA is
comparatively small.

Furthermore, four out of six transistors are PMOS
transistors, which represent less thermal noise in
comparison with NMOS transistors. Also, the proposed
Folded-Mirror topology occupies a relatively small area
on-chip, due to the fact that no passive element is used in
the feedforward network.

Results using 90nm CMOS technology parameters
show 40.6dBQ trans-impedance gain, 3.55GHz frequency
bandwidth, 664nArms input-referred noise and only
315uW power dissipation is using 1volt supply, which
indicates the proper performance of the proposed circuit
as a low-power building block.
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NRzZ Non-Return to Zero
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MOSFET metal-oxide semiconductor field-
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Background and Objectives: In this paper, a novel linear parameter varying (LPV)
model of a wind turbine is developed based on a benchmark model presented by
Aalborg University and KK-electronic a/c. The observability and validity of the
model are investigated using real aerodynamic data.

Methods: In addition, a robust fault detection and reconstruction method for
linear parameter varying systems using second-order sliding mode observer is
developed and implemented on the linear parameter varying model. The fault
signal is reconstructed using a nonlinear term named equivalent output error
injection during sliding motion and a proper transformation. The effect of
uncertainties and incorrect measurements are minimized by employing an
oriented method that requires solving a nonlinear matrix inequality. During
numerical simulations, an actuator fault in the pitch system is considered and the
performance of the method in fault reconstruction is investigated.

Results: Wind speed range is considered from 14 m/s to 16 m/s and it is regarded
as a stochastic input exerting aerodynamic torque. Fast and accurate fault
reconstruction happens in 0.6 seconds with less than one percent error. The
observer performance is not affected by the fault and fault is estimated in 2.5
seconds with an error smaller than 2.48 percent.

Conclusion: Results illustrate fast and accurate fault reconstruction and accurate
state estimations in the presence of actuator fault.

In this paper, a novel linear parameter varying (LPV) model of a wind turbine is
developed based on a benchmark model presented by Aalborg University and KK-
electronic a/c. The observability and validity of the model are investigated using
real aerodynamic data. In addition, a robust fault detection and reconstruction
method for linear parameter varying systems using a second-order sliding mode
observer is developed and implemented on the linear parameter-varying model.
The fault signal is reconstructed using a nonlinear term named equivalent output
error injection during sliding motion and a proper transformation. The effect of
uncertainties and incorrect measurements are minimized by employing an H_oo
oriented method which requires solving a nonlinear matrix inequality. During
numerical simulations, an actuator fault in the pitch system is considered, and the
performance of the method in fault reconstruction is investigated. Wind speed
range is considered from 14 m/s to 16 m/s and it is regarded as a stochastic input
exerting aerodynamic torque. Fast and accurate fault reconstruction happens in
0.6 seconds with less than one percent error. The observer performance is not
affected by the fault and fault is estimated in 2.5 seconds with an error smaller
than 2.48 percent results illustrate fast and accurate fault reconstruction and

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

accurate state estimations in the presence of actuator fault.
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Introduction

The costs of wind turbines consist of two parts of
implementation and maintenance. The maintenance of
large wind turbines is a time-consuming process [1], and
a costly procedure, especially in offshore wind farms. It
requires the generator disconnection from the power
distribution network. Therefore, designing and utilizing a
fault detection and isolation (FDI) system to diagnose,
isolate, and reconstruct wind turbine faults is highly
beneficial and critical in supervisory and maintenance
cost reduction. In addition, it increases the lifetime of the
turbine components and enhances the power generation
due to the fault accommodation and active fault-tolerant
control in which a reconfigurable controller is employed
to accommodate the effect of faults [2]-[6].

The faults occurring in a large wind turbine are
classified into three categories. Sensor faults which
include rotor speed, generator speed, generator torque,
and pitch angle and they, appear as biased output,
random output, fixed output, or no output as discussed in
[7]. Component faults such as drive train deficiency [8],
mass imbalance of the rotor [9], and the generator system
[10] are included in the second class. The third category
of wind turbine faults aims at the actuator faults, such as
the pitch actuator fault, which is addressed in this paper.
The pitch system is responsible for the adjustment of the
pitch angle of the rotor blades for the variable-pitch wind
turbines. Such systems are important in terms of the
amount of wind power captured by blades.

Two types of pitch control systems are used in
variable-pitch wind turbines. In the first type, three
individual electrical motors are implemented. This is
beneficial for the fast reaction of the turbine to wind
speed changes and power demand. The second type
consists of three individual hydraulic pumps, which are
slower but bear more stiffness and have smaller backlash.
Therefore, considering large wind turbines, a hydraulic
pitch system is suggested for higher reliability. Pitch
actuator faults occur for three reasons such as high air
content of oil, pump wear, and hydraulic leakage.
Hydraulic leakage is an incipient fault and occurs faster
compared to the other faults. Thus, it should be
considered to reduce cost and energy consumption,
decrease operational load, increase power harvesting,
and avoid stalling [8], [11]-[13], [37], [38].

The rate of occurrence and the values of faulty and
healthy properties are shown in the corresponding
columns of Table 1. The state of & = 0 represents proper
situationand @ = 1 is fully faulty operation [7]. In the case
of hydraulic fault incidence in each of the individual pitch
systems, control efforts may lead to two decisions: (1)
generator power exceeds the nominal value (2) output
power is reduced, which results in power efficiency
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reduction. As a result of the leakage in the pitch system,
the actuation of the pitch angle becomes slower, and
smaller wind power is captured. As a result, fault
detection, reconstruction, and fault accommodation are
useful decisions to reinforce the control system in a way
that energy-related cost functions are satisfied [2]-[6].
Many research projects such as the current work have
been conducted for this issue to improve the estimation
speed and accuracy of the observer-based fault diagnosis
methods [2], [3], [6].

Table 1 Rate of incidence and values of faulty and healthy
properties in pitch hydraulic system

) Rate of fault
Faulty operation

incidence
No-fault w, =11.11rad/s,{ = 0.6
High air w, =5.73rad/s,{ =045 |f| = 1/month
content
Pump w, =7.27rad/s,{ =075  |6] = 1/(20 years)
wear
Hydraulic w, =3.42rad/s,{ =09 18] ~ 1/(100 seconds)
leakage

The wind turbine benchmark considered in this paper
is developed by Aalborg University and KK-electronic a/c,
enabling the simulation of various sensor and actuator
faults [14]. This model is nonlinear due to the relation of
wind and aerodynamic torque exerting on wind turbine
blades. This kind of nonlinearity has been handled in
different methods. Linearizing around one or several
operating points and switching among them (gain-
scheduling control) [15] is one of these methods. In this
method, several observers are designed in which for
reducing switching effects, bumpless switching between
models should be considered. Linear parameter varying
(LPV) modelling is another method where nonlinear terms
are turned into linear but time-varying parameters (quasi-
linear) [16]-[18]. In such methods, nonlinear terms are
expressed in LPV form. Generally, LPV models yield higher
accuracy for the all operating points. Using LPV models
leads to LPV observer design; thus, the advantages of
linear system characteristics could be utilized.

In this paper, fault detection and reconstruction are
covered. An LPV model of the wind turbine is developed
and a model-based robust second-order sliding mode
observer is applied to the LPV wind turbine model. LPV
model is valid in the entire operating trajectory and does
not require linearization around one or several operating
point(s) [19]-[24]. Once the observer gains are obtained,
the observer and fault reconstruction formula are
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attainable for all the wind turbine operating regions.
Actually, LPV methods attempt to parametrize the model
closer to real world at the cost of larger computational
effort and complication. Model-based methods are
preferable in fault detection and reconstruction studies
where physical components’ parameters of the plant are
accessible. Some surveys in model-based wind turbine FDI
have been carried out in [22], [24]-[32].

The proposed observer of this paper includes an LTI
gain for linear output error signal and an LPV gain for
nonlinear residual signals. The reconstructed actuator
fault is generated once the sliding motion takes place
using a nonlinear residual signal called “equivalent output
injection”. Observer design matrices are obtained using
H,, concepts and solving a nonlinear matrix inequality in
which the effect of uncertain and imperfect
measurements is minimized.

This paper is structured as follows. Section 2 describes
the wind turbine benchmark model. Section 3 presents
the development of the methodology and observer
design procedure. Then, the pitch actuator fault
description is presented in Section 4. Section 5 explains
the LPV system description and Section 6 is dedicated to
numerical results and energy analysis. Finally, Section 7 is
the conclusion.

Wind turbine benchmark model

An overview of the wind turbine model in the
benchmark developed by Aalborg University and KK-
electronic a/c [14] isillustrated in Fig. 1. The variables are
introduced in the following subsections.

Fig. 1: Wind turbine benchmark developed by Aalborg
University and KK-electronic a/c (background photo [31]).

Using aerodynamic principles, the correlation between
the wind speed, rotor speed, blades’ pitch angle, and the
aerodynamic torque exerting the blades is shown in (1).
The mentioned correlation is derived considering two
assumptions.

1. The wind speed is constant all over the surface of
the blades.

2. The wind speed is perpendicular to the rotor plane.

Pair» R, B(t), w.(t), and 1, (t) are air density, blade
radius, pitch angle, rotor speed, and average wind speed,
respectively. A(t) is the tip speed ratio which is defined in
(2). The aerodynamic torque is approximated in (1) using
a factor named aerodynamic torque coefficient

Cq(A(6), B(1)).
_ Pair ”Rscq (A' B)Vn?
‘o 2

(1)

Raw.(£)
Vi (6

A(t) = (2)

The pitch system consists of three identical hydraulic
pumps as the actuator for adjusting the blades’ angle by
rotation. Three internal controllers are adopted for each
actuator giving proper input signals to the actuators. In
addition, a second-order transfer function is considered
for each of the pitch actuators correlating control input
(Brep) to the pitch angle (B). The damping ratio and
natural frequency of this model are {(t) and w,(t),
respectively. These properties might be time-varying in
the event of faults for each system. B, is pitch control
input signal entering each pitch actuator.

Bt) = =20 @, (DBE) + Wi (D) Brey
— WA (B ()

The drive-train of the wind turbine consists of two
shafts as the low-speed (driver) and the high-speed shaft
(driven). The shafts are connected using a gear-box and
the aerodynamic power is transferred to the generator
through a high-speed shaft. The coupled dynamic
equations of the shafts which are considered as a mass-
spring model are expressed in (4), (5).

Jr @ () = To(wy, B, Wy, t) — Kqr 6()
- (Bdt + B, )wr(t)

Bt
+ N—g [an (t)

3)

(4)

NacBar

——0() + —F—w,;(0)
g
_ (Udl:];dt n Bg) wg(t) (5)
~T,

. TIdt dt
]gwg (t) -

. 1
0(0) = 0,(©) = -, © (6)

where, w,, wg are the rotor and generator speeds,
respectively, 8(t) is the torsion angle of the drive train, T,
is generator torque, J. and J, are rotor and generator
moments of inertia, K;; and By, are torsional stiffness
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and damping, B, and B, are the rotor and generator
viscous friction, N, is the gear ratio and ng4 is the
efficiency of drive-train. The generator and converter
subsystem are modeled by first-order transfer functions:

Ty (s) o«

gc
= (7)
Tyref(s) s+ ag

where, a4 is the generator and converter model
parameter and T .f is the control output signal of the
converter. Parameter values of the benchmark are: J,. =
55e6 kg.m"2, K; = 2.7e9 m/rad, B; = 3.034 N.m.s/
rad, N; = 95,14 = 0.92,R = 57.5m, J, = 390 kg. m?,
Pair = 1.225 kg/m3, B, = 27.8kNm/(rad/s), By =
945 kN.m/(rad/s).

Observer Design

Nowadays, condition monitoring is attracting more
attention in technology advancements. It is implemented
to prevent serious failures by detecting faults. Condition
monitoring in advanced engineering instruments analyses
the deviations from normal conditions and detects the
existence of faults and failures. On the other hand, Fault
reconstruction is an online fault detection method that
offers additional information about the size, location, and
severity of faults. Such data are useful in the choice of
proper action during faulty conditions. Moreover, control
efforts are configured considering reconstructed fault
data (fault accommodation) to provide better
performances during faulty conditions.

A. LPV System Description

An uncertain LPV plant that is subjected to actuator
faults is described by

x() = A(p)x(t) + B(p)u(t) + M(p)f;(t)
+Q5(p, x, 1) (8)

y(@) = Cx(6) +9()

where, A(p) € R, B(p) € R™™, M(p) € R™* are
the linear parameter varying matrices of the model.
x(t) € R™, (t) € R™ , f;(t) € R®, &(p,x,t) € R¥, and
y(t),9(t) € RP, are model states, control input signal,
faults of actuators, model uncertainty, and measurement
noises, respectively. s and p are the lengths of fault and
output signal. It is supposed that s is smaller than p (s <
p). p is the varying parameter vector and is measured or
estimated. C is an LTI and full-rank matrix. Also, for
Lyapunov stability [32], &(p,x,t) and &(p,x,t) are
assumed to be bounded.

Assumption 1. The actuator fault matrix might be
parameter varying (M(p)). Itis assumed M (p) is made up
of a parameter invariant matrix (M;,,,) multiplied by a
nonsingular parameter varying matrix (M, (p)) in a way
that

M(P) = Minvaar(p) (9)
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where, M;,,, € R™* and M,,,.(p) € R5*°. Defining a new
variable a(p,t) = M, (p)f;(t), (8) is rewritten in the
form of

x(t) = A(p)x(t) + B(p)u(t)
+ Minv U(P, t)
+Q&(p,x,t) (10)

y() = Cx(t) +9(¢)

a(p,t) is the new fault vector which will be converted to
the actual fault vector (f;(t)) after being estimated. The
new fault signal is bounded due to the Lyapunov stability
proof [32].

Assumption 2. 9(t) presents the corruption of sensor
measurements and is assumed

9(s) = D(s)p(s) (11)
__ %
D(s) = sta (12)

D(s) is a stable transfer function and ¢ (t) is an unknown
but bounded signal [30]. Using this assumption, the effect
of output noises on estimations is optimized (this will be
discussed later). Then, substituting (11) into (12) yields

I(t) = —ap9(t) + arp(t) (13)

Assumption 3. rank (CM) = s. This condition determines
whether the effect of the fault signal is observable in
outputs or not. This is a necessary condition for the fault
estimation method presented by Tan and Edwards [33].

B. Second-order LPV Sliding Mode Observer

The LPV sliding mode observer is in the form of

x(t) = A(P)2(t) + B(p)u(t)
+ Heq(p)ey(t)
+ Hoyw(t) (14)

y(@) = Cx(¢)

where, H,,(p) and Hy,, are observer design matrices and
w(t) represents discontinuous output error injection to
induce a sliding motion [33]. e(t) and e, (t) as state

estimation error and output estimation error are
expressed as

e(t) = z(t) — x(t) (15)

ey(t) = 3(t) —y(t) = Ce(t) = I() (16)

The design steps are expressed in the following. First,
the system is transformed in a way that the states are
classified into measured states (outputs) and unmeasured
states [34]. It is proved that the measured states are
estimated in a finite time defining the sliding surface as
S ={e(t) e R™ey(t) =0} [34]. Then, with the
appropriate choice of parameters, unmeasured states are
estimated asymptotically. Finally, the faults are
reconstructed using w(t).
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As stated before, sliding mode observer gains are
divided into an equivalent gain for linear terms and
switching motion gain for nonlinear terms. The equivalent
gain (H.q(p)) and its corresponding linear signal are
existed to force the incidence of the sliding motion. Such
an action is called the reaching phase [27].

Furthermore, the switching gain (H,,) and its
corresponding nonlinear signal (w(t)) are responsible for
the maintenance of sliding motion which is called the
sliding phase.

There exists a coordinate-transformation x;(t) —
Trx(t) which changes the output matrix to the form of
Cr = [Opxn-p) Tpxpl in which T is an orthogonal
nonsingular matrix.

Here, the index ‘¥’ refers to the system of x(t). Also,
for an invertible square matrix M,, the fault matrix
becomes in the form of (17).

O(n-pyxs
My r = | Op-s)xs (17)
Osxs
Then, the following structure is obtained after the first
transformation.

y@© =10 71[7]+90) (18)
_[A1nr Arzy
40 =4 Am] (19)
_ [Qur
r= Qz,f] (20)

Rewriting (8) and using the structures of (17)-(20)
yields

é e
o] =4[] - 08t 0

— H, ,f(P)e ()
+ Hsz,,fw(t)y (21)

O(n—s)xs

- Mosxs ]U(P, 2
Using (8) and (21)
ey(t) =Teyr —V(t)

Thus, if the sliding motion takes place, from the
definition e, (t) = 0 and then Te, ; = 9(t). Using (21)
and regarding T as an orthogonal matrix gives:

ey ,(t) = Ayyp + Agp fTTO() — LT w,q (1)
— Q1 E(p,x,t)

(22)
0=TAz e (t) —TQyfE(p, x, )
+ TA,LTTI() —I(t)
0 —S)XS
SGE| M |o.0 (23)

Weq (1) is the equivalent output error injection i.e. the
same as w(t) after the sliding motion. As a definition, for
a design matrix Y € R*®~%) and the structure of W =
[Y M;1] the new fault signal is reconstructed as

6(p' t) = WTTWeq (t) (24)

In the system of (21), the LTI observer gain is
considered in the form of

_[-LTT
Howy = | 7r | (25)
L is the design matrix and is of the form
L=1[Z Ogpyxs] and Z € RO=PX(@=5) (26)

Z improves the sliding motion incidence and is
synthesized by solving some matrix inequalities (it will be
discussed later). Joining measurement noises signal and
e, r(t) together as a new state vector, an assembled
state-space is obtained.

ea(t) = Aa(p)ea(t) + Ba(p)fa(t)

(27)

6(p,t) —a(p,t) = Caeq(t) + F;éa(t)

where,

eI(6) = [TT9() ey (®)]',

LG =[5 Tre®]"
Aq(p) 28)
_ [ —arl, Opx(n-p)

A,(p) + LAy (p) + arl Ay + LAy (p)
_ O0px(n-p) —asl,

8.0 =[ 0" "0, —arl) 29)

Ca(p) (30)

=[-(WA(p) + asW) —WA3 (p)]

Fp=[WQ aW] (31)

The effect of uncertainty and measurement noises are
minimized if there exist positive definite and symmetric
matrices Pafpxp and Pll(n—p)x(n—p) such that the

following matrix inequalities hold

P A, +A,P, PB,A CT

X(p)=| BY™R -yl (F)'[<0 (32)
C, F,A  —yI

=1 Paf] >0 (33)
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where, I' > 0 means I is a positive definite matrix; then,
using bounded real lemma ||6(p,t) —a(p,t)|l <
Yli&a(p, O. Also,
Remark 1. It should be mentioned that there exist
parameter varying terms in the matrix inequality (32)
which make it confusing to solve the matrix inequality to
determine a unique minimized y. Therefore, we are
unable to obtain the second transformation and the
design matrices and the range of variation of p has to be
considered. As a result, the effects of uncertainty and
measurement noises are almost minimized.

Once L is obtained, the observer gain Hg,  is
calculated and reverted to a system of (10) using

st = Tf_1 X st,f (34)

After obtaining the design matrix L, a second
transformation is applied to the system of (21) where Cf
isreformedinto Cs = [0pxn-p) Ip]- ‘s’ represents second
coordinate transformation.

)= [

xz,s x2,f ( )
35
I _ L
where T, = (’6 pIx(n=p) T]
px(n-p)
Aqqs AIZS]
A = ’ ’ 36
s(p) Aors Asps (36)

H,q(p) in the second coordination is obtained online
after the calculation of L in a parameter varying structure
of

A12,s (P) ] (37)

Azys(p) + ka1,
Heq s(p) is reverted to the main coordinates (14) by

Heq,s (P) = [

Heq(p) = T " X Tg ! X Heg 5(p) (38)

The notation of j’th component of a vector V is defined
as an index, e.g. V;. Then, the equivalent output injection
signal is calculated cell by cell separately in

1
w;(t) = —k;sign (ey,]- (t)) ey, ;O (39)
2(t) = —kssign (e, (1)) — kaey ; () (40)

for j=1,2,....p

ky, k,, ks, k, are design parameters in satisfying
inequalities below. By choosing proper values of scalars
kq, ks, k3, k4, second-order sliding motion takes place in
a finite time and the fault reconstruction process begins
where proof by the Lyapunov method is explained in [35].

ky > 2Ve (41)
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k; >e€

k2[(k)® +1.25(k;)? + 2.5(k; — €)]
ky(ks —¢€)

k4>

€ is the bound of fault incidence rate or |ﬁ(t)| <eE€.
Substituting (40) into (39), the output injection signal is
obtained by

w;(t) = —k;sign (ey‘j(t)) |ey,j(t)|%
+ J. [—kgsign (ey,j(s)) (42)
— k4ey,j(s)] ds

By substituting (9) into (24), the fault estimation signal
becomes

f.(6) = My (p)é(p,t)
= My (P)WT w(t) (43)

It should be mentioned that fault reconstruction in (43)
is obtainable if only the sliding motion takes place.
Remark 2. The estimation of the new fault signal is
enhanced by exploiting a low-pass filter in the form of

F(s) = % (44)

Such a filter lowers the high frequency of

measurement noises to enhance the new fault estimation
signal. Filter reduces the amplitude of noises and results
in a smoother estimation signal.
Remark 3. The method explained in Section 3 does not
require any redundant instruments. Usually, wind turbine
sensors consist of three pitch angles, generator and rotor
speed, generator torque, and effective wind speed [16].
Using the filtered sensors’ data and a microcomputer, the
proposed FDI algorithm could be implemented and states
and pitch faults are calculated.

Observability of the wind turbine model is inspected
which is baffling due to the LPV description of wind
turbine plant (Section 5) [36], where using Simulink, we
watched the rank of LPV observability matrix online. For
all the wind turbine operating regions rank(0,py) = 6;
therefore, the system is observable and the states can be
estimated utilizing a proper observer.

Pitch Actuator Fault Model

It is assumed that an identical performance and fault
occur in all the pitch systems, and we only look through
one system.

A second-order transfer function is assumed for each
of the pitch actuators. Thus, the pitch angle and pitch rate
are regarded as the system states.

The matching condition mentioned in assumption 3
does not hold unless a change of variables in dynamic
equations of the pitch system is performed.
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[ﬁ(t)] (45)

S[F®
B'() ; ]

B(®)

1 0
where, T = [0 1 ] and the pitch system equations
®p(t)

are transformed to
[B(t)]:[o WA (1) [(f(t)
Fol -1 —20@wIE

Therefore, the assumption of rank(CM;,,) =1=
s < p = 1still holds.

Hydraulic leakage affects the pitch actuator properties
such as the natural frequency and damping ratio of each
actuator. The system properties are w,, and {, as
healthy and w,; and {; as a faulty situation. Then,
considering the fault as changing properties in a linear
fraction of both healthy and faulty mode, the incidence of
the fault is modeled using two varying parameters 6,and
6,. 8; = 0, = 0 means no fault in the system and 8, =
6, = 1 indicates a totally faulty situation.

wr(t) = 6;(Dw; p + (1 = 6, () w;
= wpn (47)
+ 6:(0) [w‘rzl,f — w3 4]

(46)

—2¢(D)wy, (t) = —2{fwy £0,(t)

+ (1= 6,()) (=28, wnp)

= =20 p (48)
+0,(t) 28w, f

+ ZZhwn,h]

It is assumed that the set of {wn‘h, Ch} or the set of
{wn,f, (f} occur, simultaneously. When the pitch system
performance is normal, its properties are in a healthy
situation. Malfunctioning of the pitch system means a
faulty situation for both properties. Thus, 6, (t) = 6,(t).
Substituting (47) and (48) into (46), yields

0 w?(t) ]
-1 —2{(Ownp(t)
_Jo whn +01(O)(whf — Wi n)
-1 —ZEan,h +0,()(—28;wn f + 2050, ()
10 Wy
B ,_1 _Z{hwn,h]
+ [0 64 (t)(wrzz,f - wrzz,h)
0 6,(O)(—28fwn,r + 28pwnp)
Multiplying (50) with the states gives,
[0 0:(t) (wﬁ,f - ‘Urzl,h) ] [ﬁ(t)
0 0.()(—28;wn s + 28uwnp)] 1B'(®)
(50)

n.f
[ Zwanf+2(hwnh]B ()6, (t)

- Minv Mvar (p)fl (t)

2

2
Wn g — Wpp
£ d My (p) =
_Z(fwn,f +2{hwn,h an var(p)

Pa, [i(t) = 6,(t). Therefore, the process fault is modeled
as an actuator additive fault in (50).

Wind Turbine LPV Description

Tables may place within the texts or just before the
figures. All quantities in tables should be accompanied by
their units. Table footnotes should be indicated by letters
a, b, ¢, etc. The states of the wind turbine model are rotor
rotational speed, generator speed, torsion angle of the
drive-train, generator torque, pitch angle, and pitch angle
rate. One of the purposes of the first transformation is
reshaping the output matrix. Therefore, we rearrange the
order of the states in a way that the specific structure
takes place. The state vector is defined as

x(t)
=[f@®) 001 @) @) T, B(E)

where, M;,, =

(51)

Among the considered states in the model, the drive-
train equation is severely nonlinear. Such a nonlinear
differential equation can be linearized and expressed in a
linear parameter varying manner where the model
matrices change with a varying parameter. The drive-train
equation is shown in (52).

. 1 Kat
wr(t) = _Ta(wr: :8' VW! t) - ]_Q(t)

- (0) (52)

The nonlinear term is T,(w,,B,V,,t) which is the
aerodynamic torque exerted by the wind turbine and
estimated in the form T (w,, BV, t) =
%pairnR3Cq (@, B, Vi )Vii. Cy is a torque coefficient table
and consists of aerodynamic experimental data. Using
surface fitting by the well-known software MATLAB, a
fifth-degree (quintic) polynomial is derived in which
wy, B,V,, are the variables. The interpolated form of

]lTa (w,, B, V,, t) becomes

To(wy, B, Vi, ) /] = p1Vyywy + Pzwr
3 w4 w?
+P3V +P4V2+P5V

+ p6war.8 + p7 wwrﬁ
+ pSwar.B3 + p9Ver:84
+ D10V B + P11 w? P
+ P12Vm;,82 + p13Vu3,83 (53)
+ p14V2ﬁ4 + plsvzﬁs
+ P16wi B? + prywi B3

w?p w?B?
+ D, — v, +Pio—— v,

w3p

+ D20 VL + D21 Vi

w
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To validate the accuracy of the model, the parameters
of the benchmark and presented model are compared.
Fig. 2 demonstrates real data points (colored surface) and
some sampled data from the LPV model (black points).

40 60

80

Fig. 2: Torque aerodynamic coefficient (10) (colored surface)
and sample points from the proposed model (black points).

The black points approximately coincide with the real
data surface showing the validity of the model. The
varying  parameters are capsulated in p=

< oT
[VW, wr,ﬁ,ﬁ’] . Then, a new structure is obtained by
rearranging (53). Table 2 consists of the LPV coefficients.

Table 2: Coefficients of the wind turbine LPV model

p =213e—-5 p, = —818e—3 p; =-392e—-5
Py =2.89% -1 ps =—370e—7 pe=217e—10
p; = —110e—11 pg=247e—13 pg=—2.63

P10 = 9.26 P11 = —11.42 P12 =—127e -4
p13 = 8.89e —7 Pia=144e—2 p5=-334e—-2
pie = —3.15¢—4 p;; =131le—5 pig=—2.36e—7

P19 = 1.53e—=7 P20 =—12e—9

To(wy, B, Vi, ) /]
2 3
P2 P2
= [P1P1 + P20+ P3—+Ps—
P1 P1
4

P2
+ps o3 + DeP1P3 + D7P1P3°
1

+ pgp1ps’ + P9P1Ps4] Wy

+ [vaugﬁ + p11P5 + P12P7P3

+ P13pips”® + Prapips® + p15p§p34

P2
+ D16P3Ps + P17P5P3” + Pig E

3 3
P2P3 p2
+ D1 + D20 _] B + D21V

P1 P1
= AA3’3CI)T + AA3’6ﬁ + p21V‘,3 (54)

Substituting into (52) results in
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o (6) = —%em ‘#“’r“)

4 Dae wg () (55)
+ AA35(p)w,(t)
+ A4z 6(P)B() + poa Vil

We are unable to merge the last term of the (55) in the
system matrix and it is considered as model uncertainty.
The LPV description of the model is expressed in

A(p)

—2{p Wy 0 0 0 0 -1 7
1
0 0 1 - 0 0
Ny
Kq B,
_ 0 - Tt ass(p) N, tr 0 ase(p)
0 NatKar  NatBae a _ i
NgJg NgJg " Ig
0 0 0 0 —Qgc 0
w,zl,h 0 0 0 0 0 |
B=[0 0 0 0 a O]T
1000 0 ol
0 01 0 0 O
C= 00 01 0 O
0 0 0 0 1 o)
0 0 0 0 0 1
Q=[0 0 1 0 o 0],
Minv=[m1 0 00O mﬁ]T/

Myor () = pa, u(t) = [Tg.r(t) ﬁr(t)]T: fl(t) =0, @®)
(56)

A summary of the wind turbine fault reconstruction
and observation is illustrated in Fig. 3.

Modify the system state-space A(p), B(p), C, @, M(p)

Determine T and first coordinate transformation

Consider the range of the varying parameter, solve LMI
Eqg. (32) and obtain P, P13, W, and L

Calculate Hg,, r and transform it to main coordinates

Choose design scalers kq, kg, k3, ks

mg Calculate Hyg ¢ and transform it to main coordinates

Compute errors and residuals in Eq. (46), then import
them in the observer

Compute errors and residuals in Eq. (46), then import
them in the observer

Use wgq(t) to estimate the new fault signal

Pass the new fault signal estimation through a low-

pass filter and reconstruct the fault signal

Fig. 3: Design algorithm flowchart for wind turbine fault
reconstruction.
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Results and Discussion

In this section, reconstruction of pitch actuator fault is
investigated. The observability of the proposed model has
been checked in Section 3.3. The observability matrix (51)
is full-rank during the operation which means the model
is observable even by the time-varying nature of p.
Considering the structurein (17), T = I, and

467 0 0 0 0 3

[15.610001]

T=|0 01000|

F7/l'o o0 0 1 0 0
0 0 0 1

S !
0 0 0 0 0 1

Then, solving matrix inequality (32) gives Py, P4, L and
W. Once L is calculated, the first observer gain H,, (p) is
built in the structure of (41). The second transformation

is then possible substituting L in (39). The fault is
reconstructed substituting W and T in (47).
Pus
3.41 —0.0019 335 1.61le—8
_|—7.854 —431e—10 335 —10.82
3.35 3.35 5.12e —4 —2.88e —2
1.6le—8 —2.88e—2 —7.44e—-9 7.11
L= [ 0.0011 —-1.86e—5 5.22¢e—24 0
—0.0075 —2.48e—5 3.26e—24 0
W =1[88le—5 —1.06e—7 0 —895e—3]
P = 17.2 —-35.9
1 71-359 1128

ky = 10,k, = 1,k = 50,k = 100, a; = 50

Wind speed, as stochastic input data, has been
manipulated using a stochastic input profile gathered
from the actual wind speed measurements of a wind park
[37] An average of 15 m/s has been chosen for wind speed
which is included in region 3 of operation regions.

A high-slope ramp (nearly unit step) between 8th to
14th seconds is considered as an actuator fault in the
pitch system caused by hydraulic leakage. Hydraulic
leakage is an incipient and fast decaying fault [7]. The
range and the rate of such a fault are illustrated in Table
1. To emphasize the paper methodology i.e. robust LPV
fault reconstruction using second-order sliding mode
observers, a different fault scenario is inspected. To
exhibit the rapid and precise fault recognition and
reconstruction, it is supposed that an abrupt fault takes
place faster than 1/(100 seconds) (according to Table 1)
in the simulation.

Fig. 4 shows the reconstruction of the LPV fault
indicator in the presence of model uncertainty and
measurement noise during 6 seconds. A step is
considered as the fault indicator 8. Also, the estimation
of pitch system properties (natural frequency and
damping ratio) are illustrated in Fig. 4.

As shown in Fig. 4, once an actuator fault occurs, it is

reconstructed accurately and immediately. The effects of
noises and uncertainty have been minimized in (32).
However, the fault estimation signal conveys noise
between the 8th to 14th seconds. The estimation of the
new fault signal in (24) is enhanced by exploiting a low-
pass filter in the form of

ploy = 10
=S¥ 10

As mentioned, the new fault signal in (10) is passed
through a low-pass filter F(s) in order to become
smoother in (44). The measurement noise in all of the
sensors appears as fluctuations. The measurement

noises’ powers are chosen as ||<pwr|| =10"%, |§0wg|| =

107, [|or, || = 103, and [|ogll = 107%. it should be

noted that the robustness of the proposed observer is not
disturbed by the amplitude of the noises with known
bounds. In addition, all the measurements could be
properly filtered to avoid the harmful effects of the noises
in state estimation.

Figs. 5 & 6 illustrate the performance of second-order
sliding mode observers in the presence of pitch actuator
fault. The estimation signals converge to the system
states in at most 2.5 seconds with less than 2.48 percent
estimation error in generator speed.

Rahnavard et al. [22] used an LTI first-order sliding
mode observer to reconstruct wind turbine faults.
Compared with this paper, both methods are fast and
accurate and also overcome the output noises’ effects.
But, the proposed LPV method covers all the wind turbine
operating regions and no linearization approximations are
required at the cost of heavier computations. While in
[22], the nonlinear equations are linearized around an
operating point. It requires gain-scheduling and switching
among the models which reduces the robustness and
model-accuracy of the method.

Sloth et al. [17], used robust theory for LPV active-
fault-tolerant control of a benchmark model, similar to
this paper. The LPV model in [17], contains linearizing the
aerodynamic torque around a floating trajectory. The LPV
model of the current paper uses a quintic multi-variable
polynomial instead of linearization which improves the
accuracy.

A time-invariant sliding mode observer (with the same
procedure for designing observer gains) is carried out for
a nonlinear model in which the aerodynamic torque is
regarded as the uncertainty (&y, = T,/J;-). It should be
mentioned that &,py, = p,;¥,2 from (55) is considered as
the uncertainty signal, exerting the proposed LPV model.

Fig. 7 illustrates the comparison between the fault
reconstruction performance of the nonlinear model (in
which the aerodynamic torque is regarded as an
uncertainty) and the LPV model of a wind turbine from
Section 5. As expected, the LPV model provides a more

(60)
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accurate estimation of the actuator faults using the same
filters (60).

As an average value, the amplitude of fluctuations of
fault reconstruction in the nonlinear model s
approximately 11.5 times larger than fluctuations of fault
reconstruction in the LPV model.

In addition, the mean value of fault reconstruction of
the nonlinear model is biased about 3 percent before
fault occurrence which demonstrates the weaker
performance of the observer, affected by large
uncertainty (§y, = T, /J;)-

It arises from the severe nonlinearity of aerodynamic
torque which is handled using LPV methods. In this case,
the magnitude of uncertainty in (58) is much less than
that in the nonlinear model i.e. ||, py || = 0.0288 rad/
s%in comparison with ||&y. || = 0.8979 rad/s?. In
addition, the observer LPV gain is calculated in an
adaptive manner (38).

Conclusion

The application of SMO on a wind turbine system that
contains a parameter varying model is investigated. The
results of this paper show that the sliding mode fault
reconstruction method is applicable for LPV systems. It is
interesting to note that the severity of the pitch hydraulic
pump is estimated while the model parameters are
varying, sensors are faulty, and some parameters are
uncertain.

The LPV model of a wind turbine is derived by surface
interpolation and fitting a quintic polynomial for the
aerodynamic torque coefficient. The LPV model predicts
the real behavior of the system with the highest error of
3.2 percent.

The robustness of the estimation and reconstruction
scheme is another merit of the proposed SMO as shown
in the results. Wind speed range is considered from 14
m/s to 16 m/s and it is regarded as a stochastic input
exerting aerodynamic torque. Fast and accurate fault
reconstruction happens in 0.6 seconds with less than one
percent error.

Compared to the previous works, the proposed
observer performance is less affected by the pitch
actuator fault, and the fault severity is estimated in 2.5
seconds with an error smaller than 2.48 percent. The LPV
observer presented in this work covers both of the wind
turbine operating regions which are more appropriate for
large-scale applications.

As a prospective, the proposed method will be applied
to a real large wind turbine to assess its performance. In
addition, the tuning mechanism of the design parameters
of the proposed observer can be determined by using
optimization methods such as genetic algorithm which
results in better performance and smaller errors.
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Fig. 4: Fault indicator, natural frequency, and damping ratio of
pitch actuator. The Blue (dashed) line is the actual signal and
the red (solid) line is the estimation.
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Fig. 5: Measured state estimation (output estimation) using
second-order SMO in the presence of pitch actuator.
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Fig. 7: Comparison of fault reconstruction results in nonlinear
model and LPV model.
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