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Abstract

The emerging fifth-generation mobile communications are envisaged to support
massive number of deployment scenarios based on the respective use case require-
ments. The requirements can be efficiently attended with ultradense small-cell
cloud radio access network (C-RAN) approach. However, the C-RAN architecture
imposes stringent requirements on the transport networks. This book chapter pre-
sents high-capacity and low-latency optical wired and wireless networking solu-
tions that are capable of attending to the network demands. Meanwhile, with
optical communication evolutions, there has been advent of enhanced photonic
integrated circuits (PICs). The PICs are capable of offering advantages such as low-
power consumption, high-mechanical stability, low footprint, small dimension,
enhanced functionalities, and ease of complex system architectures. Consequently,
we exploit the PICs capabilities in designing and developing the physical layer
architecture of the second standard of the next-generation passive optical network
(NG-PON2) system. Apart from being capable of alleviating the associated losses of
the transceiver, the proposed architectures aid in increasing the system power
budget. Moreover, its implementation can significantly help in reducing the optical-
electrical-optical conversions issue and the required number of optical connections,
which are part of the main problems being faced in the miniaturization of network
elements. Additionally, we present simulation results for the model validation.

Keywords: 5G, backhaul, centralized unit (CU), common public radio interface
(CPRI), distributed unit (DU), fiber to the X (FTTX), fronthaul, functional split,
optical wireless communication (OWC), passive optical network (PON), photonic
integrated circuits (PICs), radio access network (RAN), radio over fiber (RoF)

1. Introduction

There have been growing concerns regarding the increasing number of unprec-
edented bandwidth-intensive mobile applications and services being experienced
by the Internet. A notable cause of the increase in the traffic and the subsequent
pressure on the network is the Internet of things (IoT) technologies. For instance,
massive IoT (mIoT) schemes have caused remarkable revolutions in the amount of

1



mobile devices and applications in the networks. This is in an effort to enhance the
user experience in delivering enhanced mobile broadband (eMBB) services and
providing ultra-reliable low-latency communication (uRLLC) for critical commu-
nication and control services. In theory, IoT comprises universal existence of a
collection of things like mobile PCs, tablets, smartphones, actuators, sensors, wire-
less routers, as well as radio-frequency identification (RFID) tags. It is remarkable
that these devices are capable of cooperating not only with each other but also with
their neighbors. By this approach, they are able to achieve common network goals
by means of unique addressing scheme [1, 2]. Furthermore, it has been predicted
that massive number of mobile devices on which various bandwidth-intensive
applications and services will be operating and will be Internet connected [3]. In
actual fact, there is a tremendous demand for effective systems that are capable of
delivering various services in a cost-effective manner while meeting the essential
network demands. Consequently, in an effort to accomplish the next-generation
mobile network technical demands, there have been intensive researches on viable
solutions that can satisfy the network requirements.

Additionally, to support the anticipated massive devices, there has been general
consensus that the fifth-generation (5G) wireless communication system is the
viable and promising solution. Meanwhile, massive multiple-input multiple-output
(M-MIMO) antenna and millimeter-wave (mm-wave) technologies are anticipated
to be integrated into the 5G networks, so as to enhance the wireless system band-
width. This is due to the fact that radio-frequency (RF)-based wireless system
transmission speeds are highly constrained by the regulated RF spectrum. This
limitation can be attributed to numerous advanced wireless systems and standards
such as UWB (IEEE 802.15), iBurst (IEEE 802.20), WiMAX (IEEE 802.16), Wi-Fi
(IEEE 802.11), as well as the cellular-based 3G and 4G. On the other hand, there is a
vast amount of unexploited and underutilized frequency at high bands [2, 4] as
expatiated in Section 2. Nevertheless, the radio propagation at higher frequency
bands is comparatively demanding. Consequently, advanced scheme like
beamforming (BF) technique is essential for radio operation at the bands. The
technique will help in compensating mm-wave band inherent path loss in the radio
access network (RAN) [5–7].

In addition, owing to several innovative technologies that have been
implemented in the optical communications, significant improvements have been
noted in the network performance [8]. Among the remarkable improvements are
the increase in the network reach, optical system capacity, and the number of users
that can be effectively supported. This is as a result of cutting-edge optical fiber-
based technologies. The optical schemes have been increasingly advancing deeper
into different access networks, in order to provide various services such as mobile
backhaul/fronthaul and multitenant fiber to the X (FTTX) with some variants of
fiber-based broadband network architectures as discussed in Section 3. For
instance, the optical broadband network architectures, such as fiber to the curb or
cabinet (FTTC), fiber to the node (FTTN), fiber to the building (FTTB), fiber to the
premise (FTTP), and fiber to the home (FTTH), proffer commercial solutions to
the communication network performance bottleneck, by progressively delivering
services in close proximity to the numerous subscribers [2].

It is noteworthy that various 5G use cases like uRLLC and eMBB can be effec-
tively achieved by radio elements and BSs that are not far-off the end users or
wireless devices. This is due to the fact that close proximity helps in facilitating
better signal quality, with lower latency and higher data rates in the system [9]. This
can be effectively realized by means of passive optical network (PON) technologies
such as gigabit PON (GPON), 10Gbps PON (XG-PON), as well as Ethernet PON
(EPON). It is noteworthy that one of the key issues is the process of supporting
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different service demands with the intention of realizing ubiquitous and elastic
connections. As a result, optical and wireless networks convergence is very indis-
pensable. This is not only a cost-effective approach but also enables high-network
penetration, in order to achieve the envisaged ubiquitous feature of the next-
generation network (NGN) [2]. Based on this, there is a growing consensus of
opinion that high-capacity optical fronthaul scheme is one of potential solutions for
addressing the network demands. For instance, if the CPRI standard is to be directly
employed for the transportation of a considerable number of long-term evolution-
advanced (LTE-A) and/or 5G radio signals, an enormous aggregate bandwidth will
be required on the backhaul/fronthaul networks [10].

Furthermore, it has been observed that the reference system architectures for
the 5G standardizations are based on the notion of heterogeneous networks where
mm-wave small cells are overlaid on the larger macrocells [9]. This will enable the
RAN to handle the growing traffic demands. In addition, to contain the massive
deployment of small-cell BSs, cloud RAN (C-RAN) has been adopted as a promising
architecture to ensure effective scalability regarding deployment cost as well as
energy consumption [11–14]. The C-RAN offers an innovative architecture that is
really different from the traditional distributed RAN (DRAN). In the C-RAN archi-
tecture, the baseband unit (BBU) is shifted away from the cell sites where it is
normally located in the DRAN. Consequently, BBU collections that are usually
referred to as BBU pools are centralized at the central office (CO). With this
configuration, the remote radio heads (RRHs) are left at the cell sites.

As a result, C-RAN implementation offers significant benefits such as improved
system spectral efficiency and better flexibility for further RRH deployments than
the DRAN. Likewise, with the centralized BBUs, C-RAN supports greener infra-
structure, enhanced interference mitigation/coordination, better resource pooling,
improved BS virtualization, as well as simplified management and operation.
Besides, multiple technologies can be supported with smooth and scalable evolu-
tion. Furthermore, in the C-RAN architecture, the BBU pools are connected via the
fronthaul network to the RRHs. It is remarkable that the de facto air interface
standard that is usually employed for connecting the BBU pools to the RRHs is the
common public radio interface (CPRI) protocol. This is an interface that helps in
the digital baseband sample distribution on the C-RAN fronthaul. However, strin-
gent requirements concerning jitter, latency, and the bandwidth are imposed on the
fronthaul network for seamless connectivity. This makes the CPRI-based fronthaul
links to be prone to flexibility and bandwidth limitations, which may prevent them
from being visible solutions for the next-generation networks [11, 12]. Meanwhile,
it has been noted that the 5G systems will impose higher requirements on the
transport network regarding latency, bandwidth, reliability, connectivity, and
software-defined networking (SDN) capability openness [15]. A number of
approaches such as cooperative radio resource allocation and data compression
technologies have been adopted to address the challenges; however, the fronthaul
capacity demand is still considerable high [11, 12].

The viable means of addressing the capacity requirement is through the imple-
mentation of passive optical network (PON) solutions such as wavelength division
multiplexed PON (WDM-PON) and ultradense WDM-PON (UDWDM-PON). The
PON architectures are compatible with the 5G networks and are capable of
supporting both wired and wireless services. Based on the PON architecture, indi-
vidual RRH has the chance to communicate with the BBU pools using a dedicated
wavelength. Besides, in the upstream direction, the aggregate wavelengths can be
further multiplexed into a single shared fiber infrastructure at the remote node
(RN). They can eventually be de-multiplexed at the CO [11, 12]. As aforementioned
and as depicted in Figure 1, optical and wireless network convergence is a
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promising scheme for exploiting the optical system inherent bandwidth and the
mobility advantage of wireless connectivity, which can help in realizing the 5G
network envisaged capacity and energy efficiency. In addition, optical wireless
communication (OWC) is another feasible and attractive optical broadband access
solution that is capable of supporting high-capacity, high-density, and low-latency
networks. Therefore, it can effectively address the network requirements for dif-
ferent applications and services at a comparatively lower cost. So, it has been seen as
an alternative and/or complementary solution for the existing wireless RF solutions
[4, 16–18]. This chapter presents optical wired and wireless networking solutions
for high-capacity, high-density, and low-latency networks. Furthermore, because of
its potential for intense revolution and salient advantages, we focused on the second
standard of the next-generation PON (NG-PON2) system. In addition, with the
exploitation of notable features of photonic integration, we design and develop the
physical (PHY) layer architecture of the NG-PON2 system. The proposed NG-
PON2 architectures offer an enabling platform for active device integration into the
chip to ensure a significantly low propagation loss. We also present simulation
results for model validation. This helps in demonstrating the potential of photonic
integration for optical architectures.

Furthermore, with concise information on the enabling optical wired and wire-
less technologies and the need for alleviating the stringent requirements in the
network being introduced, we present comprehensive overview of the fronthaul
transport solutions in Section 2. The salient needs for PON in the envisaged
ultradense network deployments are considered in Section 3. In Section 4, a
practical method for network investment optimization by the operators based on
PON system coexistence is discussed. In Section 5, we present a number of viable
schemes for alleviating the imposed stringent requirements in the system. The
NG-PON2 PHY architecture design and development based on photonic integration
are demonstrated in Section 6. In Section 7, the obtained simulation results with
further discussion are presented. Section 8 concludes the chapter.

2. Fronthaul transport solutions

The fronthaul protocol can be transported by different viable means. Apart from
the usually employed small form pluggable and serial constant bit rate CPRI

Figure 1.
A scenario for optical and wireless access networks convergence (adapted from Alimi et al. [2]).
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specification that is based on digital radio over fiber (D-RoF) implementation, there
are other innovative and standard fronthaul interfaces such as Open Base Station
Architecture Initiative (OBSAI), next-generation fronthaul interface (NGFI), open
radio interface (ORI), and enhanced CPRI (eCPRI) that can be used [19–21]. In
[11], we give an overview of various prospective and standard fronthaul interfaces.
In this chapter, for reference purposes, we focus on the extensively employed CPRI
protocol. However, it should be noted that the transport methods to be discussed in
this section are applicable to other fronthaul interfaces. The transport methods
discussed in this section are grouped into wired and wireless fronthaul solutions.

2.1 Wireless fronthaul solution

Wireless transport schemes are very viable fronthaul solutions that have resulted
into tremendous evolutions in the communication systems. This is due partly to the
inherent advantages such as operational simplicity, ease of deployment, scalability,
roaming support, effective collaboration, and cost-effectiveness. Furthermore, it is
an appropriate scheme for complementing fiber-based fronthaul solutions. How-
ever, their susceptibility to transmission channel conditions makes their implemen-
tation effective for short range. Besides, the current solution can only support few
CPRI interface options. This brings about bandwidth limitation for this solution.
Moreover, to alleviate this, promising wireless technologies like mm-wave and
wireless fidelity (Wi-Fi) can be employed in the fronthaul [11, 22, 23].

As aforementioned in Section 1, there is a huge amount of unexploited and
underutilized frequency at high bands. The fronthaul in which mm-wave is being
employed is feasible due to the availability of various compact and high-
dimensional antenna arrays for commercial use in the band. Besides, as a result of
60 GHz standards like 802.11ad, 802.15.3c, and WirelessHD that have been issued,
considerable attention has been given to mm-wave communications. Nonetheless,
the inherent high propagation losses of the mm-wave communications give rise to
comparatively shorter transmission range [11, 22, 24, 25].

In addition, as stated in Section 1, RF-based system transmission speeds are
substantially limited due to a number of advanced wireless systems being deployed
in the network. Consequently, to meet the demands of the current and future
wireless networks, many chipset suppliers and wireless operators have been paying
significant attention to the unlicensed spectrum. The major focus is in the 2.4 GHz
and 5 GHz frequency bands that are under implementation by the Wi-Fi. This is
being used for the 5G LTE-Unlicensed communication systems [11, 26]. With this
implementation, the unlicensed spectrum resources could be effectively allotted to
the LTE system, in order to have more capacity for supporting the Wi-Fi users [27].

Furthermore, it is remarkable that the Wi-Fi unlicensed spectrum is a promising
solution for the fronthaul network. A notable advantage of exploiting the
unlicensed spectrum for the fronthaul network is due to the fact that separate
frequency procurement for the fronthaul might not be necessary for the network
providers. Besides, the same spectrum could be effectively reused in the access and
fronthaul links. This can be accomplished by means of time-division multiplexing
(TDM) and frequency-division multiplexing (FDM) schemes. Another way of
achieving this is through opportunistic fronthauling, in which unlicensed spectrum
can be sensed. For instance, the RRH can sense unlicensed spectrum that is available
(unused unlicensed spectrum) and then employ it for fronthauling. Besides, in a
situation where the active user signal is considerably lower than the predefined
threshold, the RRH can also make use of the spectrum. In addition, the fronthaul
link constraints could be effectively eased via the Wi-Fi. This is majorly due to the
fact that it can be employed for offloading [26]. Although Wi-Fi networks are
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capable of offering relatively high-data rates, they exhibit limited mobility and
coverage. The drawbacks can be reduced by employing Wi-Fi mesh networks
[11, 28].

2.2 Wired fronthaul solution

The wired network offers a number of advantages such as low interference,
enhanced coverage, low latency, and high reliability and security. Due to these
advantages, they have been able to stand the test of time and continue to be relevant
despite the advent of wireless systems. Some of the fronthaul solutions that are
based on wired links are dark fiber, passive WDM, WDM-PON, WDM/optical
transport network (OTN), and Ethernet. In this subsection, we present potential
wired-based fronthaul solutions that can support the network requirements.

2.2.1 Dark fiber solution

Dark fiber offers an attractive fronthaul solution. With this implementation,
transmission equipment is not required between the BBU pools and the radio
remote units (RRUs), consequently resulting in easiest deployment solution with
least possible latency. Nevertheless, since dark fiber solution is based on point-to-
point (P2P) direct connections, it lacks the required network protection, making it
not a good candidate to support 5G use cases such as uRLLC services in which high
reliability is required. Besides, its implementation demands huge amount of fiber
resources. In the 5G systems in which ultradense networks are envisaged, the
required amount of fiber is even more challenging. So, the fiber resources may be
inadequate to support mIoT devices and other envisaged multimedia devices.
Therefore, availability of fiber and the associated deployment cost may be the
limiting factors for the dark fiber solution employment. This inefficiency can be
addressed with the aids of different WDM and Ethernet solutions [11, 22, 23, 29].

2.2.2 Ethernet solution

In Ethernet-based fronthaul solution, packet technologies that encourage statis-
tical multiplexing feature are employed. This helps in achieving traffic convergence
and in enhancing the line bandwidth usage. Besides, considerable fiber resources
can be saved due to its support for point-to-multipoint (P2M) transmission. Never-
theless, a number of issues such as identification as well as fast forwarding of low
latency services deserve considerable research attention in this approach. Also,
further efforts are required for backward compatibility with CPRI transmission and
high-precision synchronization. Based on these, the Institute of Electrical and Elec-
tronics Engineers (IEEE) has established a task group known as time-sensitive
networking (TSN) which is a part of the IEEE 802.1 working group, to study the
latency-sensitive Ethernet forwarding technology. Reasoning along the same lines,
the IEEE 1914 next-generation fronthaul interface (NGFI) working group has been
established not only for the development of the NGFI transport architectures and
the associated requirements but also for the definition of radio signal encapsulation
specification into Ethernet packets [11, 29].

2.2.3 WDM-based solution

The requirement for low-latency transmission in the range of 10-Gb/s makes
WDM-based network the usually adopted option for the fronthaul links. At large,
WDM-based fronthaul methods can be grouped into two solutions which are active
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and passive. In active solution, other protocols are used for the CPRI traffic encap-
sulation, before being multiplexed on the fronthaul network. Also, the solution
offers robust network topologies with considerable flexibility. Moreover, with opti-
cal amplifiers, the network reach can be significantly extended. Another important
distinguishing feature of an active solution is that the cell site demarcation point
requires power supply for operation. On the other hand, a passive solution mainly
depends on CPRI link passive multiplexing (MUX)/demultiplexing (DEMUX).
Besides, this solution’s demarcation point can function effectively without any
battery backup and power supply. Nonetheless, active equipment can be employed
for the system monitoring at the CO demarcation point [11, 22, 23, 29].

In general, the main dissimilarities between the passive and active solutions can
be recognized in the nature of their routing table and switching granularity. For
instance, unlike the active solution, routing table can be statically and dynamically
configured as well as associated with the interface; that of passive solution is fixed
and lacks configuration capability. Likewise, the passive solution switching granu-
larity is based on spectrum or time slot as being implemented in the TWDM-PON,
while an active solution presents finer switching granularity which can be based on
packet or frame switching. Consequently, the active solution offers better configu-
ration flexibility; however, it is power-consuming and relatively complicated [12].
In the following, we expatiate on different WDM-based fronthaul solutions.

2.2.3.1 Passive WDM

In this approach, a passive optical MUX/DEMUX is employed for multiplexing a
number of wavelengths on a shared optical fiber infrastructure for onward trans-
mission. Therefore, the implementation can save considerable fiber resources via
the support for multiple channels per fiber. Also, the employed optical components
introduce negligible latency, so, the stipulated jitter and latency requirements for
CPRI transport can be effectively met. Moreover, due to the passive nature, power
supply is not required for the associated equipment operation. This brings about
high power efficiency in the network. Besides, this approach is not only a cost-
effective solution but also offers simple maintenance. Nevertheless, the cost impli-
cation of the wireless equipment deserves significant attention. This is due to the
required colored optical interfaces at the BBU and RRU. Also, factors that need
consideration are the limited transmission range and inadequate optical power
budget of a relatively complex topology such as chain or ring network. This can be
attributed to the accumulated insertion loss owing to multiple passive WDM com-
ponents. Besides, the approach offers no robust operations, administration, and
maintenance (OAM) potentials, and usually, line protection is not provided. Passive
WDM implementation can also be limited by the need for well-defined network
demarcation points [11, 22, 23, 29].

2.1.3.2 WDM/OTN

When WDM/OTN scheme is employed, multiplexed and transparent signal
transmissions can be achieved over the fronthaul link to multiple sites. Thus, the
fiber capacity is increased by enabling multiple channels on a shared fiber infra-
structure [11, 23, 29]. This can be realized by encapsulating the inphase and quad-
rature component (I/Q) data by means of OTN frame; this is subsequently
multiplexed to the WDM wavelength. Consequently, any wavelength can be
employed for routing the resulting frame to the destination port [12]. Apart from
being able to save fiber resources, other notable advantages of this solution are
provision for OAM capabilities, network protection, service reliability, as well as
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service level agreement (SLA) management and network demarcation. Further-
more, this solution presents attractive features regarding low latency and high
bandwidth. It is also a good approach for attending to the required colored optical
interface at BBU and RRU by the passive WDM. Since colored optical interface is
not demanded, wireless equipment deployment challenges are alleviated drastically
by the WDM/OTN solution. Another significant advantage of the approach is the
offered easy scalability. This is due to the fact that there is no need for replacing the
wireless equipment optical interfaces while upgrading from non-C-RAN to the
C-RAN architecture. Notwithstanding, the major drawback of the solution is the
relatively higher cost of the equipment. Although power supply is not required for
WDM transport in the approach, it is essential for wavelength translation and active
management [11, 23, 29].

In addition, the WDM-based systems such as coarse WDM (CWDM) and dense
WDM (DWDM) exhibit promising features for the fronthaul transport applica-
tions. For instance, apart from the offered high throughput and low latency,
CWDM is very cost-effective regarding fiber resource usage and equipment
expenses. Also, DWDM is widely known for the higher channel counts that can be
efficiently supported. This can help further in increasing the number of small cells
and the associated RRHs that can be deployed effectively. Furthermore, it helps in
improving the fiber resource efficiency.

Figure 2.
Potential 5G fronthaul solutions: (a) microwave, (b) point-to-point, (c) WDM-PON, (d) OTN, and
(e) Ethernet.
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It is remarkable that WDM-based schemes can be used in conjunction with PON
technology in order to further enhance the system performance. This scheme is
highly appropriate for the anticipated massive RRHs and ultradense small cell
deployment as explicated in Section 3. It should be noted that, for RAN to be well
deployed, especially in the urban environments, the radio elements should be, as
much as possible, in close proximity to the subscribers. So, the remote elements
could be mounted on different places such as buildings and street lamp poles.
Therefore, the arbitrary nature of the remote element placement can be efficiently
supported with the implementation of WDM schemes.

Furthermore, as discussed, there are a number of ways by which the C-RAN
fronthaul can be realized; nonetheless, the imposed stringent requirements make
fiber-based method the widely adopted in the C-RAN. However, optical fiber
implementation for ultradense networks, besides being time-consuming, may ren-
der the C-RAN schemes uneconomical and less flexible. It is remarkable that wire-
less fronthaul offers attractive and flexible solutions for information exchange
between the centralized unit (CU) and distributed unit (DU). This is owing majorly
to the offered advantages such as higher flexibility, lower cost, and undemanding
deployment when than the fixed wired fronthaul counterparts. Therefore, innova-
tive optical wireless solutions with good scalability and operational simplicity,
coupled with easy of deployment, are really desirable [11].

In addition, apart from physical fiber-based methods being discussed, OWC
system, also known as a free-space optical (FSO) communication system, is another
attractive and feasible optical wireless fronthaul. The FSO provides a range of
benefits such as low latency and high capacity that make it viable for addressing
network requirements in a cost-effective manner [4, 16–18]. The potentials for the
FSO implementation in the fronthaul network and different innovative concepts
that are appropriate for improving the FSO system performance, while easing the
stringent system requirements, are discussed in Section 5. Different potential 5G
fronthaul solutions are depicted in Figure 2.

3. Passive optical network (PON)

The existing fiber-based methods as well as active P2P Ethernet might unable to
meet the envisaged bandwidth-intensive traffic requirements by the 5G and beyond
networks. For instance, ultradense network deployments with the associated huge
network resources are envisaged in the 5G network. As illustrated in Figure 3, PON
system can make better use of the current fiber infrastructures than the existing P2P
system such as CPRI. This helps considerably in reducing the required number of
interfaces in the network. As a result, it aids not only in reducing the site space, but
also substantial amount of system power can be saved [30]. As explained in Section
2, PON technology has been deemed as an attractive access network solution owing
to the presented advantages such as low-operation cost, high bandwidth, and low-
maintenance cost [11, 31, 32].

It should be noted that the PON architectures have been experiencing continu-
ous and gradual evolution, so as to considerably enhance the service availability and
the related data rates. The offered technological options and the intrinsic benefits
have been attracting the operators in deploying a number of PON systems. It has
been observed that the most widely deployed one is the gigabit PON (GPON)
system. Moreover, the first standard 10 Gbps PON technology, the next-generation
PON (NG-PON) system, known as 10-gigabit PON (XG-PON1) has also been
gaining considerable attention. With continuous demand for further capacity, there
are innovative PON generations such as 10-gigabit symmetric PON (XGS-PON)
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and the second standard of NG-PON (NG-PON2) that are now becoming the target
of various providers [33]. In PON system, WDM and TDM techniques are normally
employed to further enhance the capacity and fiber efficiency. Based on these
techniques, the PON system can be broadly grouped into WDM-PON and
TDM-PON.

Moreover, it is noteworthy that the TDM-PON is capable of giving considerable
greater bandwidth for various data applications; however, availability of the
resources that can be delivered to the end users is limited. In contrast, the issue can
be effectively addressed with the WDM-PON scheme. This can be done by
assigning a peculiar wavelength per subscriber. As a result of this, a distinct, high-
data rate, as well as secure P2P channel, can be delivered over a high-capacity and
longer optical reach, between each of the subscriber and the CU. Consequently, a
WDM-PON scheme is suitable for partitioning the ONUs into a number of distinc-
tive virtual P2P links over the shared physical optical infrastructure by multiple
operators. This attribute facilitates fiber efficiency compared to P2P Ethernet. Sim-
ilarly, in relation to TDM-based systems, it gives lower latency. These features make
WDM-PON a disruptive solution that is very appropriate for FTTX as well as
mobile backhaul and fronthaul applications. This will eventually aid the operators
not only in developing converged networks but also in enhancing the current access
networks. As a consequence of this, some redundant COs can be eliminated in an
attempt to enhance the network performance in cost-effective ways [11, 31, 32].

Figure 3.
Potential fronthaul solutions (a) CPRI-based and (b) PON-based schemes.
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Moreover, it is remarkable that advantages of both WDM-PON and TDM-PON can
be effectively exploited though joint application of the schemes. This results in the
TWDM-PON architecture. The potential PON architectures and their applications
in telecommunication systems are presented in the subsequent subsections.

3.1 TDM-PON application

The TDM-PON can be grouped into broadband PON (BPON), asynchronous
transfer mode (ATM) PON (APON), Ethernet PON (EPON), and GPON. In the
existing telecommunication networks, GPON and EPON are the widely adopted
schemes. Therefore, in the following, we focus on both schemes.

3.1.1 EPON application

The data traffic being encapsulated in the Ethernet frames as defined by the
IEEE 802.3 standard is transported by the EPON solution. Different network ele-
ments such as optical network unit (ONU), optical line terminal (OLT), and optical
distribution network (ODN) are the building blocks of a standard EPON system and
other PON architectures. In the EPON solution, PON topology is exploited for
getting the Ethernet access. Based on the joint schemes, EPON solution is capable of
offering high bandwidth and good network scalability. Besides, due to the fact that
it is highly compatible with Ethernet, network management can be supported in
cost-effective manners. Likewise, as illustrated in Figure 4, FTTB, FTTC, and
FTTH network architectures can be supported depending on the ONU deployments
and demarcation point between the copper cable and optical fiber termination [32].

Typically, ONUs can be deployed beside the telegraph pole junction boxes, or
else, at roadside when FTTC system is employed. Also, different types of twisted
pair cables can be utilized for connecting the ONUs and the respective customer. It
has been observed that FTTC technology offers a cost-effective and practical solu-
tion for delivering narrowband services. However, FTTC solution is not an ideal
scheme, when broadband and narrowband services are to be incorporated [32].

Moreover, the ONU deployment can be made closer to the users in the FTTB
solution. So, it can be located inside the buildings through further optical fiber
penetration into customer homes. This can be achieved by means of cables, local

Figure 4.
FTTX architectures.
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area networks (LANs), or asymmetric digital subscriber line (ADSL) broadband
communication technologies. Relatively, FTTB employs more optical fiber in the
connection than FTTC solution. This makes it more appropriate for broadband/
narrowband service integration [32].

Furthermore, ONU deployment can take place right inside the subscribers’
homes or offices in the FTTH solution. This facilitates a fully transparent network in
which the ONUs are independent of the wavelength, bandwidth, as well as trans-
mission mode and technology. These benefits enable FTTH scheme to be very ideal
for access network implementations [32].

In addition, the discussed IEEE 802.3 Ethernet is a 1-Gbit/sec EPON standard. It
is remarkable that there is a 10G EPON standard that is capable of supporting 10G/
10G symmetric DS and US transmission. In another effort to attend to the system
requirement, the IEEE 802.3ca task force has been working relentlessly on the
development of 25G/50G/100G EPON standards. A notable feature of the entire
EPON standards is that they are designed to be both backward and forward com-
patible. This is to ensure that legacy service, as well as innovative higher-speed
service, can be effectively supported using the same ODN [34].

3.1.2 GPON application

Furthermore, to address the growing traffic demands, XG-PON1 has been
presented. The XG-PON1 is capable of delivering higher data transmission than the
legacy GPON system. Moreover, in an effort to keep the existing investments, it is
backward compatible with the GPON. Also, the GPON ODN, as well as framing and
management, is inherited by the XG-PON1. This encourages the reuse of the
existing network elements [35].

3.2 WDM-PON application

TheWDM-PON enables multiple-wavelength transmission through the multiple
operators’shared optical fiber infrastructure rather than one wavelength in the PON
system. This helps in ensuring that WDM-PON meets the huge subscribers’ band-
width demands. Furthermore, it presents various merits such as high wavelength
efficiency and relatively simpler network management. This encourages support for
various services than the TDM-PON. Besides, all anticipated services can be deliv-
ered over a shared communication network infrastructure.

In addition, it can effectively support different access networks such as FTTB,
FTTH, and FTTC. Also, both small-scale and large-scale subscribers can be concur-
rently supported as well. Based on the inherent huge bandwidth, different types of
BS bandwidth requirements can be appropriately met. Its implementation can also
help in the network reach extension and in the current EPON network transition.
This will help in keeping the current network investment while enhancing the
network scalability [32]. In addition, UDWDM-PON offers a wavelength grid that
is relatively denser for the WDM scheme. This helps not only in supporting a huge
amount of aggregated wavelengths per fiber but also in accommodating higher
number of RRHs per feeder fiber. Nonetheless, with the envisaged NGN stringent
transport network requirements, UDWDM will be unable to maintain the high per-
wavelength bit rates resourcefully. For instance, subcarriers’ aggregation for high-
speed services usually bring about considerable latency. Therefore, UDWDM
implementation is preferred in situations where there are ultradense RRH deploy-
ments and inadequate feeder fiber accessibility. Besides, it also finds application in
antenna sites which demand a low-peak but high sustainable rate [6]. As discussed
in subsection 3.3, WDM-PON can be employed along with TDM-PON to achieve a
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hybrid WDM-TDM-PON solution known as time and wavelength division
multiplexed (TWDM-PON) scheme. Apart from being efficient for both small-scale
and large-scale subscribers, the hybrid scheme offers a promising solution for
applications in telecommunication environment.

3.3 TWDM-PON application

It is notable that TDM-PON implementation in the 4G networks offers a very
cost-efficient solution for a wavelength channel sharing between the cell sites, by
means of diverse time slot allocations for different cell sites. However, with the
evolution of mobile networks, the major ITU-defined application scenarios such as
eMBB, uRLLC, and massive machine-type communications (mMTC) could make
TDM-PON solution unsuitable for the fronthaul transport network in the 5G and
beyond networks. As aforementioned, a hybrid TWDM-PON scheme is a feasible
solution with abundant bandwidth capable of supporting the fronthaul demands.

With the scheme, time slots, as well as wavelength resources, can be allocated
dynamically between the RRHs. The offered centralized and virtualized PON BS
can considerably help in the system energy savings. Likewise, the virtualized
scheme presents a number of advantages such as low handover delay, excessive
handover reduction, and better network reliability. This results in cost saving, cell-
edge user throughput improvement, and enhanced mobility management [32, 36, 37].
The associated multiple wavelengths, as well as potential for wavelength tena-
bility, give TWDM-PON unprecedented means of improving the network func-
tionalities compared with the basic TDM-PONs [36, 37]. Likewise, orthogonal
frequency-division multiplexed PON (OFDM-PON) is another promising PON
solution. With OFDM, there is a comparable high potential for flexible bandwidth
resource sharing as experienced in the TWDM. On the other hand, regarding the
reach, the OFDM variants in which direct detection is employed usually present
poor performance. Similarly, variants in which coherent detection is implemented
are comparatively too expensive [6]. Furthermore, it is noteworthy that among its
counterparts such as standard WDM-PON, optical code division multiplexed PON
(OCDM-PON), and OFDM-PON that are capable of offering 40 Gb/s or higher
(80 Gb/s) aggregated bandwidth, the full service access network (FSAN) commu-
nity has chosen TWDM-PON as a major broadband solution. Apart from the inher-
ent huge capacity with 1:64 splitting ratio, it has a long reach of 40 km. The salient
features enable TWDM-PON system to meet the future broadband service require-
ments [37–39].

A typical TWDM-PON system architecture is depicted in Figure 5. In a conven-
tional TWDM-PON solution, multiple wavelengths can effectively coexist in a
shared ODN by means of WDM. Moreover, each of the wavelengths is capable of
serving multiple ONUs through TDM access. With reference to the ITU-T recom-
mendation, 4–8 wavelengths in L band (1590–1610 nm) and C band (1520–
1540 nm) can be employed for the downstream (DS) and upstream (US) trans-
missions, respectively. Also, each of the DS wavelengths can operate at 10 Gb/s,
while the US can function each at 2.5 or 10 Gb/s data rate [32, 37].

In addition, the TWDM-PON ONUs employ colorless tunable transceivers for
selective transmission/reception of any US/DS wavelengths (data) via a pair of US/
DS wavelengths. With this approach, the ONU inventory issue can be prevented. In
essence, the transceiver features help in easing network deployment as well as
inventory management. Furthermore, load balancing can be supported effectively
in the TWDM-PON system. Besides, with dynamic wavelength and bandwidth
allocation (DWBA) implementation, large bandwidth can be flexibly exploited. It is
remarkable that TWDM-PON is a stack of four 10-gigabit PONs (XG-PONs) with
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four pairs of wavelengths. In the stack, each XG-PON is operating on different
wavelengths. Also, as stated earlier, the GPON and XG-PON GEM frames are
compatible with and can be employed in the TWDM-PON solution. Based on this
and the ability for coexistence with existing PON solutions, it is a viable scheme for
optical access network swift evolution [11, 32, 37]. Consequently, TWDM-PON has
been adopted for the NG-PON2. In NG-PON2, TWDM-PON can be employed with
optional P2P WDM overlay extension. It is remarkable that DWDM scheme will
enable NG-PON2 to deliver multiple unshared P2P connections, while TDM scheme
simultaneously offers multiple P2M connections. This will enable the operators to
efficiently support both fronthaul/backhaul and business services with the P2P
WDM overlay technology, by using dedicated wavelengths [11, 40, 41].

In addition, based on the inherent colorless tunable transceivers of the TWDM-
PON ONUs, three classes of wavelength channel tuning time have been specified
for the NG-PON2 by the physical media dependent layer recommendation (ITU-T
G.989.2). Table 1 illustrates the specified tuning time classes by the G.989.2 rec-
ommendation. It should be noted that different innovative technologies can be
exploited by the wavelength tunable devices in order to have the capability for
supporting various classes. This will enable a number of potentials for the NG-
PON2 system at relatively different costs. Out of the defined three classes, Class 3 is
based on the slowest tunable devices. Consequently, it is applicable in scenarios
with occasional tuning operations or in applications that can tolerate short service
disruption. On the other hand, Class 1 wavelength tunable devices present the
shortest tuning time. This feature makes them attractive for offering DWBA feature
in the network. Besides, with this class implementation, the ONU transmission
wavelengths can be dynamically controlled by the OLT for wavelength hopping
between the transmission periods [42].

Figure 5.
Typical TWDM-PON architecture.

Class

1 2 3

Tuning time <10 μs 10 μs to 25 ms 25 ms to 1 s

Table 1.
Tuning time classes [42].
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Although a TWDM-PON offers effective bandwidth resource allocation among
multiple clients, meeting the low latency and jitter requirements of certain services
may be challenging. Consequently, its implementation for the NGN RAN transport
network depends mainly on the RAN use cases and deployment scenario require-
ments [6]. In Section 5, we present a number of viable means for alleviating the
growing stringent requirements in the system. Furthermore, as aforementioned, the
NG-PON2 system employs multiple wavelengths that demand for tunable trans-
ceivers at the ONUs. However, this requirement might hinder its implementation as
the existing optical tunable transceivers are uneconomical. Based on this, a number
of operators have been looking for ways around this by envisaging provisional
scheme adoption before the full NG-PON2 migration. This will enable them to have
a seamless transition with least possible or no disruption in the offered services. One
of viable solution is the XGS-PON. It offers an improved commercial solution as a
result of the less costly elements being employed.

3.4 XGS-PON application

The XGS-PON presents a novel technology that offers a generic solution for the
NG-PON system. It can be viewed as an uncomplicated variant of TWDM-PON in
which the wavelength tunability and mobility are eliminated for a more cost-
effective reason. In addition, there can be an efficient coexistence between the
XGS-PON and TWDM-PON using the same fiber infrastructure, since the
employed wavelengths by each technology are different. Consequently, the opera-
tors can exploit the lower-cost XGS-PON for quick delivery of 10 Gbps services.
This will also enable them to seize 10 Gbps services opportunities for immediate
deployments. With XGS-PON, there can be cost-efficient, gradual upgrade, and
well-controlled transition to a full TWDM-PON system, with minimum or no
disruption to the offered services. It can also facilitate TWDM-PON system by
enabling its deployment using the wavelength by wavelength approach. This
will really help in pay-as-you-grow scheme for effective system upgrade and
migration [33, 43].

Besides its capability for delivering 10 Gbps in both US and DS directions, XGS-
PON has high potential for the dual rate transmission support as well [44]. Based on
this, the 10/2.5G XG-PON ONUs and 10/10G XGS-PON ONUs can be coupled to
the same OLT port via a native dual US rate TDMA scheme. It is remarkable that
XGS-PON dual rate presents a comparable cost to XG-PON; nonetheless, it is
capable of providing 4 times of the XG-PON US bandwidth. In addition, XGS-PON
has been seen as a transitional scheme to NG-PON2 due to its ability for offering the
associated NG-PON2 high-data rates in conjunction with the XG-PON1 CAPEX
efficiency [33, 43]. Furthermore, it should be noted that the GPON employs 1490
and 1310 nm in the DS and UP, respectively. Likewise, XGS-PON utilizes 1578 and
1270 nm in the DS and UP, respectively. This implies that the XGS-PON service can
be effectively overlaid on the same infrastructure as that of GPON. Similarly, the
G.989 standard is employed in NG-PON2. The G.989 supports TWDM technologies
and it is a multiwavelength access standard [44].

In addition, NG-PON2 is not only a state-of-the-art PON technology with the
potential for intense revolution in the operational models of providers but also
offers them flexible platform that is capable of enhancing their agility to the market
demands as never before. Besides, it has the ability for cost-effective support for
both the scale and capacity of the existing gigabit services while at the same time
having more than enough room for the multi-gigabit bandwidth requirements of
the future networks [38]. Consequently, based on the aforementioned advantages
and its proficiency for multiple networks converging with outstanding
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performance, in this work, we focus on the NG-PON2 system. Its PHY architecture
and development are presented in Section 6.

4. PON system coexistence

Furthermore, in an effort to make considerable profit, different operators have
been developing high-bandwidth demanding applications and services. Good
examples of such notable ultra-broadband systems are high-definition television
(TV) and mIoT. It has been envisaged that there will be a further increase in the
bandwidth demand due to the innovative services such as online gaming, home
video editing, interactive e-learning, next-generation 3D TV, and remote medical
services. However, it should be noted that NG-PON system deployment entails
huge initial investments. For instance, in the greenfield FTTH systems, out of the
total network investments, the ODN deployment takes between 70 and 76%.
Therefore, network investment optimization can be achieved by the operators with
the existing ODN exploitation. Besides, compatibility between the NG-PON evolu-
tion and the present GPON system is highly essential [35, 44].

Moreover, efficient support for bandwidth-intensive applications and services
depends on coexistence of different PON technologies. The coexistence will help in
the network investment optimization when the existing ODNs are shared. For
instance, a network in which service delivery is being offered by GPON and needs
upgrade in order to support new FTTH access technologies can coexist with the
PON technologies such as XGS-PON and NG-PON2. This can be realized with the
aids of a coexistence element. Based on the desired scenario, various ONT and OLT

Class

A B B+ C N1 N2 E1 E2

Loss Min. (dB) 5 10 13 15 14 16 18 20

Max. (dB) 20 25 28 30 29 31 33 35

Note: The degree of severity of specific class requirements could vary from one system category to another.

Table 2.
ODN optical path loss classes [42, 46].

Figure 6.
PON system coexistence.

16

Telecommunication Systems – Principles and Applications of Wireless-Optical Technologies



generations can effectively coexist over a shared ODN fiber infrastructure. Besides,
optical time-domain reflectometer (OTDR) and RF signals can also coexist with the
PON systems. This is mainly due to the fact that there is no wavelength overlap
between each of the technologies. So, this permits in-band measurement without
any service interruption [34, 45]. Different ODN optical path loss classes are
presented in Table 2.

It is remarkable that, apart from the fact that the existing GPON subscribers can
be kept together with higher-bandwidth services, the coexistence will also give the
operators the profound chance to take advantage of different approaches such as
asymmetrical and symmetrical data rates. They also have deployment flexibility by
operating on fixed or tunable wavelengths in order to offer appropriate operations
and services at suitable costs. It will also assist the operators in the NG-PON
evolution path not only by allowing them to upgrade their networks accordingly but
also for gradual migration to the evolving PON technologies that are capable of
offering the full optical potential. Thus, they have the liberty of adopting the cost
and deployment pace that best fit their precise business requirements [43]. More-
over, this will enable the operators in making further revenue by exploiting flexible
bandwidth and wavelength plans in order to support any service type as well as any
business need. Figure 6 depicts a PON system coexistence for a gradual and pay-
as-you-grow expansion [33].

5. System requirement alleviation schemes

As explained in Section 1, C-RAN is envisioned to be a promising candidate for
efficient management of the access network and the associated emergent complex-
ity. This is due in part to its cost-effectiveness and remarkable flexibility for the
network element deployments. Normally, the inphase and quadrature (I/Q) com-
ponent stream transmission in this architecture is via the D-RoF-based CPRI. It is
remarkable that CPRI-based fronthaul demands huge bandwidth which could be a
limiting factor in the 5G and beyond networks in which mm-wave and massive
MIMO are anticipated to be implemented. Consequently, an advanced optical
transmission technology such as analog RoF (ARoF) has to be employed for an
efficient fronthaul solution realization [11, 13, 14].

5.1 RoF schemes

The RoF schemes offer efficient and economical methods for modulated RF
signal transmission. For instance, it can be used for transmission from the CO, to a
number of distributed RRHs, through low-loss optical fiber networks, by employing
an optical carrier. In addition, as aforementioned in Section 1, optical and wireless
network convergence is highly imperative for scalable and cost-effective broadband
wireless networks. The envisaged convergence for the next-generation mobile
communication networks can be efficiently achieved with the implementation of
RoF. This is due to its simplicity and efficiency in conveying wireless signal via an
optical carrier. Furthermore, the inherent low attenuation and huge bandwidth of
optical link can effectively support multiple wireless services on a shared optical
fronthaul network. Moreover, with RoF implementation, the CUs and DUs can be
well-supported. This offers effective centralized network control that subsequently
presents advantages such as easy upgrade, simple maintenance, and efficient
resource sharing [11, 47, 48].

It should be noted that there are various RoF options that can be employed in the
network. Furthermore, each of the viable options presents related distinct merits
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and demerits. Out of the variants, the highly spectrally efficient scheme is the
ARoF. Besides, its implementation results in a most power-efficient and least com-
plex RRH design. Nevertheless, it is susceptible to intermodulation distortion which
is as a result of optical and microwave component nonlinearity. This results in
relatively shorter operating distance. Moreover, the transmitter components such as
oscillators, digital to analog converters (DACs), and mixers consume a considerable
amount of power. On the other hand, with D-RoF implementation, the ARoF-
associated nonlinearity issue can be effectively mitigated. However, in a scenario
where high baud rates and high carrier frequencies are required, the DAC power
consumption and expenditure are excessively high. Also, if upconversion is
required or implemented at the RRHs, it turns out to be substantially high. Conse-
quently, having a fixed phase relation among various RRHs is really challenging.
Besides, digitized sample transmission, rather than the analog signal, brings about a
significantly low spectral efficiency. The aforementioned drawbacks can be more
challenging when densely distributed RRHs are to be supported [11, 47, 48]. There-
fore, to address the challenges, a hybrid scheme that is capable of exploiting the
ARoF and D-RoF schemes can be employed. One of notable techniques for a hybrid
scheme is based on the implementation of sigma-delta-over-fiber (SDoF). This
scheme helps in ensuring digital transmission that can support simple and power-
efficient RRHs. Besides, there is no need for high-resolution and high-speed DACs
with its implementation [47].

It is noteworthy that the RoF scheme employment is contingent on physical
optical fiber availability. On the other hand, for the envisaged ultradense
small-cell deployment, fiber deployment is not only time-consuming but also
capital intensive. Likewise, there could be inappropriate system deployment due
to the associated right-of-way acquisition. For these reasons, as well as limited
number of the deployed fiber, the FSO system practicability has been considered
[11, 13, 14].

5.2 FSO scheme

FSO communication presents an alternative technology for optical fiber systems.
It is based on RF signal transmission between the CU and the DU apertures via the
free space. Therefore, being an optical wireless technology, the fiber media are not
required, and, consequently, trenches are unnecessary for its implementation.
Moreover, like a well-developed, viable, and widely employed RoF technology, FSO
scheme is capable of supporting multiple RF signal transmission. Apart from having
inherent optical fiber features like RoF, FSO scheme offers additional merits
regarding time-saving and cost-effectiveness, since there is no need for physical
fiber deployment. This makes it to be very applicable in scenarios where physical
network connectivity through optical fiber media is challenging and/or unrealistic.
Besides, it is capable of delivering broadband services in rural area where there is an
inadequate fiber infrastructure [11, 13, 14]. It is noteworthy that, when employed as
a complementary solution for fronthauling, FSO can be a promising mobile traffic
offloading scheme for alleviating the stringent requirements of bandwidth-
intensive services transmission via the mobile networks.

In addition, the FSO scheme offers a number of benefits such as high bit rates,
ease of deployment, full duplex transmission, license-free operation, improved
protocol transparency, and high-transmission security. These salient merits enable
the FSO scheme to be considered as a viable broadband access technology. It is
capable of addressing various services and applications’ bandwidth requirements at
low cost for the NGNs. Based on these, the RF signals over FSO (RoFSO) idea have
been presented. This is in an effort to exploit the inherent massive transport
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capacity of optical systems and the related deployment simplicity of wireless net-
works [11, 13, 14].

Furthermore, a DWDM RoFSO scheme implementation has the capability of
supporting concurrent multiple wireless signal transmission [49]. Nevertheless, the
FSO systems have some drawbacks due to their susceptibility to the atmospheric
turbulence and local weather conditions. The effects of these can cause beam wan-
dering, as well as scintillation, which in due course results in the received optical
intensity fluctuation. Consequently, the system reliability and availability can be
determined by the extent of the effects. As a result, FSO technology is relatively
unreliable like the normal optical fiber technology. Therefore, apart from the fact
that these can limit the RoFSO system performance, its employment for uRLLC
applications might also be limited as well. Consequently, the drawbacks hinder the
FSO scheme as an effective standalone solution. Therefore, for the FSO scheme to
be effective, the associated turbulence-induced fading has to be alleviated [2, 17,
18, 50]. Based on this, several PHY layer ideas like maximum likelihood sequence
detection, diversity schemes, adaptive optics, and error control coding with inter-
leaving have been presented to address the issue [11, 50, 51]. Besides, innovative
schemes such as relay-assisted transmission and hybrid RF/FSO technologies can be
implemented to enhance the system performance regarding capacity, reliability,
and availability [11].

5.3 Hybrid RF/FSO scheme

A hybrid RF/FSO scheme exploits the inherent high-transmission bandwidth of
the optical wireless system and the related deployment simplicity of wireless links
[2]. In addition, the hybrid RF/FSO system idea does not only base on concurrent
means of attending to the hybrid scheme related limitations, but it also entails ways
of exploiting both approaches for a reliable heterogeneous wireless service delivery.
The hybrid scheme is able to achieve this by incorporating the RF solutions’ scal-
ability and cost-effectiveness with the FSO solutions’ high data rate and low latency.
Consequently, the technology is able to address the high throughput, cost-
effectiveness, and low-latency requirements of the system. Besides, it presents a
heterogeneous platform for wireless service provisioning for the envisaged 5G and
beyond networks [11, 13, 14, 52, 53].

5.4 Relay-assisted FSO scheme

One of feasible methods of turbulence-induced fading mitigation is the spatial
diversity scheme. In this technique, there are multiple deployed apertures at the
receiver and/or transmitter sides. This is in an effort to realize extra degrees of
freedom in the spatial domain. It is remarkable that spatial diversity is an appealing
fading mitigation scheme, owing to the presented redundancy feature. On the other
hand, multiple-aperture deployment in the system causes a number of challenges
like an increase in the cost and system complexity. Moreover, in order to prevent
the spatial correlation detrimental effects, the aperture separation should be suffi-
ciently large. Furthermore, a notable approach for simplified spatial diversity
implementation is a dual-hop relaying scheme. It is noteworthy that there has been
extensive implementation of the scheme in the RF and wireless communication
systems. Application of the scheme in these fields not only aids in improving the
receive signal quality but also helps considerably in the network range extension
[2, 11, 13, 14].

Conceptually, multiple virtual aperture systems are generated in the relay-
assisted transmission with the intention of realizing salient MIMO technique
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features. The architecture takes advantage of the RF and FSO features for an
efficient and reliable service delivery. In addition, a relay-assisted transmission
system is an innovative communication technique known as a mixed RF/FSO dual-
hop communication system. The dual-hop scheme meaning can be easily under-
stood from its architecture. In the architecture, the transport networks from the
source to the relay system are RF links; however, the transport networks between
the relay system and the associated destination node(s) are FSO links. Hence, in a
dual-hop system, RF is used for signal transmission at one hop, while FSO trans-
mission is implemented at the other. The FSO link mainly functions to facilitate the
RF users’ communication with the backbone network. This is purposely for filling
the connectivity gap between the backbone and the last-mile access networks.
Accordingly, the offered architecture can efficiently address the system-related
last-mile transmission bottleneck. This can be effectively achieved by supporting
multiplexed users with RF capacities. The users can also be aggregated onto a shared
high-capacity FSO link. This will help in harnessing the inherent huge bandwidth of
an optical communication system. Another outstanding advantage of this scheme is
that any kind of interference can be easily inhibited via its implementation. This is
due mainly to the fact that the RF and FSO operating frequency bands are
completely different. Consequently, it offers better performance than the tradi-
tional RF/RF transmission schemes [2, 11, 13, 14].

5.5 RAN functional split

The RAN functional split is another innovative and practical scheme for allevi-
ating the imposed fronthaul requirements by the C-RAN architecture [11, 54]. For
instance, to address the drawbacks of CPRI-based fronthaul solutions, an eCPRI
specification presents additional physical layer functional split options and a
packet-based solution. Consequently, unlike the conventional constant data rate
CPRI in which the stream significantly depends on the carrier bandwidth, as well as
the number of antennas, the eCPRI stream does not depend on either of the factors
but on the actual traffic load. In essence, apart from being able to alleviate the
stringent bandwidth demands, multiple eCPRI stream can also be multiplexed onto
a wavelength for onward transmission over the fronthaul network [12].

In addition, with recent network architecture development, the traditional BBU
and RRU have been reformed into different functional entities which are the CU,
DU, and RRU/active antenna unit (AAU). With the configuration, the CU majorly
focuses on non-real time and part of the traditional Evolved Packet Core function-
alities. This involves high-level protocol processing like dual connectivity and radio
resource management. In addition, the DU is responsible for the real-time media

Figure 7.
Functional split options between CU and DU with emphasized PHY layer.
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access control layer functions like HARQ flow and physical layer function
processing. Also, when massive MIMO antennas are to be employed, certain parts
of the physical layer functions can also be shifted to the RRU/AAU. The implemen-
tation will not only aid in lessening the associated transmission bandwidth between
the RRU/AAU and DUs but will also help in reducing the transmission cost consid-
erably. Therefore, a number of functional split options have been presented in order
to reduce the processing and network resource cost considerably. As shown in
Figure 7, each of the option is categorized according to the demarcation point
between the CU and the DU. Therefore, depending on the deployment scenarios
and use cases, each option offers different degrees of flexibility regarding resource
allocation for different service requirements [12, 29].

6. NG-PON2 physical layer architecture design and development

The NG-PON2 physical layer requirements are very challenging. Besides, the
requirements are even more strict than the legacy PON technologies. For instance,
when compared with the GPON taken into consideration the related spectrum,
GPON employs only one channel for the transmission and one for the reception,
with a very wide wavelength allocation (up to 100 nm). On the other hand, in NG-
PON2, there are <4 nm to accommodate four channels. Consequently, this means
that the thermal control must be very precise in order to keep each channel inside
the specified channel space (which is +/�20 GHz). As aforementioned, there are
multiple channels in NG-PON2 transmission; therefore, the receiver must be tun-
able so as to work for any one of them at a particular time while others are rejected.
This requirement implies that there is a need for a very tight band-pass filter too for
efficient operation. Also, the tuning time classes, already presented in Table 1 in
Section 3, are likewise strict and difficult to achieve on the hardware side. Besides,
one of the major related issues is the amount of the required optical-electrical-
optical (OEO) conversions, which can bring about an unviable and unsustainable
system [55].

6.1 Photonic integrated circuit

The optical communications evolution has initiated enhanced photonic inte-
grated circuits (PICs) that present a cost-effective alternative to data transmission.
With PIC technology implementation, a number of optical components such as
modulators, lasers, amplifiers, detectors, etc. can be merged/integrated on a single
chip. Consequently, it helps in optical system design simplification, system reliabil-
ity enhancement, as well as significant power consumption and space reduction. In
addition, there can be considerable reduction in the amount of OEO converters
required for the system implementation. This subsequently results in the total
network cost reduction [55]. Thus, it is anticipated to be an enabling and viable
technology with immense flexibility and reconfigurability in a number of fields
[56]. A PIC has numerous advantages over the traditional optical sub-assemblies
(OSAs). For instance, considering the occupied volume, the PICs allow a very dense
architecture in a small area, passing also by the optical losses; however, the losses in
the OSAs are higher because of the internal free-space alignment between each
optical component. Also, other notable advantages of the PICs compared with the
OSAs are lower power consumption, lower footprint, and cost-effectiveness.
Therefore, PICs have the capability of permitting flexible and high data rate solu-
tions [39, 55].
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In the following, for the system realization, we propose three different architec-
tures: the ONU architecture, the OLT architecture, and the architecture that can
perform both functions just by hardware selection. It should be noted that all of
these architectures have the transmit and the receive parts.

6.1.1 NG-PON2 ONU transceiver architecture

The ONU transceiver architecture is represented in Figure 8. This is a very
simple structure regarding the optical setup, but the electrical control is very tough,
mostly because of the tunability (both on the transmitter and on the receiver). In
this example, there is one tunable laser. The laser can be tuned by temperature and
can be directly or externally modulated (the latter would also need a modulator
after the laser). On the receiver part, there is an optical band-pass filter which has to
be tunable to allow one of the downstream channels and cut the rest of the spec-
trum. The tunable band-pass filter is followed by an optical receiver.

6.1.2 NG-PON2 OLT transceiver architecture

As explained before, the OLT is not tunable; both transmitter and receiver
should work on the same fixed wavelength pair, as depicted in Figure 9. Conse-
quently, four pairs of optical devices will be needed. Since it is very difficult to
encapsulate everything on the same transceiver, the solution that is being followed
commercially is having four different transceivers, one for each wavelength pair,
and the wavelength multiplexer (WM) device is external. This WM should, in each
port, allow one wavelength pair, meaning that in each port, it should pass only one
downstream and the respective upstream channel.

6.1.3 NG-PON2 OLT/ONU transmission architecture

The architectures presented in Figures 8 and 9 are the basic ones to have
functional devices for NG-PON2. But taking advantage of photonic integration, it is
possible to develop a much more complex circuit with more functionalities, which is
being presented next. Figure 10 illustrates the block diagram of an architecture that
can be used both as ONU and OLT. This helps in exploiting the advantage of both
functionalities on a single chip. The purpose (OLT or ONU) to be served can be
achieved just by hardware selection. This proposed architecture fits inside a 4
4.6 mm indium phosphide (InP) PIC. In the following subsection, we present the
final design and some obtained simulation results.

Figure 8.
ONU transceiver architecture.
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6.2 PIC implementation of OLT/ONU and receiver circuits

The architecture comprises four lasers, four Mach-Zehnder modulators (MZM),
and a number of filters. Two of the filters are for changing the operational fre-
quency band (C band for upstream transmission and L band for downstream). Also,
one filter is employed for tuning the four lasers to the correct wavelength. Besides,
at the output, there is one filter working as a combiner of the four lasers. The band
selection is made using the two semiconductor optical amplifiers (SOAs) that are
placed after the band filters. It is noteworthy that the two SOAs are working as

Figure 9.
OLT transceiver architecture.

Figure 10.
Block diagram of OLT/ONU transmission architecture.
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switches and determine the chip’s operating mode (i.e., OLT or ONU). Therefore,
one of the SOAs is amplifying the light (active SOA), while the other is absorbing
(passive SOA). Consequently, by this configuration, only one band filter is contrib-
uting to the setup. The employed lasers are built using laser cavities which contain
SOAs that are being used for gain purposes, filters, and reflectors on both sides. The
Cþ L band filter helps in the selection of the downstream or upstream channel [39].

Moreover, the architecture includes also a multimode interferometer reflector
(MMIR) before the band selection and another one after each gain SOA. These
reflectors define the laser cavity limits. The second MMIR, after the gain SOAs, only
reflects 50% of the light, and the remaining 50% is the laser cavity output and is
sent to the MZM for modulation. After the modulation on the MZMs, all four
channels are combined in just one, and the resulting light signal is sent to the output

Figure 11.
Receiver block diagram.

Figure 12.
OLT/ONU integrated transceiver design masks.
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of the PIC, where a fiber will be aligned to collect the light, and subsequently, it will
be sent to the network [39].

6.2.1 PIC implementation of receiver circuit

This PIC has also a receiver circuit, but it is a simple one, with just a wavelength
division multiplexer (WDM) filter which receives the light from the network and
routes each NG-PON2 channel for a different PIN. The receiver circuit schematic is
depicted in Figure 11.

6.2.2 PIC implementation of OLT/ONU circuit

Using the photonic design kit (PDK) from the foundry Smart Photonics and a
software for PIC design (Phoenix Software at the time, meantime bought by syn-
opsis) for the implementation, the final circuit masks of the chip are shown in
Figure 12.

7. Results and discussion

In this section, we present the obtained simulation results with further discus-
sion on NG-PON2 physical layer architecture design and development based on
PICs. Figure 13 shows the spectral simulation results obtained using advanced
simulator for photonic integrated circuits (Aspic) software from filarete. On the left
figure, there is the downstream operation (L band selected), and on the right there
is the upstream (C band selected). In the figure, the spectra in blue, pink, orange,
and green are the four channels. In both cases, it is possible to conclude that there is
about 30 dB of suppression of replicas. The suppression facilitates smooth operation
of the system by preventing intra-channel interference.

The reason for using laser cavities is due to the limitations on the foundry.
During the chip’s design period, the Smart Photonics did not offer lasers on their
process design kit (PDK). Consequently, improvements in the architecture can be
undertaken to potentiate the results. For instance, the laser cavities could be
replaced by distributed feedback (DFB) or distributed Bragg reflector (DBR) lasers
that have narrow linewidth and a stable single mode operation. In this case, the
cavity would disappear, and the filtering should be done after the lasing. In addi-
tion, the architectures can be simplified using only one modulator; nevertheless, it

Figure 13.
Optical spectra at the transmitter output (a) downstream and (b) upstream.
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would not be possible to transmit the four channels simultaneously; this implies that
only one channel can be transmitted at a time. The proposed and developed archi-
tectures demonstrate the potential of photonic integration for optical architectures.
Consequently, the architectures not only have the ability of supporting high data
rates, high density, and flexible solutions but also offer advantages such as low
power consumption, improved functionality, low footprint, and cost-effectiveness.

8. Conclusion

The 5G based system is a promising solution for attending to the growing
concerns about the traffic pressure on the network. Also, the envisaged massive
number of deployment scenarios and use cases to be supported brings about high-
bandwidth and low-latency requirements for the 5G networks. The small-cell-based
C-RAN approach can efficiently attend to the associated ultradense deployment.
However, the C-RAN-based approach imposes stringent requirements regarding
jitter, bandwidth, and latency for the mobile transport networks. In this book
chapter, we have presented wired and wireless transport solutions that are capable
of addressing the C-RAN-based stringent requirements and, consequently, the 5G
mobile transport network demands. Furthermore, owing to its significant and
inherent advantages for the 5G and beyond networks, we have focused on the NG-
PON2 system. We have exploited the salient advantages and the low footprint
platform offered by the PICs in the NG-PON2 system design and implementation.
Based on these technologies, the proposed architectures are capable of alleviating
the associated losses in the system while also helping in increasing the system power
budget. In addition, employment of the proposed architectures can help the device
makers, service/network providers, and infrastructure and chip vendors, in lower-
ing the footprint of network elements.
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Chapter

Role of Optical Network in  
Cloud/Fog Computing
Kiran Deep Singh

Abstract

This chapter is a study of exploring the role of the optical network in the cloud/
fog computing environment. With the growing network issues, unified and 
cost-effective computing services and efficient utilization of optical resources are 
required for building smart applications. Fog computing provides the foundation 
platform for implementing cyber-physical system (CPS) applications which require 
ultra-low latency. Also, the digital revolution of fog/cloud computing using opti-
cal resources has upgraded the education system by intertwined VR using the fog 
nodes. Presently, the current technologies face many challenges such as ultra-low 
delay, optimum bandwidth, and minimum energy consumption to promote virtual 
reality (VR)-based and electroencephalogram (EEG)-based gaming applica-
tions. Ultra-low delay, optimum bandwidth, and minimum energy consumption. 
Therefore, an Optical-Fog layer is introduced to provide a novel, secure, highly 
distributed, and ultra-dense fog computing infrastructure. Also, for optimum 
utilization of optical resources, a novel concept of OpticalFogNode is introduced that 
provides computation and storage capabilities at the Optical-Fog layer in the soft-
ware defined networking (SDN)-based optical network. It efficiently facilitates the 
dynamic deployment of new distributed SDN-based OpticalFogNode which supports 
low-latency services with minimum energy as well as bandwidth usage. Therefore, 
an EEG-based VR framework is also introduced that uses the resources of the optical 
network in the cloud/fog computing environment.

Keywords: cloud/fog computing, optical resources, virtual reality, cyber physical 
system, electroencephalogram (EEG)

1. Introduction

Optical transmission is the most cost-effective technology to implement 
high-bandwidth-based communication in the fog/cloud computing environment. 
The passive optical network (PON) uses optical line terminals (OLT) and opti-
cal network units (ONU) for delivering fog/cloud-based services effectively [1]. 
Introducing this technology with the present information technology, Internet of 
Things (IoT), cloud computing, 5G wireless networking, and embedded artificial 
intelligence have tremendous potential to assist the development of smart applica-
tions that demand a large amount of data to be processed locally and operate on-
premise with minimum latency and network congestion [2]. Optical technology 
has supported IoT-based applications for transferring massive information in a 
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virtual frictionless fashion by using the optical network elements. It has provided 
new ways for various business applications to move over the latest technologies 
such as big data analytics, machine learning, etc. in the era of the 5G network.

Fog computing is a new distributed architecture which brings computing, 
storage, and networking services closer to the proximity of the end user [3]. As 
compared to the traditional cloud computing techniques, it processes real-time 
applications and data at the edge with minimum latency, minimum network 
congestion, and lower energy consumption which are the key demand of many 
industries such as manufacturing, e-health, education, oil and gas, smart cities, 
smart homes, and smart grids [4]. Fog nodes aggregate the computing resources of 
edge devices to perform the critical data-sensitive computations where the data of 
analysis part is directly sent to the cloud for further processing because traditional 
fog nodes have limited storage and computing power.

The integration of fog computing and PON is an inexpensive, scalable, and simple 
technology to provide a most promising solution for building e-learning-based smart 
educational applications [5]. The dynamic capabilities of SDN combined with the 
state-of-the-art optical technologies have the ability to modernize the optical trans-
port network through its primary feature, i.e., programmability [6]. The purpose of 
this chapter is to explore efficient techniques to combine SDN-based optical technol-
ogy at different levels of design and development of smart VR-based applications.

2. Utilization of optical resources in cloud/fog computing environment

In order to handle real-time and bandwidth-intensive applications, fog leverages 
the computing resources of the SDN-based optical network. Figure 1 shows that the 
Optical-Fog layer [7] uses ONUs in the middleware of the cloud and IoT layer. In a 
typical PON channel with multiple OLTs, each OLT is connected with multiple ONUs 
(16–256) [8]. The Optical-Fog layer is designed by using their residual processing, 
storage, and interconnection capabilities. It can enable fast service provisioning, 
dynamic service restoration, network automation, and network optimization at 
different layers of the underlying network infrastructure. It makes optical network 

Figure 1. 
Utilization of optical resources in cloud/fog computing environment.
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centralized, intelligent, and controlled (real time) which can serve application-level 
services efficiently in the heterogeneous IoT, machine learning, big data, and cloud 
computing paradigms. The acronyms used in this paper are defined in Table 1.

2.1 SDN-based optical network

Presently, SDN is supporting wide area network to deal with many more tech-
nologies for delivering several benefits. It has adopted a hierarchical approach in 
which domain controllers collect information and delegate the control (real time) 
over the network layers and geographic clusters to support applications and provide 
higher levels of service orchestrations. Initially, SDN was used in data centers for 
separating the data plane, control plane, and management plane from each other 
[9]. The interface like OpenFlow is used by the centralized controller to deliver 
computing infrastructure for making better communication. While applying this 
concept to the optical network, optical domain controller (ODC) plays an impor-
tant role. As shown in Figure 2, it provides a more programmatic and abstract view 
of the underlying optical network through the northbound interface [10]. The 
programming feature of SDN makes it capable of fulfilling customized demands 
for manipulating network infrastructure. To handle real-time, bandwidth-intensive 
applications, fog uses the computing resources of the SDN-based optical network.

The SDN-based optical network infrastructure fulfills the demand of increas-
ingly high-performance and network-based applications with flexibility and 
efficiency. The key security issues in fog/cloud computing over optical network lies 
at both downstream and upstream channels of PON. PON uses broadcasting in the 
downstream channel which is prone to eavesdropping attacks where an attacker can 
modify the behavior of ONUs at its media access control (MAC) layer. On the other 
hand, the traffic in the upstream channel is only visible to the OLT rather than other 
ONUs that can also be exploited for attacks. In PON network, OLT uses time division 
multiplexing access (TDMA) that provides sharing of the upstream channel among 

PON Passive optical network

OLT Optical line terminal

ONU Optical network unit

CPS Cyber physical systems

VR Virtual reality

EEG Electroencephalogram

QoE Quality of experience

QoS Quality of service

ONV Optical network virtualization

SDN Social-defined network

FAR Free available resource

TDMA Time division multiplexing access

MPCP Multipoint control protocol

ODC Optical domain controller

MAC Media access control

Table 1. 
List of acronyms.
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ONUs [11]. It assigns static or dynamic nonoverlapping time slots to connected ONUs. 
Here, OLT and all connected ONUs are well synchronized that result in the collision-
free transmission of the traffic or data frames. In the security aspects of PON, more 
research work is required that can restrict the ONUs to send data frames outside of 
their preassigned time-slots. In case if a malicious ONU intends to send data frames 
outside its preassigned time slot, the collision can encounter with the data-frames of 
other ONUs that degrade the quality of service (QoS) of the optical channel.

To ensure QoS and quality of experience (QoE) to the end-user for various 
real-time CPS-based applications, Optical-Fog layer is utilized. To handle real-time 
processing, this layer uses the optical network resources by creating OpticalFogNode. 
The optical network can effectively realize the interconnected optical resources 
(PON, OLTs, and ONUs) across the 5G network. It provides ultralow delay and 
less energy consumption for IoT devices and uses the majority of the computing 
resources of the optical layer rather than the cloud layer.

2.2 OpticalFogNode for implementing CPS system

CPS enables the integration of cyber components such as sensors, computational 
and control units, and network devices into the physical components (such as 
objects, end-users, and infrastructures) by connecting them to the Internet and 
each other. It also has shown tremendous progress in many fields like communica-
tion, healthcare, education, manufacturing, robotics, transportation, military, etc. 
It has also encouraged many innovative and ever-growing projects in the applica-
tion domain of cloud and fog computing. CPS requires a novel, highly distributed, 
secure fog computing infrastructure in the heterogeneous network for strengthen-
ing its position for the mobile and wireless network in the new 5G era [12]. It can 
provide unified and cost-effective computing services for smart cities, vertical 
industries, and IoTs at the extreme edge of the new 5G network.

Further, the concept of an OpticalFogNode is proposed that supports low-cost 
and on-demand access to the computing infrastructure of the Optical-Fog layer 
in the 5G network. The main challenge is to run the CPS-based applications on the 
OpticalFogNode. The optical network virtualization (ONV) and SDN provide a 

Figure 2. 
SDN-based optical network.
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novel solution to deploy OpticalFogNode at the edge of the network. All free avail-
able resources (FARs) of the optical elements are grouped together to form an 
OpticalFogNode with the computing capabilities like processor, memory, and band-
width. ONV converts the free available physical resources of the optical network ele-
ments into the virtual resources as infrastructure-as-a-service (IaaS) model. Initially, 
each submitted task is categorized as CBS-based or non-CPS-based task on the basis 
of requested resources in terms of processing power, storage, bandwidth, accept-
able security level, etc. The Optical-Fog manager can dynamically reconfigure the 
OpticalFogNode which provides the desired reliability and QoS for the CPS. An algo-
rithm is proposed that identify all possible created OpticalFogNode on the SDN path 
and assign them CPS-based tasks for further processing. The non-CPS-based tasks are 
directly sent to the cloud layer only if the resources of OpticalFogNode are not free.

In the proposed algorithm, the resources required by the new task are evalu-
ated and then allocated on the OpticalFogNode. This node is scalable to provide the 
required computing resources dynamically by using the concept of ONV.
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If the computing resources of OpticalFogNode are already occupied, then there 
are two options to execute the task on the basis of its preference. If the requested 
new task is a non-CPS task, it can be directly allocated to the cloud. Otherwise, 
CPS-centric task can be executed.

• T represents the requirements of submitted task for the framework along with 
its category as CPS-based or non-CPS-based task.

• RunningTask represents the already running tasks.

• OpticalFogNode is virtual and a dynamically configurable smart node using the 
concept of ONV at the Optical-Fog layer.

• TaskToPlaced all coming task to be allocated to the OpticalFogNode for further 
processing.

• OpticalFogNodeNodeAvail is a free available resource at the OpticalFog.

•   OpticalFogNode  DC  
Avail

   is a free available resource at the dynamically configured 
OpticalFogNode.

Further, this layer uses the SDN-based controller for optimizing the distribu-
tion of the flow among various redundant paths. In order to increase the QoS, 
the shortest path is chosen that minimizes the delay. In the optical network in the 
5G environment, the OpticalFogNode has a flow table which is used to match the 
routing information of the received packet in the path. If there is no entry found in 
the flow table, the received packet is forwarded to the SDN controller for finding 
the shortest path so that the particular packet can be forwarded. Thus, a new entry 
is added (once the path is chosen) in the flow table of the OpticalFogNode for the 
coming future packets. Hence, the proposed SDN controller identifies the shortest 
path with the least congestion among all possible paths.

2.2.1 Architecture of OpticalFogNode

In SDN-based Optical-Fog/cloud network, the key challenge with the deploy-
ment of a fog node is to make it secure from the attackers. However, attackers are 
capable to create malicious programs with the ability to detect and evade their tar-
gets in distributed computing environments. Figure 3 shows that optical network 
virtualization provides a novel solution to deploy OpticalFogNode in the middleware 
of IoT devices and the cloud rather than deploying at cloud data centers.

SDN technology combined with optical network virtualization allows for run-
ning the control logic of each tenant on a virtual SDN controller rather deploying 
and running at the cloud data centers.

The resources to the proposed OpticalFogNode can be provisioned on demand 
from geographically distributed optical elements specially ONUs. The architecture 
of OpticalFogNode is shown in Figure 4 where it can be deployed and configured 
virtually. The architecture has southbound and northbound interface along with 
SDN controllers which belong to different tenants of OpticalFogNode to emulate 
them for different IoT applications. It has the capability to control optical network 
elements for processing the configuring demand of different OpticalFogNode tenants 
such as computing resources, topology, address scheme, node mapping options, etc. 
Hence, virtual OpticalFogNode can be created in the form of infrastructure-as-a-
service for providing real-time control to each OpticalFogNode tenant over its virtual 
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network. In order to form virtual infrastructure, a free-available-resource concept is 
proposed which uses the freely available resources of the optical network elements 
that lie at the Optical-Fog layer. Since routers and switches have limited resources, 
only optical elements such as optical network units and optical line terminals are 
taken into account for implementing FAR. Optical elements like ONUs and OLTs 
have their own processing, storage, and interconnection capabilities that are not 
fully utilized by the present network scenario. Thus, as shown in Figure 5, each 
optical element has some amount of running resources as well as FAR. Our proposed 
OpticalFogNode aggregates those FARs for facilitating the computing capability to 
each OpticalFogNode tenant.

Figure 3. 
Deployment scenario of OpticalFogNode at Optical-Fog layer.

Figure 4. 
SDN-based OpticalFogNode architecture.
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Hence, all FARs of optical network are grouped together to form virtual data 
centers with computing resources such as processor, memory, and bandwidth. 
ONV converts the physical resources of optical network elements into the virtual 
resources as infrastructure-as-a-service (IaaS) model to build virtual honeypots 
that prevents vulnerability and its identity from the attacker.

2.3 EEG-based VR gaming applications

SDN-based Optical-Fog network introduced as shown in Figure 3 provides optimum 
bandwidth and ultralow delay for EEG-based VR gaming applications. The Edge-Fog 
layer and Optical-Fog layer provide rich gaming experience and QoE for EEG-based 
VR gaming applications by utilizing the optical resources than the cloud resources [13]. 
The Optical-Fog layer executes the game logic where the VR scenes can be encoded and 
streamed at the Edge-Fog layer. SDN-based controller improves the QoE and supports 
the playing of a game across the distributed geo-locations with minimum delay. It 
optimizes the flow distribution among the various redundant paths inside the Optical-
Fog network to reduce the delay. In contrast to a traditional controller, the proposed SDN 
controller provides the shortest path with the least congestion among all possible paths 

Figure 5. 
Free available resource.

Figure 6. 
SDN-based Optical-Fog network.
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from the requesting Core Fog nodes to the Top of Rack (TOR) Fog nodes in the optical 
network which is shown in Figure 6. It uses an open-loop congestion control mechanism 
to employ congestion aware direct routing. Each node of the SDN network keeps the esti-
mation cost   C  n  c   (t)   for delivering packets to their destination node c [14]. It helps to find 
the shortest path with least congestion by using the historical knowledge of the connec-
tion to node c and the waiting time of packets to c in the node n’s queue. It is assumed that 
all nodes broadcast a request for the cost frequently to their neighbors. Also, all neighbor 
nodes keep updating their cost table on the basis of the received request for the cost. To 
find the shortest path with the least congestion, the node with minimum delivery cost 
is selected as shown in Figure 7. The convoluted parameters are referred to as Proximity 
Measure   Θ  n  c   (t)   and Net Destination Queue Waiting Time   Ω  n  c   (t)   are used to compute the 
delivery cost [13].

   Θ  n  c   (t)  =   
 Q  n  c   (t) 

 _____ 
 T  n  c   (t) 

    (1)

The value of   Θ  n  c   (t)   lies between 0 and 1. The value 1 indicates the connection 
between n and c, whereas 0 shows that they were never connected. Here,   T  n  c   (t)   is the 
time increment, and   Q  n  c   (t)   is the time duration while c and n remains connected.

2.3.1 Net destination queue waiting time

   Ω  n  c   (t)  =   ∑ 
i=0

  
N

    (τ −  a  n,i  
c  )   (2)

Figure 7. 
Workflow to find the shortest path.
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Here, τ id the present time and   a  n,i  
c    is the arrival time of packets i. Since the queue 

waiting time is used to predict the congestion, delivery cost can be considered as an 
exponentially increasing function. Hence, the delivery cost to c via n is computed as:

   C  n  c   (t)  =  Ω  n  c   (t)  .  [1 −  Θ  n  c   (t) ]  +  C  n  c   (t − 1)   (3)

Thus, the shortest path with least congestion is identified by pulling packets 
toward the neighbors that have the smallest queue. It helps the SDN controller to set 
the threshold value for decision making.

2.3.2 Modules placement strategy in the Optical-Fog network

In order to deploy gaming modules, an algorithm is proposed that utilizes the 
Edge-Fog layer and Optical-Fog layer in the Optical-Fog network. The proposed 
algorithm places gaming modules using the SDN topology and iterates over all 
paths. Here, it places modules on the devices in incremental fashion starts from edge 
devices dEdge to the optical devices dOptical and to the cloud data-centers. The modules 
that can be placed for each fog device in the path  ε  d  Edge   ∪  d  Optical    are identified by 
computing the processing requirement against the available capacity of fog devices.

A module M is placed on a fog device dEdge or dOptical only if all other modules are 
already placed in the bottom-up path.
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3. Performance analysis

The real-time gaming applications and CPS systems require ultralow latency, 
minimum energy consumption, and optimum bandwidth. The proposed Optical-
Fog layer provides the desired QoE by evaluating the following parameters such 
as latency measure, energy consumption and bandwidth usage in contrast to the 
traditional cloud computing.

3.1 Latency measure

The proposed system utilizes the Optical-Fog layer that reduces the delay and 
improves QoE. The latency measured in the context of delay is the most concerning 
issue. The communication between ONU and OLT is supported by the multi-point 
control protocol (MPCP) which is a frame-based protocol [15]. Here, only GATE 
and REPORT messages are exchanged between OLT and ONU. So, in the Optical-
Fog network, the delay is measured as the time between the arrival of its last bit at 
ONU and the arrival of its last bit at OLT. The delay tD(fi) is the computation of 
adding three basic components shown as:

  tD (  f  i  )  =  Γ  i   +  t  p   +  T  R    (4)

Alternatively, it is the time during which the respective REPORT message 
reaches at the OLT completely, where Γi represents the one-way propagation time 
of ONUi, tp represents the time between the request arriving at ONUi and the start 
of the next REPORT message, and TR represents the time duration of REPORT 
message [16]. Thus, the Optical-Fog layer processes more smart applications which 
require ultralow delay as well as efficient QoS requirements.

3.2 Energy consumption analysis

For computing energy consumption, only the edge devices of the network is a 
concerning issue because energy consumption by the PON channel is negligible. 
Thus, the total energy consumption is computed as:

  ΔE =  E  Edge−Fog   +  E  Optical−Fog   +  E  cloud    (5)

• EEdge–Fog = Σ(EEdge–devices) represents the energy consumed by all edge devices.

• EOptical–Fog = Σ(EONU + EOLT + EPON) represents the energy consumed by the opti-
cal elements which is negligible.

• Ecloud is the energy consumption of cloud data centers.

The proposed framework computes most of the computations at the Optical-Fog 
layer which reduces the overhead on the cloud data centers. Thus, QoE is improved 
by minimizing the overall energy consumption.

3.3 Bandwidth measure

Real-time applications require more bandwidth to process the extraordinarily 
huge volume of data. Thus, the traditional cloud system increases the overhead 
on communication bandwidth which results in increasing delay and poor QoE. To 



Telecommunication Systems – Principles and Applications of Wireless-Optical Technologies

12

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Author details

Kiran Deep Singh
Department of Computer Science and Engineering, Khalsa College of Engineering 
and Technology, Amritsar, Punjab, India

*Address all correspondence to: kdkirandeep@gmail.com

compute the communication bandwidth constraint, the traffic rate is assumed to 
be dispatched from the fog node i located at Edge-Fog layer to the server j located at 
cloud data center through the transmission path [17]. There is a limitation   λ  i,j  

max
   on the 

bandwidth capacity of each path which is computed as:

  0 ≤  λ  i,j   ≤  λ  i,j  
max   ∀  i   ϵ  N  fog   and  ∀  i   ϵ  M  cloud    (6)

Here, Nfog represents the set of fog devices where Mcloud is the set of cloud data 
center servers. The optimum utilization of Optical-Fog network is more effective 
than the traditional cloud.

4. Conclusion

The utilization of optical resources provides several benefits such as high 
scalability, optimum bandwidth capacity, ultralow delay, and very less energy 
consumption. A novel concept of FRF and ONV is used to create OpticalFogNode in 
SDN-based optical network technology. In the realization of the SDN-based optical 
network in fog/cloud environment, the optical network uses SDN controller effi-
ciently to identify the shortest path (with the least congestion) to minimize delay. 
Also, the proposed framework effectively enhances the QoE by using the proposed 
module placement algorithm which enhances the QoE and makes applications more 
entertaining. The realization of CPS-based tasks requires optimum placement strat-
egy which is one of the concerning issues. The proposed algorithm efficiently finds 
the shortest path by utilizing the concept of SDN over the optical network. The 
novel concept of configuring OpticalFogNode successfully implemented to fulfill the 
requirements of the CPS system. Further, the performance of the proposed system 
is evaluated by effectively interpreting the delay measure, bandwidth usage, and 
energy consumption. Finally, Optical-Fog-based deployment provides an effective 
platform which enhances the QoE for smart applications.
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Chapter

Radial Line Slot Array (RLSA)
Antennas
Teddy Purnamirza

Abstract

Radial line slot array (RLSA) antenna was initially developed for satellite
antenna receivers at a frequency of Ku-band. The success of this development
inspired researchers to continue the study to other bands and other applications,
such as Wi-Fi at 5.8 GHz. Wi-Fi applications need small antennas that lead to the
diminution of RLSA antennas. Small-RLSA antennas experienced high reflection
due to the small number of slots. One of the techniques that effectively eliminates
the reflection was developed and named as extreme beamsquint technique. Several
researches have successfully developed small-RLSA antennas by implementing this
technique for Wi-Fi applications. Furthermore, for the future, it is possible to
widen the researches to other frequencies and other features of RLSA antennas such
as multibeam, multiband, and diminution by cutting off RLSA antennas.

Keywords: RLSA antennas, extreme beamsquint, small RLSA, RLSA for Wi-Fi,
future RLSA antennas

1. Introduction

Radial line slot array (RLSA) antennas are a type of cavity or waveguide anten-
nas. These antennas were firstly developed for satellite receivers as an option
besides parabolic antennas. Unlike parabolic antennas, RLSA antennas have an
advantage of having feeders at the back of the antenna, so that the feeders do not
block out incoming signals. The other advantage is their flat shape so that they are
more aesthetic compared to parabolic antennas. Nowadays, RLSA antennas are
developed for different frequency applications such as Wi-Fi, 5th G, etc.

This chapter discusses briefly all about radial line slot array (RLSA) antennas,
especially for the linearly polarized (LP)-RLSA antennas. Firstly, in Section 2, the
review of RLSA antennas including the development of RLSA antennas, their
applications, their development obstacles and the developed technique to overcome
the obstacles are reviewed. Secondly, in Section 3, the theory of RLSA antennas is
explained which includes how the antenna works and several equations to calculate
antenna parameters. Thirdly, in Section 4, the mechanism of reflections in RLSA
antennas, which is due to slot reflections and due to remaining power in antenna
perimeter, is discussed. Fourthly, in Section 5, the theory of extreme beamsquint
technique is also explained in detail. Lastly, in Section 6, the idea of future research
in topic of RLSA antennas is briefly explained, including the idea of cutting off
RLSA antennas to smaller size, multibeam RLSA antennas, utilizing background as
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radiating element and multiband RLSA antennas. It is hoped that the ideas can
inspire researches for the next development of RLSA antennas.

2. Review of RLSA antenna developments

Kelly introduced the concept of RLSA antennas in the 1950s [1]. Although Kelly
could produce a high-gain RLSA antenna, the structure of the antenna feeder was
still complex, leading it to be costly.

In 1988, Ando et al. proposed a RLSA antenna at a frequency of 12 GHz. This
antenna was designed using the technique of slot arrangements. The technique aims
to produce a uniform-aperture distribution. This antenna has a double-layer cavity
and exhibits a good linear polarization. Ando also proposed a beamsquint technique
to improve the poor reflection coefficient in linearly polarized RLSA antennas
[2, 3]. In the same year, by applying a reflection coefficient suppression and slot
coupling technique, Ando successfully designed a LP-RLSA antenna for satellite
applications at 12 GHz. This antenna has the efficiency of 76% and the gain of 36 dB
[4–6]. Takada et al. introduced a technique to improve the reflection coefficient
using a reflection cancelling slot technique. This technique successfully improved
the reflection coefficient of RLSA antennas from �2 to �10 dB [7]. Endo et al.
designed an optimum thickness of double-layer RLSA antennas in order to realize
the mass production of thinner RLSA antennas [6].

In 1990, Ando et al. furthermore introduced a circularly polarized RLSA (CP-
RLSA) antenna. This antenna utilizes a single-layer cavity instead of a double-layer
cavity. This simpler cavity structure improves the complexity of RLSA fabrications
and can achieve the gain of 35.4 dBi and the efficiency of 65%. Ando used two
techniques to improve the antenna performance. The first is the technique of
varying the slot length and slot spacing used to event out the aperture illuminations
of the antenna. The second is the technique of matching spiral used to reduce the
reflection of the residual power at the antenna perimeters [8, 9]. In 1991, Takashi
et al. proposed the technique of varying the slot length and spacing. Utilizing this
technique Takahashi proposed several high-efficiency single-layer RLSA antennas
with the diameter of 25–60 cm. These antennas can achieve efficiencies of between
70 and 84% [10]. Furthermore, Takashi et al. produced and marketed a-78% effi-
ciency, 32.6 dB gain and single-layer RLSA [11–13].

Australian researchers started to investigate RLSA in 1995. They reported several
investigations to design LP-RLSA antennas for satellite receivers. These investiga-
tions used the combination of the theoretical and experimental approach. The
availability of low-cost materials (polypropylene) and low-cost fabrication also
become a consideration in these researches. In 1997, Davis reported a 60 cm diam-
eter LP-RLSA prototype designed using the reflection cancelling slot technique.
This technique can overcome the inherent poor reflection coefficient of LP-RLSA
antennas [4]. Davis and Bialkowski also successfully tested a RLSA antenna
designed utilizing the reflection cancelling slot technique and a beamsquint value of
20° [14, 15]. Furthermore, Davis and Bialkowski reported an investigation of LP-
RLSA antennas utilizing the beamsquint technique for several squint angles. This
technique successfully improved the reflection coefficient under �25 dB [16]. Davis
integrated the report of [2, 4, 7, 11] to form a beam synthesis algorithm used to
calculate the design parameter of LP-RLSA antennas [17].

Due to the successful development of RLSA antennas for satellite applications,
researchers tried to bring RLSA antennas into small antenna application for Wi-Fi
devices. However, the design of small-RLSA antennas was not easy since small-size
RLSA antennas normally performed high reflection coefficient [18–20]. Hirokawa
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et al. used a technique for matching slot pair in order to reduce the remaining power
at the antenna perimeter of small-aperture RLSA, so that this technique can mini-
mize the reflection coefficient [21, 22]. Akiyama et al. also used the same technique
for matching slot pair [23, 24]. However, the technique for matching slot pair is
only used to radiate the remaining power at the antenna perimeter and does not
contribute to the antenna gain. Reference [25] introduced the use of long slots in
order to increase the ability of slots to radiate power, so that it can reduce the
remaining power at the perimeter of small-aperture RLSA antennas, thus reducing
the reflection coefficient. However, although this method can reduce the reflection
coefficient, this method also can decrease the antenna gain. This is because that
the long slots cannot radiate a focus power.

In 2002, Malaysian and Australian researchers started to investigate the applica-
tion of RLSA antennas for wireless LANs. Tharek and Ayu successfully fabricated a
low-profile RLSA antenna at a frequency of 5.5 GHz with a broad radiation pattern
of 60° used for indoor wireless LANs [26]. Bialkowski and Zagriatski investigated
the design of RLSA antennas for wireless LANs and successfully fabricated a dual-
band 2.4/5.2 GHz antenna [27, 28]. Furthermore, Imran et al. reported the design
and test of RLSA antennas for outdoor point-to-point applications at the frequency
of 5.8 GHz [29–31]. However, this design utilized a beamsquint technique that is
similar with the technique used to design RLSA antennas for satellite applications.
Hence, the diameter of this antenna is still considered large with a diameter of
650 mm, so that it is not applicable for small Wi-Fi devices. Islam reported the
utilization of low-cost FR4 materials to fabricate RLSA antennas at the frequency of
5.8 GHz for wireless LANs. This invention is quite innovative since FR4 materials
are a low-cost material and easy to be fabricated [32, 33]. However, there are some
drawbacks in designing this antenna, such as a design of overlap slots, a loss cavity
due to the use of several FR4 boards and the use of material loss of FR4. These all
lead to low gain (only 8 dB) and low bandwidth (75 MGhz).

Purnamirza et al., in 2012, introduced a technique called extreme beamsquint
technique in order to overcome the problem of high reflection in small-RLSA
antennas [34]. This technique uses the beamsquint values higher than 60°. The
theory of how the high values of beamsquint can significantly minimize the reflec-
tion coefficient is explained. Purnamirza also developed RLSA antennas that mimic
the specification of other types of antenna that is available in markets [35–38].

3. Basic theory of RLSA antennas

This section discusses the theory of RLSA antennas including the structure, the
theory of how RLSA antennas work as well as several formulas to design RLSA
antennas.

3.1 Structure of RLSA antennas

Figure 1 shows the illustration of the structure of a RLSA antenna. The figure
shows the structure of RLSA antennas consisting of a radiating element, a cavity, a
background and a feeder. The radiating element usually is a circular plate made of
metals, such as aluminium, copper or brass. The radiating element consists of many
slot pairs. One slot pair acts as one antenna element so that all the slot pairs form an
array antenna. The background is a metal plate just like the radiating element, but
the background does not have slots. The cavity is a dielectric material that has the
form of a tube. Together with the radiating element and the background, the cavity
operates as a circular waveguide that guides the signal from the feeder to propagate
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in radial direction. The feeder is a part of RLSA antennas used to feed signals from a
transmission line into the antenna.

3.2 How RLSA antennas work

Figure 2 shows the wave propagation mechanism including TEM cavity mode
and TEM coaxial mode. The feeder placed in the centre of the antenna cavity feeds
the electromagnetic power (indicated by the arrows). The feeder is an ordinary
SMA feeder, which is modified by adding a head disc. The head disc has a function
to convert the electromagnetic power from a TEM coaxial mode into a TEM cavity
mode (a radial mode), so that the electromagnetic power fed by the feeder will
propagate in a TEM mode and in a radial direction within the antenna cavity.

When the power passes the slot pair, some amount of the power escapes through
the slot pair and radiates as illustrated in Figure 3. Hence, the slot pair can be
considered as one antenna element. Since there are many slot pairs (thousands in
normal-size RLSA antennas), all the slot pairs will form an array antenna. There-
fore, this is the reason why ‘array’ word is included in the name of RLSA.

Figure 1.
(a) The component of RLSA antennas. (b) The magnified view of the feeder [39].

Figure 2.
Illustration of the TEM cavity mode and the TEM coaxial mode [39].
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3.3 Polarizations

A slot pair, which represents a signal source in RLSA antennas, is located in the
top surface of the radiating element of a RLSA antenna. A linear polarization in the
RLSA antenna can be produced by combining two signals from the slot pair.
Figure 4a shows the illustration of the slot pair. The signal from Slot 1 and the signal
from Slot 2 have a phase difference of 180° or phi radians since Slot 1 and Slot 2
have the distance of half wavelength (0.5λgÞ to each other. Since the orientation of
Slot 1 and Slot 2 is perpendicular to each other, the signals from Slot 1 (at y axis) and
Slot 2 (at x axis) are also perpendicular to each other, as shown in Figure 4b.

Figure 4b shows that when Signal 1 is increasing in positive values, Signal 2 is
decreasing in negative values. Since their position is perpendicular to each other,
the resulting wave becomes a line in Quadrant II. When Signal 1 is decreasing
towards zero and Signal 2 is increasing towards zero, the resulting signal will be a
line in Quadrant II but with a shorter length compared to the line in the previous
case. When Signal 1 is decreasing in negative values and Signal 2 is increasing in
positive values, then the resulting signal will be a line in Quadrant IV. When Signal
1 is increasing towards zero and Signal 2 is decreasing towards zero, then the
resulting signal will be a line in Quadrant IV but with the shorter length compared
to the line in the previous case. Now, we can understand that the resulting signal
of Signal 1 and Signal 2 results in a signal that looks like a straight line where the

Figure 3.
Illustration of the power escaping from the slot pairs [39].

Figure 4.
Polarization establishment in a linearly polarized RLSA [39]. (a) slot pair position (b) signal of each slot.
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length changes as a function of time; this is the reason why its name is ‘linear
polarizations’.

3.4 Orientation of the slot in RLSA antennas

Figure 5 shows the position of the slots (indicated by ‘A’ and ‘B’) and the squint
of the inclination angles of the slots (indicated by 'θ1 and θ2). The slot pair must be
located in the correct position on the radiating surface of RLSA antennas. The slot
pair must be located in different and unique positions in order to prevent
overlapping between them.

Equations (1) and (2) express the squint of the slots obtained by the beamsquint
technique [4, 14–17, 39–43]:

θ1 ¼
π

4
þ 1

2
arctan

cos θTð Þ
tan ϕTð Þ

� �

� ϕ� ϕTð Þ
� �

(1)

θ2 ¼
3π

4
þ 1

2
arctan

cos θTð Þ
tan ϕTð Þ

� �

� ϕ� ϕTð Þ
� �

(2)

where θ1 is the inclination angle of Slot 1; θ2 is the inclination angle of Slot 2; θT is
the beamsquint angle in elevated direction; ϕ is the azimuth angle of Slot 1 and Slot
2 position; and ϕT is the beamsquint angle in azimuth direction.

3.5 Arrangement of slot pairs

Figure 6 shows the geometrical arrangement of a slot pair or also called a unit
radiator. The arrangement of the unit radiator in the radiating surface of RLSA
antennas must be carefully calculated and drawn since a little deviation of the unit
radiator position will rapidly decrease the performance of RLSA antennas.

Based on Figure 6, the distance of a particular unit radiator from the centre
point of RLSA antennas is expressed in Eq. (3) [4, 14–17, 39–43]:

ρρ ¼
nλg

1� ξsinθT cos ϕ� ϕTð Þ (3)

Where ξ ¼ 1
ffiffiffiffi

εr:
p

Figure 5.
Slot pair geometry [39].
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Equation (4) expresses the distance between two adjacent unit radiators located
in two different rings (the distance in the radial direction) [4, 14–17, 39–43]:

Sρ ¼
λg

1� ξsinθT cos ϕ� ϕTð Þ (4)

Equation (5) expresses the distance between two adjacent unit radiators in a
same ring (the distance in the azimuth direction) [4, 14–17, 39–43]:

Sϕ ¼ 2πλg
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ξ2 sin θT
2

p

q

p
(5)

where λg is the length of the wavelength inside the cavity of RLSA antennas; εr is
the relative permittivity of the cavity of RLSA antennas.

n is the ring numbers (1,2,3, etc.); q is the integer numbers (1, 2, 3, etc.) that
express the distance of the innermost ring from the centre of RLSA antennas; and p
is the number of unit radiators in the innermost ring.

The parameters of Sρ, Sϕ, ρρ,ρ1, and ρ2 are shown in Figure 7. Since the distance

from the centre of the unit radiator to Slot 1 or Slot 2 is ‘λg=4’, Eqs. (5)–(7) express
the distance of slots from the centre of antennas [4, 14–17, 39–43]:

ρρ1 ¼
n� 1þ q� 0:25ð Þλg

1� ξsinθT cos ϕ� ϕTð Þ (6)

ρρ2 ¼
n� 1þ qþ 0:25ð Þλg

1� ξsinθT cos ϕ� ϕTð Þ (7)

Figure 6.
Geometrical arrangement of a unit radiator [39].
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3.6 Length of slots

The length of the slots on the radiating surface of RLSA antennas must be varied
in order to achieve a uniform aperture illumination. The farther a slot from the
centre of the antenna, the longer the length of the slot will be. The length of the slot
is the function of ρ that is the distance of the slot from the centre of the antennas, as
expressed by Eq. (8) [42]:

Lrad ¼ 4:9876� 10�3ρ
� � 12:5 x109

f 0
(8)

The formula in Eq. (8) is an approximate formula. To get an accurate formula,
we need to do some measurements and experiments.

4. Reflection in small-RLSA antennas

4.1 Signal reflection due to remaining power

The power (P) comes from the feeder, which is located at the centre of the
antenna, and flows towards the antenna perimeter, as illustrated in Figure 8b.
When the power passes the slots, some amount of the power radiates through the
slots. The power inside the cavity will decrease every time the power passes the slots
and will continue to decrease until the power reaches the antenna perimeter. Equa-
tion (9) expresses the remaining power (PR) at the antenna perimeter [42]:

PRð Þ ¼ P 1� αð Þn (9)

Figure 7.
Definition of some slot parameters [39].
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Equation (9) shows that the amount of the remaining power depends on the
number of rings (n), which is also proportional to the number of slots. For small-
RLSA antennas, which have a small number of slots, the amount of the remaining
power at the antenna perimeter will be high. Part of this remaining power will be
reflected back to the feeder and result in a high signal reflection, thus increasing the
reflection coefficient. For normal-size RLSA antennas, which have thousands of
slots, the remaining power at the antenna perimeter is very small so that its effect to
the signal reflection is neglected.

4.2 Signal reflection due to the reflected signal from slots

Figure 9 shows the front cut view of a RLSA antenna and the signal flow within
the cavity of the RLSA antenna. The grey arrows represent the signals that flow
from the centre of the RLSA antenna to the antenna perimeter, and the black arrows
represent the reflected signal from the slots. Figure 9 shows that since the distance
between the slots (d) is λg/2, the signal from slot ‘A’ will travel for λg/2 to reach ‘B’.
At ‘B’, some of the signal will be reflected back and travel for another λg/2 to reach
‘A’. Therefore, the reflected signal from slot ‘A’ and slot ‘B’ will have a different

Figure 8.
(a) Top view of RLSA. (b) Cut view of a RLSAantenna and the power flowmechanism inside the RLSA cavity [39].

Figure 9.
Illustration of the reflected signals from the slot [39].
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phase of λg/2 + λg/2 = λg or 360° (or can be said there is no phase difference), so that
they will strengthen each other and result in a high signal reflection [42].

5. Extreme beamsquint technique

The ability of beamsquint technique in minimizing the reflected signal from the
slots depends on one condition, that is, the number of ring must be sufficient. As an
example, Figure 10a and b shows the reflected signals of a three-ring RLSA antenna
and the reflected signals of a two-ring RLSA antenna, respectively. Since every ring
consists of two slots, hence, there are six reflected signals for the three-ring RLSA
antenna and four reflected signals for the two-ring RLSA antenna. It is assumed that
the amplitude of all reflected signals is the same in order to simplify the analysis.
From Figure 10a, it can be observed that all the graph space is covered by the
reflected signals; hence the combination of all reflected signals will cancel out each
other, and the minimum signal reflection is obtained. In contrast, from Figure 10b,
it can be seen that not all graph space (the area pointed by ‘A’) is covered by the
reflected signals; hence the combined signal will be greater than the combined
signal in Figure 10a.

From the example in the previous paragraph, it can be concluded that a smaller
number of ring will decrease the ability of beamsquint technique in cancelling the
reflected signal. Therefore, this is the reason why the reflection coefficient of small-
RLSA antennas, which have few numbers of rings (less than 2), is high and why the
normal beamsquint technique fails to minimize the reflection coefficient of small-
RLSA antennas. The next section will explain how the proposed extreme
beamsquint technique can reduce the high reflection coefficient of small-RLSA
antennas by increasing the number of ring.

The position of the ring in radial direction (Sρ) can be expressed by Eq. (10) [21]:

Sρ ¼
rλg

1� ξ sin θT cos ϕ� ϕTð Þ (10)

θT is the beamsquint angle, ϕ is the position of slots in azimuth, ϕT is the
azimuth angle of beamsquint and r is the ring number. Figure 11a illustrates the
definition of all this parameters.

Based on Eq. (10), by utilizing r = 1, ϕT ¼ 0 and ϕ = 0–360°, the rings for
beamsquint angle of 10°, 30° and 60° are plotted as shown in Figure 11b.

Figure 10.
(a) Reflected signal of a three-ring RLSA antenna. (b) Reflected signal of a two-ring RLSA antenna [39].
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It illustrates that the beamsquint technique performs the ring in the shape of ellipse
rather than in the shape of circular. From Figure 11b, it can be observed that the
position of the ring at the left-hand side will move closer to the centre of the
antenna as the beamsquint increases. In contrast, the position of the ring at the
right-hand side will move farther from the centre of the antenna as the beamsquint
increases.

Still based on Eq. 3, by utilizing ϕT ¼ 0 and ϕ = 0 to 360°, the rings are plotted
for various ring numbers both for the beamsquint angle of 20° and 800 as shown in
Figure 11c and d, respectively. From these figures, it can be observed that at the
left-hand side, the distance between rings for beamsquint angle of 80° is shorter
than the distance between the rings for beamsquint angle of 20°. Due to the shorter
distance between rings, the beamsquint angle of 80° has more rings (nine rings)
that can be plotted in the antenna area compared to the beamsquint angle of 20° (six
rings). Based on the previous examples and explanations, it can be concluded that
the higher beamsquint angle can yield more rings. This fact is very useful to include
additional rings for the small-RLSA antenna, which originally has a low number of
rings (less than 2). The extra number of rings will have more ability to minimize the

Figure 11.
(a) Illustration of some parameters of ring position. (b) Plot of the ring for beamsquint of 20, 30 and 60°.
(c) Plot of various ring numbers for beamsquint angle of 20°. (d) Plot of various ring numbers for beamsquint
angle of 80° [39].
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reflection coefficient of small-RLSA antenna. The use of extra high beamsquint
angle underlies the naming of extreme beamsquint technique.

6. Future development of RLSA antennas

Space to be explored for RLSA antennas has remained wide, since only few
researchers study this topic. This is due to the drawing slots of RLSA antennas that
are difficult without using computer programmes. This is unlike microstrip anten-
nas which are easy to draw since their shape is simple. Moreover, it is more difficult
to fabricate RLSA antennas compared to microstrip antennas since there is no row
material that is ready to be cut or to be formed. This is unlike microstrip, which can
use many types of boards such as FR4. Therefore, due to these reasons, less
researchers are interested in studying RLSA antennas than microstrip antennas.
Below, several research ideas in the field of RLSA are presented to be explored
deeper, especially for doctoral dissertation and master thesis.

6.1 Cutting antennas

6.1.1 Concentrated slot area

The use of extra high beamsquint results in concentrated slots in a certain area of
radiating elements, and leaving other areas vacant from slots, as shown in
Figure 12a.

Our hypothesis is that since the vacant area is not useful, then it can be cut off,
thus resulting in a smaller antenna, as shown in Figure 12b. We have studied that
definitely there will be an effect of the cut, which is a leakage power along the
cutting line, shown in Figure 12c. This leakage power reduces the antenna gain.
However, the antenna gain will not be affected significantly since the power density
within the cut antenna will increase, thus also will increase the gain, then counter-
ing the decrease gain due to the leakage power.

6.2 The use of background as radiating element

Theoretically, only radiating elements that are used as place for slots, as shown
in Figure 13a. The background always functions as conventional background to

Figure 12.
(a) Concentrated slots. (b) Cut antennas. (c) Leakage power.
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radiating elements. Our hypothesis is that the background can be used to draw slots
on it, as shown in Figure 13b. This will result in a dual-beam antenna as shown in
Figure 13c. Of course, the gain will decrease by 3 dB compared to the originally
single-beam antenna, since the power is divided into two beams.

6.3 Multibeam antennas

Multibeam antennas can be produced by designing slots using different
beamsquint values. The slots are grouped and placed based on its beamsquint
values. Figure 14a shows the slot design of two beams, and Figure 14b shows its
beams. Things to note are that there will be a slot coupling between adjacent slot
groups, which will lessen the sharpness of beams or the gains. Therefore, it is
needed to put the slot group not too close together such that we get satisfied gains.

6.4 Multiband antennas

Multiband antennas can be produced by designing slots using different frequen-
cies. Figure 15 shows the slots that are used for two frequencies. It is noted that we

Figure 13.
(a) Radiating element. (b) Background. (c) Radiation pattern.

Figure 14.
(a) Design of dual-beam antenna. (b) Beam result.
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cannot differentiate between the 5.4 and 5.8 GHz slots since they are plotted mixed.
This will not effect to the gain since all slots are designed using a same beamsquint
value. Research on this topic can be as follows: firstly, a study on how to correctly
place different frequency slots, so that the correct placement will not increase
antenna reflections. Secondly, a study of how far two different bands or more can
be separated since a different band needs a different feeder structure. However in
multiband antennas, we use a same feeder structure so that it will effect to the
increase of reflection, such that different bands cannot be separated too far.

7. Conclusions

RLSA antennas have been developed since the 1980s until nowadays. They were
initially developed for satellite receiver antennas. Due to their advantages, such as
high gains and flat shapes, these antennas have been also developed for small device
applications at smaller frequencies, such as Wi-Fi, 5th G, 4th G, etc. However
developing RLSA antennas for small device applications had been facing the prob-
lem of high signal reflections, due to the limited number of slots. Several techniques
had been proposed to overcome the problem. Among the techniques, the extreme
beamsquint technique is the most effective technique in reducing signal reflections.
By resolving the problem of signal reflections, the research areas for RLSA antennas
become wide open, especially for multibeam RLSA antennas, multiband RLSA
antennas and size minimization by cutting RLSA antennas.

Figure 15.
(a) Design of dual-band antenna. (b) Band result.
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Chapter

New High-Speed Directional Relay 
Based on Wireless Sensor Network 
for Smart Grid Protection
Ali Hadi Abdulwahid

Abstract

The production of energy from water represents large amounts of clean and 
renewable energy. However, only 30% of this energy has been developed so far. 
Hydropower, particularly hydropower plants, is not only environmentally friendly 
but also economical, and operates more efficiently than any other renewable energy 
system. Hydropower plants are largely automated and have relatively low operating 
costs. The main components of the power system must be continuously monitored 
and protected to maintain the quality and reliability of the power source. This task 
is provided by the data collection, monitoring and protection system. Turbines 
must be protected not only by short circuits but also by abnormal conditions. 
The proposed protection has been designed to avoid damaging the original power 
(motor or turbine), this usually happens when the generator fails, and the machine 
operates as a synchronous motor connected to the power system. In this case, the 
generator becomes an active load, causing a rise in temperature and severe damage 
to the main turbine, and hence it becomes a need to quickly detect these conditions. 
This study proposes a new controller for Neuro-Fuzzy to prevent reverse power 
flow and to keep the quality and reliability of supply. Fuzzy system network has 
attracted various scientific and engineering researchers. The new feature of this 
work is to adjust the membership function as a reverse mechanism derived of the 
Fuzzy Logic Controller. The smart meter network is the basis of the smart grid. In 
this study, smart grid meters were implemented using ZigBee technology based 
on wireless sensor networks. The ZigBee network of wireless sensors due to its low 
battery, low power consumption, become more useful than other wireless com-
munication systems to provide a high-performance measurement. This study shows 
the ZigBee network using the OPNET simulation. Depending on the performance, 
parameters were analysed to understand the operating characteristics of the star, 
tree, and mesh.

Keywords: smart grids, ZigBee IEEE 802.15.4, neuro-fuzzy network, directional relay

1. Summary

Literature reviews play a vital role in improving renewable energy because 
science is still a cumulative effort in the first place. As with any discipline, the 
synthesis of rigorous knowledge becomes indispensable to keeping up with the is 
growing searched pace of smart grid domain, which is developing exponentially 
by academics and engineers and scientific searched in the content of many papers, 
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evaluated and synthesized [1–3]. The proposed study could provide a theoretical 
basis for confirming the need for investigative questions, proving that research 
methods have increased accumulated knowledge. Besides, high-quality reviews 
have made researchers look for a lot of literature when conducting empirical 
research.

In addition, high-quality reviews have made researchers look for a lot of 
literature when conducting empirical research. To conclude, our main objective 
in this chapter is to develop solutions to improve the spread of distributed energy 
and with high-speed synchronisation communication, that is central to the 
continuous development of the smart grid field. We hope that ours. This chapter 
will serve as a valuable source for those conducting, evaluating or engineers in 
this important and growing domain. The future distribution network may include 
a large-scale distributed power generation penetration into the smart grid. This 
scenario is aimed at the transition from a passive distribution network to an active 
distribution. The integration of DG units has a significant impact on the operation 
of power flow, voltage distribution, and protection systems in the distribution 
network [1]. (1) Explore issues that drive the demands of future rapid Intelligent 
protection systems, (2) design and develop a protection strategy that can be 
applied to any grid equipped DG. The concept of innovative protection must 
ensure the selectivity of protection in case of failure, (3) apply the new concept of 
intelligent protection algorithm.

As a result, the performance of the existing distribution network’s traditional 
inverse-time protection system was evaluated. In this way, we have identified 
the problems faced by the current applicable protection strategies; the results 
of the simulation prove that the traditional protection system is insufficient to 
provide a satisfactory level of protection selectivity. This chapter introduces 
the transformation of the traditional protection strategy to the future intel-
ligent distribution network protection system. This shows how unprecedented 
advances in sensor technology and the emergence of new communication proto-
cols have stimulated innovation in protection systems. The latest technological 
advances have enabled existing protection systems based on local information 
to be transferred to innovative security systems, In Addition; the details of the 
new communication mechanism for the application of high-speed protection 
systems were discussed. Clever’s protection strategies are fast, flexible and offer 
a high level of selectivity protection.

This chapter designs and develops a new concept of intelligent protection 
strategy. This approach applies to any network administered by DG. The proposed 
intelligent protection system aims to reduce the time to eliminate failures, to 
ensure the selectivity of protection and to enhance the availability of the units of 
the DG throughout faults. The new scheme of realising a protection scheme using 
advanced sensor, neural fuzzy scheme and ZigBee network is expounded. The 
intelligent algorithm ensures the selectivity of the protection by minimising the 
time of failure and eliminating the problem of the large time disconnection in  
the system [1].

2. Introduction

The smart grid (SG) is the next generation of power grids. Its purpose is to over-
come the problems that exist in the conventional power grid. Smart grid technology 
has been used, such as sensors and communication networks, and advanced soft-
ware and sensors to provide control and enhance the protection and optimisation 
of all network components, including production, transmission, and distribution. 
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Although neural networks implement to solve tuning problems, the fuzzy logic 
controller is intended to use structured knowledge in the form of rules [4, 5].

The combination of Fuzzy Logic and neural networks provides the ability to solve 
optimisation problems. This new method consolidates the established advantages of 
both approaches and avoids the limitations of both approaches. Control algorithms 
are used to prevent unexpected fluctuations in voltage and frequency. Smart grids 
use energy storage systems and communication networks to ensure total coordi-
nation between power generation and energy use. Reduce the energy loss of the 
network to minimise demand and energy costs [6–8]. A reliable, real-time informa-
tion flow among parts of the network is critical to the success of the smart grid 
self-regulation process. There are many wireless standards for technical applications 
[9]. One of the most popular technologies is ZigBee wireless sensor network (WSN), 
which is distributed on the smart grid structure, which has a lot of equipment to 
communicate with each other through the wireless network. These electronic devices 
are called Sensors/Detectors/Transducers [9]. Sensors are devices that can recognise 
several of the physical units, such as current, voltage, impedance, etc. Also, the 
ZigBee system is featured by low energy consumption. It is also more economical 
than other communications because it provides flexibility and scalability [10–12].

The construction of this chapter is as follows: Section 2 confers a study of the SG 
communication system. The proposed protection system and results are analysed 
in Section 3; Section 4 the wireless sensor network using OPNET and simulation 
results; In Section 5, the conclusions are discussed.

3. The smart grid communication network architecture

The old communication system is characterised by limited efficiency and limited 
information exchange; the intelligent metering network is the backbone of a smart 
distribution network. It is essential to select the appropriate communications to 
facilitate the real-time flow of bi-directional information. It is mainly used by the 
main transmission point and a limited number of sensors on the transmission line 
for control and fault detection. Compared with the traditional network, an intelli-
gent system contains a much larger number of sensors. Sensors are used to exchange 
information between terminals devices and data centres to handle such a large data 
stream, the SG must-have reliable communications and security infrastructure. 
The communication infrastructure must be self-managed and configured to change 
automatically [13].

Figure 1. 
Communication network architecture [14].



Telecommunication Systems – Principles and Applications of Wireless-Optical Technologies

4

Figure 1 shows the smart grid communication architecture, including the neigh-
bourhood network (NANs), home LAN (HANs), wide area network (WANs), substa-
tion and data centre. These networks as follows will be displayed briefly [14–16].

3.1 Wireless area network (WAN)

It serves as backbones that help the power grid that provides communication 
between utility systems and substation systems. The can help prevent power 
outages by providing real-time information from the electricity grid. It supports 
real-time control and protection. This system is useful when dealing with unfore-
seen contingencies, and it is essential to avoid interruptions and failures [17–20]. 
This application helps in performing a generator process and provides support for 
large power systems. The main disadvantage of this kind of WLAN is the possibility 
of devices interfering at the same frequency is high. The network operates between 
2.4 and 3.5 GHz. Among its advantages are low-cost equipment, the use of which 
has spread across a wide range of applications.

3.2 Network home area (HAN)

Some technologies introduced in the Home Network System are ZigBee, WLAN 
with PLC. The construction of a Building Area Network (BAN) is considered to be 
more complicated than the Home Area Networks (HAN). The HAN can be classi-
fied as a part of the customer network structure; HAN is often used by consum-
ers in the housing and business sectors, using power tools to communicate [21]. 
It is a combination of connected devices, management software and dedicated 
LAN. HAN supports communication between smart meters and appliances used 
in homes, industries or buildings. It supports several other services, including 
Demand Response, pre-payment, real-time pricing and load control. The essential 
of the HAN communication system is to include low-cost, low power consumption 
with secure communication [6, 10, 22].

3.3 Neighbourhood area network (NAN)

NAN is best described as a bridge between WAN and HAN and used in a NAN to 
collect data of points adjacent with the help of intelligent electronic devices (IEDs), 
which are widely deployed in the whole area. It is a two-way communication tech-
nology developed that give information about the control system for smart grids. 
Compared to WAN, the data rate is not high, and the transmission power is low for 
short-range transmission. WLAN, PLC and ZigBee are some of the techniques on 
which the NAN network can be implemented [23].

4. Proposed protection system simulation and modelling

In some cases, the generator starts to behave like a motor when the prime 
mover does not provide enough torque to keep the generator rotor rotating at the 
same frequency as the line of the parallel power source, and instead of giving 
power; it draws power from the parallel power source. Also, if the synchronisa-
tion ranges process rotates slowly, also both the loss of the alternator excitation. 
The governor is the fault of the original sender. Similarly, the generator will 
also extract the current from the source line [24]. When the rotating part of the 
generator fails, the generator stops generating electricity and starts drawing elec-
tricity from the parallel power source [25]. This situation may damage the drive 
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unit and is not desirable. It should be detected as soon as a possible problem, and 
quickly disconnect the equipment from the parallel power supply, thereby pro-
tecting the generator from damage. In exceptional turbine cases, the power supply 
direction is changed from line to generator. It usually uses a directional protection 
relay to monitor the current flow and take appropriate action to prevent all outage 
case. The directional protection relay is working when the reverse power exceeds 
a certain percentage of the rated power output; it will trip the circuit breaker of 
the generator, disconnect the generator from the line under not normal circum-
stances, the relay setting is about 5% of the power generator [26]. The directional 
protection relay is located on the generator latch cabinet and is an integral part of 
the circuit breaker. The structure of the relay is designed to limit the reverse cur-
rent flow depending on the amount of current and voltage between the two phase 
angles. If the line power is inverted, the current through the relay current coil will 
be inverted concerning the polarisation voltage and provide directional torque 
[27]. This technique compares the relative phase angle between the (current and 
voltage), as shown in Figure 2.

Typically, the phase angle is used to define the fault compares to the refer-
ence value. The voltage is usually applied as a reference amount. By comparing 
the operating voltage and current phase angle, can be inferred the fault occurs. 
Therefore, the fault current can be described with the phase relationship with 
the voltage line −90 for the forward fault, 90 for reverse fault. The relay wills 
response to the phase angle difference between the two quantities to come out trip 
signal [28]. In cases where optimal protection is required, Rogowski coil current 
sensors are used as CT and PT to avoid faults in conventional AC Transformers 
and must set a certain amount of delay during operation, to prevent power 
fluctuations, the transient effect during synchronisation. If the angle between 
the current vector and the voltage is Δ, the power flow is −900 < Δ < 900 [29]. 
Under normal conditions, the voltage overlaps with the current range is more 
significant than their non-overlapping interval. However, in the case of reversing 
energy flow, this overlap is reduced to a lower level. Figure 3 shows this assembly 
and implementation. The low signal of the current and voltage of RC sensors 
changes to form a square wave having a value of “±1” and then multiplying these 
level signals to produce a positive number in the overlap interval, in the negative 
numbers are generated in the non-overlap interval [30].

The integration limit of the scheme is set to zero, therefore the integration of the 
load is perpetually <0 under normal conditions. However, in the opposite trend, the 
production condition system as a whole tends to decline until the threshold constant 

Figure 2. 
According to the reverse power relay current with a voltage vector diagram.
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is reached. In this situation, the constant is set to 0.01 and the select value based on 
the amount of reverse power [23]. The output of the reverse power relay (RPR) is 
transferred to a decision where the production is one for normal operation, zero for 
abnormal conditions, as displayed in Figure 4.

Figure 5(a) presents the 3ø current directions, cos ø, and power factor, and 
Figure 5(b) the same ideas of the P and Q expansion.

4.1 The adaptive neuro-fuzzy approach

The selection of the membership function dramatically affects the quality  
of the fuzzy controller. Therefore, the method requires a more fuzzy logic 
controller. In this paper, a new method of neural networks is used to solve the 
adjustment problem of a fuzzy logic controller. We consider a dynamic system 
of multiple entrances, a single exit. The system is exported to the desired state of 
the control action can be described by the concept of the well-known “if-then” 
rule, where the input variables are first converted to their respective linguistic 

Figure 3. 
Diagram of implementing a directional component.

Figure 4. 
Modelling of a directional relay component.



7

New High-Speed Directional Relay Based on Wireless Sensor Network for Smart Grid Protection
DOI: http://dx.doi.org/10.5772/intechopen.85891

variables, also known as fuzzification. The value of these rules certainly output. 
Then use defuzzification to convert the output to a precise value. For simplicity, 
we used a modified centre of area method, and the Triangle fuzzy set will be used 
for input and output.

The linguistic form of the control rules is the basis of the designed fuzzy unit. It 
depends on the accuracy of the choice of parameters, which is the translation of the 
linguistic rules of the fuzzy set theory. The neural network (NN) is used to improve 
the selection of these parameters. In this scenario, the neural network is combined 
with the fuzzy logic unit. As shown in Figure 6, it uses the first fuzzy logic rule 
and then uses the neural network to generate the automatic adjustment output. 
References input [in (1)] related to the existing input [in (2)], product e(t), and 
incremental changes Δe(t) [31, 32]:

  Δe (t)  = e (t)  − e (t − 1)   (1)

The proposed unit has two input factor gain measures of control, Ge and 
GΔe, and one scaling gain GΔu. The output-input scale factors are expressed as 
follows:

Figure 5. 
(a) Quadrants of current/voltage. (b) Quadrants of a power.

Figure 6. 
Control method using adaptive neuro-fuzzy.
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   Δ  eN   (t)  = 𝛥e (t)  .  G  𝛥e  ,  (2)

   e  N   (t)  = e (t)  .  G  e    (3)

In the same eN and ΔeN scaling factor system to identify the fuzzy logic con-
troller input signal product [33, 34]. Fuzzy logic controller output signal is ΔuN, 
it is the scale factor input. The neural network has two inputs, e(t) and Δe(t), and 
the neural network signal output α, which is used to fine-tune the product control 
of the operator. The output signal of the scale factor can be expressed by the 
formula:

  𝛥u (t)  = Δ  u  N   (t) α .  G  𝛥u    (4)

The output signal can be written as follows:

  u (t)  = 𝛥u (t)  + u (t − 1)   (5)

The results are displayed in Figure 7, which illustrates the specified fuzzy rules. 
We have selected fuzzy set and membership functions, Table 1 summarizes the 
development of the rules used in this study [1].

Forming a neural network composed of three layers (two input layers, three hid-
den layers and one output layer). Neural network input (NN) is including the same 
number of output of fuzzy logic. The activated function has a value from −1 to +1 
for the output signal, as shown in Figure 8 [35–37].

Figure 7. 
Fuzzy logic membership functions.
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  f (x)  =   1 −  e   −x  _____ 
1 +  e   −x 

    (6)

The activation function neuron in the output layer is:

  h (x)  =   1 _____ 
1 +  e   −x 

    (7)

Control Unit based on the measured output signal u(t) from neuro-fuzzy circuit 
to adjust the trip circuit:

   θ  new   =  θ  initial   − k . u  (8)

where the θ initial is the initial switching output and k is a constant.

Table 1. 
Rules of FL.

Figure 8. 
The description of the neural network compositions.
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4.2 Simulation results

As shown in Figure 9, the simulation design uses 200 MVA /11 kV, with a 
synchronous generator connected to a transmission line 25 kV through an 11/25 
transformer, 60 Hz, Load10 MW, and 3 Mvar. Relays are tested in a variety of situa-
tions. The conditions and results of the discussion are as follows.

Figure 9. 
Model of a reverse power relay in an electrical power system.

Figure 10. 
(a) Performance of input-output power; and (b) relay status.
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The structure of propose protection is shown in Figure 4. The nodes of in_1 and 
in_2 represent the input variables and pass their values to the blocks that contain 
the respective membership functions in Neuro-Fuzzy controller. The relays are 
tested under a variety of conditions. We have provided the details of the system in 
Table A1 [1].

4.2.1 Simulation results under the normal condition

In this case, the mechanical power input of the generator within 1–2 seconds 
differs from 0.6 to 0.7 pu, at the under normal circumstances the observed state is 
shown in Figure 10, and the relay does not trip.

4.2.2 Simulation results under the faulty condition

In this case, the mechanical power input in 2–3 seconds from 0.7 to −0.1 pu. 
Relay responds to this change after 0.15 second for safe, and the relay is triggered, 
where the fault occurred at 2 seconds as shown in Figure 11. Input Mechanical 
Power (pu).

The reverse current adjustment knob and the delay time are shown in Table A2 
of the Appendix, and then the trip is confirmed with the minimum reverse current 
in the range of 2–20%. The trip time delay setting range is 0–20 seconds.

Figure 11. 
(a) Performance of the input-output power; and (b) relay status.
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5. Wireless sensor network using OPNET simulator

5.1 Zigbee network method

The OPNET modeller is one of the most important simulation tools for com-
munication network inspection. ZigBee networks are known for their low power 
consumption, low cost, low data rate, and high battery life.

The current work as shown in Figure 12, consists of the workstation featur-
ing a coordinated connection to six routers, with eight nodes installed at a range 
(200 meters) from each other. To participate in the calculation of system variables, 
the OPNET collected a large number of variables. The indicators relate to two types 
of statistical data for the agreement: local and global statistics. However, in terms 
of network performance, this study is more occupied in collecting quantitative 
information for the system. As a result, current research is based on data obtained 
from global statistics [1].

The values of the design parameters are shown in Figure 13, and the values of 
the parameters on the router are shown in Figure 14. Transmission power is esti-
mated to be 0.1 w.

The ZigBee coordinator parameter is illustrated in Figure 15.

5.2 Simulation results

The simulation results are simulated under different topologies of the wireless sen-
sor network, and the effects of different topologies on network efficiency are discussed.

Figure 12. 
Basic scenario consisting of one coordinator, (6) routers and (8) end devices.
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Figure 13. 
End-device parameters.

Figure 14. 
Router parameters.
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5.2.1 Throughput

Defined as the average number of bits or packets that are successfully transferred 
from source to destination. The steady-state results for the star, mesh and tree topol-
ogy are 0.041, 0.034, and 0.028 Mbit/s, In the star topology, can achieve maximum 
throughput, this finding is that the star topology interacts with the personal area 
network (PAN) coordinator, (Figure 16).

Figure 16. 
Throughput case.

Figure 15. 
ZigBee coordinator parameter.
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5.2.2 Data traffic sent

As shown in Figure 17, and finding indicates that the maximum data traffic is in 
a star topology because this topology type allows communication with the coordina-
tor. The data traffic sent was 0.1465, 0.0385, and 0.0325 Mbit/s, for a star, mesh and 
tree topology [1].

5.2.3 Data traffic received

Data traffic is defined as the number of data bits received per unit of time. 
Figure 18 shows that the received data traffic for (star, mesh, and tree) topology is 
0.650, 0.650, and 0.3805 Mbit/s.

This discovery means that the traffic received in the star topology is the largest 
because all devices communicate via the PAN coordinator and are responsible for 
generating traffic and routing [1].

Figure 17. 
The total number of data bits transmitted.

Figure 18. 
Data traffic received.
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5.2.4 End-to-end delay

It is the time it takes for a home target application to get the package generated 
by the source application. The results show the mesh/tree, and star topology delays 
are 9.6 and 7.9 ms. And the delay time of the mesh/tree topology is longer than 
that of the star topology, as shown in Figure 19. In a star topology, only one parent 
object is represented by a ZigBee coordinator. Therefore, the final mobility of the 
device may cause some delay.

5.2.5 Medium access control (MAC) load

As shown in Figure 20, MACload is used for forwarding the load for each PAN 
in the transmission of packets in the IEEE 802.15.4 MAC, that is, the physical layer, 
in the upper layers. The performance of the MACload presents similar results to the 
throughput performance. In other words, this result confirms the conclusion that 

Figure 20. 
Simulation scenario against a MAC load.

Figure 19. 
Data arrival rate against delay.
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the faster the load transfer to the upper layers from the physical level is, the more 
efficient the network. As shown in Table 2 the local routing information covers 
only a small area (the diameter of the test distance is about 250 meters) [1].

6. Conclusions

The difference between the ZigBee and the WiMAX mobile networks is the 
distinction in their technology standard. The WiMAX mobile networks used in the 
simulation employ the IEEE 802.16 standard technology, whereas ZigBee follows 
the 802.15.4 standard. Mobile WiMAX seems to have better functionality than 
ZigBee, but taking into account the scalability of the latter, the former can install 
additional ZigBee devices because of its low-cost features and the possibility of 
reducing the battery size and operation hours. However, ZigBee may be more effec-
tive in certain areas because if its low energy consumption rate. The advantages of 
proposed protection are as follows:

(1) To prevent the flow in the opposite direction, and damage to the generator 
or the main engine. (2) To avoid the occurrence of explosion or fire, this is mostly 
caused by unburned fuel in the generator.

The existing power system is undergoing significant changes. Smart grid 
technology is the method used in the future power system framework, the integra-
tion of energy and communications infrastructure is inevitable. Intelligent network 
technology is characterised by the realisation of a complete dual communications 
infrastructure, automatic measurement, renewable energy integration, distribution 
automation and network monitoring. Wireless network to achieve the collection 
and transmission of real-time data. With flexibility in a wireless sensor network, 
high detection accuracy, low cost and excellent performance. Therefore, it can be 
used to develop interesting remote sensing applications. Implementation of sen-
sor networks must meet the flexibility, scalability, cost, equipment, changes in 
the topology of the environment and energy consumption and other factors and 
limitations. Wireless sensor network has the flexibility, with high precision sensing, 
low cost and other excellent characteristics. Therefore, the sensor network must 
meet the flexibility, scalability, cost, environmental topology changes and energy 
consumption and other factors. The performance analysis of the topology of the 
ZigBee wireless network was carried out by using OPNET 14.5 simulators. The 
network topology of the star, tree and mesh is compared according to the end-to-
end delay, throughput, Mac traffic load, and the four parameters of the transmit 
and receive traffic parameters. In terms of star topology throughput, the MacLoad 
is higher than the resulting value of the mesh topology, so the use of star topology 
is considered to be very important. The network types of the star, tree, and grid are 

Definition Value

Test zone (radius) ~100 meters

Number of end devices 8

Number of routers 6

Number of coordinators 1

Mobility model Random

Simulation duration 1200 s

Table 2. 
Summary of the simulation parameters.
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compared according to the end-to-end delay, throughput, MAC traffic load, and the 
four parameters of the transmit and receive traffic parameters. The star topology 
is the best in terms of performance and has a MAC load that is similar to the mesh 
topology. Since the ZigBee network has a large number of nodes, so the use of star 
topology is considered to be very important.
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A. Appendix

Microgrid Parameters Value

Generator Voltage 11 k V L-L, S = 200 MVA

Transformer Voltage VP/VS (L-L) = 11 kV/220 kV

Frequency 60 Hz

Feeders Line impedance R = 0.02 X, L = 0.64 mH

15 km feeder R/km = 0.4 Ω, X/km = 0.3 Ω

Load Dyn load 10 MW, 3 Mvar

Table A2. 
Microgrid simulator parameters [1].

Set point Value

Range ~2–20% reverse current

Time delay Adjustable 0–20 seconds

Table A1. 
Technical data for reverse power monitoring.
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