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ABSTRACT

In this thesis, we present a detailed analysis of hybrid point-to-multipoint free
space optical (FSO)/radio frequency (RF) wireless system. Hybrid FSO/RF sys-
tems have emerged as a promising solution for high data rate wireless transmission.
FSO technology can be used effectively in multiuser scenarios to support Point-to-
Multi-Point (P2MP) networks. In this P2MP network, FSO links are used for data
transmission from a central location to multiple users. When more than one FSO link
fail, the central node uses a common backup RF link to transmit a frame to a remote
node using an equal priority protocol. An equal priority protocol means that the
remote nodes have the same priorities in being assigned the RF link. We assume two
traffic classes, a high-priority and low-priority classes. The base station reserves two
transmit buffers of each user for the downlink transmission. Considering the downlink
traffic from the base station to a tagged remote node, we study several performance
metrics. We develop a cross-layer Markov chain model to study the throughput from

central node to a remote node as well as the performance of the resulting system.
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Chapter 1

Introduction

1.1 Overview

Optical Wireless Communication (OWC) is a technology that requires the transmis-
sion of information-laden optical radiation over the free space channel.

Recently, the interest of the optical wireless communication (OWC) as a promising
technology in short-range communications has grown mainly because of the need for
higher data rates in support of communication applications [5]. It offers flexible
networking solutions that give high-speed broadband connectivity, also cost-effective
for indoor and outdoor applications [6].

OWC is classified into three main types, which are Free-Space Optical (FSO)
communications, Visible Light Communications (VLC), and Ultra-Violet (UV) Com-
munications [7]. Free space optical (FSO) communication has attracted significant
attention due to its advantages, such as large usable and unlicensed bandwidth, long
operational range, spatial re-usability, security, and immunity to electromagnetic in-
terference [5].

Despite of the great potential of the FSO link, FSO links face fading problems
because of atmospheric turbulence [8]. It also suffers from multiple impairments,
such as severe path-loss effect, pointing error degradation, and line-of-sight (LOS)
needs. Also atmospheric weakness such as an atmospherics turbulence and visibility-
limiting conditions (snow, fog, and dust), which undermines the reliability of FSO
links, and may lead to deterioration in performance (outage probability, and error
probability) [8].

In-order to compensate for the inability to predict of the FSO link’s availability,



hybrid FSO/RF systems have emerged as a promising solution for high data rate
wireless transmissions [9].

In this thesis, we analyze the performance of Hybrid FSO/RF systems. Hybrid
FSO/RF systems have emerged as a promising solution for high data rate wireless
transmissions [10]. FSO is a technology that may be used as a stand-alone communi-
cations system or in combination with RF systems [11]. In order to compensate for
the unpredictability of the FSO link’s connectivity, a common a backup RF link can
be used in parallel with the FSO link [12].

Previous studies have introduced Hybrid FSO/RF strategies include diversity
combining hybrid FSO/RF systems [13], switch over hybrid FSO/RF systems [14],
[15], and Hybrid FSO/RF systems with adaptive combining [16], and cross layer
analysis of Point-to-Multi-Point P2M P Hybrid FSO/RF network [17].

From another perspective, Hybrid FSO/RF uses the extremely high FSO trans-
mission rates for multi user scenarios to support Point to Multi Point (P2MP) net-
works [18]. Further, in (P2M P) networks, FSO links are used for data transmission
from a central location to multiple users [17].

In this thesis we present and analyze a P2MP Hybrid FSO/RF network that uses
a number of FSO links for data transmission from the central node to different remote
nodes of the network. When more than one FSO link fail, the central node uses a
shared backup RF link to transmit a frame to a remote node using an equal priority
protocol. Thus, the remote nodes have the same priorities in being assigned the RF
link. We assume two traffic classes, high-priority and low-priority classes. The base
station reserves two transmit buffers for each user for the down link transmission.

Considering the down link traffic from the base station to a tagged remote node, we
study several performance metrics. We develop a cross-layer Markov chain model to
study the throughput from central node to a remote node as well as the performance

of the resulting system.



1.2 Motivation for this Thesis

The ever growing demand of wireless bandwidth along with huge wireless applications
has led to restriction of radio frequency (RF) resources. Free space optical (FSO)
transmission systems have considered a promising solution to this limitation [17].

FSO is a wide bandwidth access technique for high data rate applications. As com-
pared to existing RF based wireless systems, FSO is not only cost-effective, but also
offers high bandwidth, license-free band use, and causes no interference with existing
RF communications systems, because the optical spectrum is a totally different part
of the electromagnetic spectrum [19]. However, FSO suffers a critical a drawbacks
as well, and it requires a line of sight (LOS) transmission between the transmitter
and the receiver. Further, The FSO link is sensitive to atmospheric turbulence which
severely degrades the performance of FSO links, while the RF link is more strong to
such affected. Hence, these challenges promote the creation of hybrid FSO/RF com-
munication systems. These behaviors of FSO and RF links have led to several studies
about hybrid FSO/RF point-to-point system. However, FSO technology can also be
used effectively in multi user scenarios [5] to support point-to-multi-point (P2M P)
topologies.

P2M P topology is a common network architecture for outdoor wireless networks
to connect multiple locations to one single central location.

In this thesis, we present a detailed analyses of hybrid point-to-multi-point FSO/RF
wireless system. When more than one FSO link fail, the central node will use the RF
link to enhance the performance. It will communicate with one of the corresponding

remote nodes on an equal priority basis.



1.3 Research Methodology

There are in common two approaches to estimate the performance of hybrid FSO/RF
systems with various proposed transmission schemes under the effects of fading and
path losses in FSO and RF links. One approach is to conduct experiments, which are
usually costly and time exhaustion.

On the other hand, analytical system performance evaluation can be perfect sub-
stitutional to experiments, and the gained numerical results can be used efficiently at
the beginning stage of system design.

In this thesis, we will focus on efficient analytical performance evaluation of the
proposed hybrid FSO/RF network presented, which will equip significant engineering
insights into hybrid FSO/RF systems design.

1.4 Contribution

The contributions of this work can be summarized as follow:

1. An-equal priority protocol of P2MP hybrid FSO/RF network for down link
traffic is proposed.

2. A Markov chain model of the proposed network is developed.

3. The proposed protocol is modeled using the Monte Carlo method and Several

performance metrics are studied.



1.5 Thesis Organization

This section presents a short description of five chapters. A summary of each chapter
and its contributions are presented as follows:

Chapter 1, presents the problem considered, scope of the research, the motivation,
the objective, and the contributions of the dissertation.

Chapter 2, reviews the basic background and fundamentals of FSO and RF sys-
tems. A review of different types of FSO systems and discuss the limitation for these
systems. Further, Hybrid FSO/RF presented as an attractive solution for shortcom-
ings of these systems. A brief of this work is presented, Hybrid P2MP FSO/RF
network.

Chapter 3, presents and analyzes the P2MP hybrid FSO/RF transmission system
in detail. FSO links used to transmit data from the base station to the different remote
nodes. The base station will keep two transmit buffers for each node. One buffer is
for class-1 traffic and the other is for class-2 traffic. A single-arrival, single departure
queuing model is used for each transmit buffer. A different performance metrics are
defined such as the throughput, average transmit buffer size, queuing delay, efficiency
and the frame loss probability. For comparison purposes, we compare our P2MP
hybrid network with the results from previous work.

Chapter 4, presents the parameters of our model to evaluate the performance of
the proposed P2MP hybrid FSO/RF in analytical simulation. Introduces the Monte
Carlo method for numeric simulation. The simulation results are discussed. For
comparison purposes, we compare our P2MP hybrid network with the results from
previous work. The comparison includes all the performance metrics with that of
P2MP hybrid network.

Chapter 5, contains conclusion of this thesis, summarizes the dissertation contri-

butions and what was achieved of the proposed work, as well as the future work.



Chapter 2

Background and Literature Review

2.1 Background

The consistent demand for higher data rates in support of the demanding applications
has promoted the development of Free Space Optics (FSO) and millimeter wavelength
(MMW) radio frequency (RF) communication technologies [19]. RF system is conve-
nient in term of cost but offers lower data rate compared with FSO. FSO is a wide
bandwidth access technique for high data rate applications [20].

As compared to existing RF based wireless systems, FSO is not only cost-effective,
but also offers high bandwidth, license-free band use, and causes no interference
with existing RF communications systems, because the optical spectrum is a totally
different part of the electromagnetic spectrum. However, FSO suffers a critical a
drawbacks as well, and it requires a line of sight (LOS) transmission between the
transmitter and the receiver. Further, The FSO link is sensitive to atmospheric
turbulence which severely degrades the performance of FSO links, while the RF' link
is more strong to such affected [19].

A solution to this issue is to combine FSO and RF links. Millimeter wave RF sys-
tems, achieve data rates equal with FSO systems. These behaviors of FSO and RF
links have led to several studies about hybrid FSO/RF point-to-point system. How-
ever, FSO technology can also be used effectively in multi user scenarios to support

point-to-multi point (P2MP) topologies [5].



2.2 Literature Review

2.2.1 Free-Space Optical Communications

Free space optical (FSO) technology has earned high attention in implementing point-
to-point data transmission links, due to its high bandwidth, low cost implementation
in a non-licensed spectrum, and high transmission security compared with RF tech-
nology, it also provides a cost-effective optical wireless connectivity and a faster de-
ployment unlike fiber optics. FSO technology has evolved to its current stage for
deployment in many applications due recent developments and market acceptance of
FSO links [21].

FSO systems slowly gained acceptance in the marketplace as a solution to change
expensive optical fibers [22]. FSO provides relatively right bandwidth for point-to-
point communication as last mile applications and also for indoor communication,
and many features such as spatial reuse, usage of low-power per bit transmitted,
licensed-free band, and higher bandwidth [23].

FSO links can be implemented with optical fibers to connect one (LAN) to another
(LAN) and connect them to Backbone networks. The black arrows in Figure 2.1
represent FSO links [1].

; ::.: /’*

|
A ‘ | N
Connectlon
to the Fibre-

Backbone

LAN LAN

Figure 2.1: LAN-to-LAN FSO connectivity [1].

FSO links can be used also as a robust outdoor backhaul solution for small radio
cells, such as WiFi, LTE and 5G as shown in Figure 2.2 [2].



Moreover, FSO links can be used in point-to-point links, and in point-to-multi-

point links [24], in last mile access [25], and In storage area network SAN [25].

Building-to-Building
Communication

(&,

BB BN
\AISBCK"BUI LnK
=

Fixed Line
Redundancy

/ 4\

Figure 2.2: Point-to-point backhaul FSO link [2].

The FSO system block diagram is given in Figure 2.3. It consists of three main
blocks an optical transmitter, channel, and an optical receiver. FSO systems can be
based on the intensity modulation with direct detection (IM/DD) coherent scheme
[26].

The FSO technology in general depends on the propagation of the laser beam
through the atmosphere, in which the optical signal is affected by several factors
including the atmospheric loss, due to the visibility affected by particles such as
rain, snow, fog, dust, smoke. Causing an reduction of the optical power, and light

scattering [27]. The FSO systems are deployed in metropolitan areas.



Moreover, Misalignment Loss mostly occurs because of in homogeneities of wide-
scale atmosphere eddies that led to random deflections of the optical beam [28]. The
optical signal launched from the transmitter is affected by fading before arriving at
the receiver due to atmospheric turbulence and pointing errors [29], [30] as shown in

Figure 2.4 [3], this changes known as the scintillation or fading.

Optical Optical
Transmitter Receiver

Figure 2.3: FSO system block diagram.

These fluctuations can increase the probability of error and impair the performance

of FSO system, especially in long distance communications [31].

2.2.2 Hybrid FSO/RF Implementation

According to the different propagation properties of RF and FSO systems, it is possi-
ble to utilize these two technologies assist one another. Despite the fact that optical
signal is highly affected by weather states, the integrating of the FSO link with a
Millie-Meter wavelength (MMW) RF link will improve the performance of FSO links
and link availability.

In fact, there is roughly endless number of weather conditions which have either
positive or negative impact on RF and FSO link, respectively. However, FSO and
RF links are affected fully differently by atmospheric and weather conditions. In the
sense that the FSO links is severely affected by fog, whereas the RF signal is not and
the MMW REF links is severely affected by rain, whereas FSO links is not. Thus, when
the FSO link fails, the other link of the hybrid FSO/RF system is complementary to
each other to maintain reliable communication at a reduced data rate [32].

Likewise, the atmospheric turbulence causes a small scale fading in FSO links [5],
while RF links are harmed by fading through multi-path propagation [33]. Real
hybridization is achieved through both channels when reparation the shortcomings of

one another and thereby increase performance the system as a whole.



Pointing Error

Figure 2.4: Atmospheric turbulence and pointing error in FSO system [3].
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Hybrid network, a combination of FSO major link and radio frequency back up
link, is a practical solution to overcome the atmospheric attenuation. The selection
of the frequency for the backup link in a hybrid FSO/RF system require the study of
different link attenuates severally as a solution which assures great availability under
different operating weather status.

Besides the several approaches of implement hybrid FSO/RF systems, the com-
plementary perform of FSO and MMW RF links has led to two prime approaches of
implementing hybrid FSO/RF systems [34].

Thus, different approaches to switching between the RF and the FSO links have
been proposed in the literature. In [15], the hardware switching scheme is proposed
one activated link of transmit data switched from optical to RF when the optical link
degrades. This scheme requires frequent hardware switching between both the RF
and the optical links. Therefore, a soft switching is proposed as an alternate scheme,
in which both links are active with one another [35], [36].

Two methods are presented depending of this scheme. One method is when same
data with identical data rate is transmitted over both links [35]. The main drawback
is an extreme data rate limited by the RF link and the high data rate optical link is
never used efficiently.

Another method is most of the data is transmitted over the optical link and only
a small fraction of data is sent over the RF link [36]. In this method, RF transmission
is activated despite of the FSO link keeps the predefined QoS. This causes in wastage
of RF power and RF interference. These drawbacks of the above approaches led to
proposed a combination to overcome these issues, a new scheme was discussed in [9].

The FSO link is utilized alone for transmit data provided that its quality of (SNR)
is more than a threshold and the RF link is put on standby mode. When the FSO
link deteriorates, the system uses the RF link, and both using for sent same data with
same data rate.

At the receiver, the maximal ratio combining (M RC') is utilized to restore the
main data. While keeping the RF link is on standby mode as long as the FSO link is
acceptable. Therefore, the adaptive combining scheme for hybrid FSO/RF systems
improves the reliability of system communication, averts generation of undue RF
interference, keeps RF power, and utilizes from FSO higher data rate exceedingly [14].

In [37], a hybrid MIMO FSO/RF system with optical space shift keying (OSSK)
employed at FSO subsystem has proposed to increase the throughput and reliability
of the system. The FSO channel is modeled as Malaga distributed and RF channel



12

is assumed to be Nakagami distributed. Spatial modulation (SM) at the transmitter
is incorporated to increase the spectral efficiency and selection combiner is employed
at the receiver to achieve higher diversity order.

The authors in [38] evaluated the performance of relay selection in an energy har-
vesting aided mixed RF/FSO system over atmospheric turbulence and pointing error.
Where transmit antenna selection and (SC') diversity scheme are respectively used
by source to transmit information to destination and harvest energy from the relay
node. The results illustrate that the atmospheric turbulence and (N B) pointing error
strongly degrade the system performance. Moreover, the increase in the number of
source antennas as well as relay nodes significantly improves the system performance.

Likewise, strong turbulent conditions besides high pointing error increases the
dependence on the RF resource, thereby, increasing the RF usage more efficiently.
In [39] the authors presented the possibility of sharing a RF resource between two
FSO links on a cognitive basis, thus, forming a cognitive Hybrid FSO/RF link along
with the existing Hybrid FSO/RF link. A second FSO link is converted to a cognitive
Hybrid FSO/RF link by accessing the already existing RF in the cognitive interweave
mode, the results indicate improved system performance and better overall utilization

of the RF resource.

2.2.3 Point-to-Multi-Point Transmission

By investing a range of advantages, P2MP topology at multi-user scenarios will open
new conception for future outdoor wireless networks. On the one hand, P2MP ap-
proach can compound link utilization then realizing higher transmission, compared
to point-to-point data transmission (P2P). However, P2MP technique needs much
minimal cost for an one link than the P2P technique [40].

In the literatures, FSO technology has been used effectively in multi-user scenarios,
such as [41] and [42] supported Point-to-Multi-Point (P2MP) topologies.

P2MP topology is a shared network architecture for outdoor wireless networks to
connect multiple users to a single central location, as shown in Figure 2.5 [4].

In [43], the FSO links in P2MP networks, have been used for transmitting data
from a central location to multiple users as in Wireless Internet Service Provider
(WISP) networks or the WiMAX networks. Likewise, in WISP network, the multiple
locations are connected by the network using a client device. The central location is

mounted on a high location where it has line of sight with the user devices.
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Due to the scarcity of the literature and the minimal number of studies covering
this field, we propose a P2MP hybrid FSO/RF network. The proposed P2MP hybrid
FSO/RF data transmission network consists of a number of remote nodes along with
a central node. Every single remote node in the network is connected to the central
node through a autonomous initial FSO link. The central node use a shared backup
RF link for data transmission to any user in case of the failure of its FSO link. Thus,
using a common RF channel will provide many advantages such as, sharing the rare
RF spectrum, preventing the generation of unneeded RF interference, and keeping

the RF transmitting power.

2.3 Summary

In this chapter, we have review the basic background and fundamentals of FSO and
RF systems and its application in previous literatures.

Further, we discussed the shortcomings of FSO point-to-point (P2P) technology
and its applications.

Moreover, a review of different types of FSO systems and discuss the limitation
for these systems.

Lastly, Hybrid FSO/RF presented as an attractive solution for shortcomings of
these systems. A brief of this work is presented, Hybrid P2MP FSO/RF network.
The following chapter describes our Hybrid P2MP FSO/RF network in detail with

its performance metrics.
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Chapter 3

Analysis of Point-to-Multi-Point
Hybrid FSO/RF Network

In this chapter, we analyze a P2MP hybrid FSO/RF data transmission network. This
network consists of a central node with N remote nodes. The central node is provided
with N optical transmitters and one RF transmitter. Each one of the remote nodes
receive data from the central node through a separate primary FSO link. The central
node is assigned a common backup RF link, which is used as a backup channel for
data transmission to any remote node in case of the failure of its corresponding FSO
link. Using a common RF channel will have the main advantages such as sharing
the scarce RF spectrum, preventing the generation of unnecessary RF interference to
the environment, and conserving the RF power. We study the performance of only
one of the remote node (tagged node) instead of studying all system performance.
Examining the tagged node grant us to investigate several performance criteria such
as throughput from central node to the tagged node, the frame queuing delay in
the transmit buffer , the average transmit buffer size, the frame loss probability, the

efficiency of the queuing system are determined for the proposed FSO/RF topology.
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3.1 P2MP network FSO/RF Network Modeling

The general block diagram of a P2MP hybrid FSO/RF network is shown in Fig. 3.1.

This network is formed of a central node and N remote nodes. The central node is

Remaote RF Remote
Node #1 T / Node #2
(Rx) FSO 4 FSO (Rx)

Central
Node
(Tx)
Remote FSO FSO Remote
Node #N Node #j
(Rx) (Rx)

Tx ... Transmitter
Rx ... Receiver

Figure 3.1: General block diagram of a P2MP Hybrid FSO/RF network.

provided with N optical transmitters and one RF transmitter. Each one of the remote
nodes receive data from the central node through a separate primary FSO link. The
central node is assumed to be aware of the quality of the N FSO links through N
feedback channels. The RF transmitter of the central node is assigned a certain RF
channel, which is used as a backup channel for data transmission to any remote node
in case of the failure of its corresponding FSO link. The central node is assigned a
common backup RF link, which is used as a backup channel for data transmission to

any remote node in case of the failure of its corresponding FSO link.
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We will model here the down link traffic from the base station to the users. In

order to start the analysis we make the following system-level assumptions:

1. There are two traffic classes: high-priority class-1 traffic and low-priority class-2
traffic.

2. There are N equal priority users.

3. The base station reserves two transmit buffers for each user: B; and B, for

class-1 and class-2 traffic, respectively.

4. The base station chooses class-1 traffic with probability p and chooses class-2

traffic with probability 1 — p.

5. The data frame arrives with probability w; for class-1 traffic and ws for class-2
traffic.

6. Probability FSO link is bad is given by a and probability that RF link is bad
is given by b.

7. We choose the time step T" to allows a single-arrival, single-departure queue.

From the above assumptions we have two M/M/1/B queues for the two buffers

of each user.

Table 3.1: Comparison of the existing P2MP network and previously mentioned net-
works.

H The Comparison Of P2MP Networks H
H P2MP Network Presented By H Traffic Classes H Node Classes H P-Persistent Strategy H RF and FSO Rate H

A. Boharba v X X An-equal rates
Y.A. Ansari X v v Non-equal rates
N. Lashari X v X X

T. Rakia X X X X

Table 3.1 illustrates the comparison of the existing P2MP network and previously
networks presented in [17], [44] and [45].

The results of this existing P2MP network are also compared with an efficient
P2MP networks presented in [17], [44] and [45].

For the analyses of a P2MP networks, there are many existing networks in the lit-

erature. As an example, a new P2MP network based on hybrid FSO/RF transmission
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system is presented by T. Rakia to achieve considerable performance improvement of
P2MP Hybrid FSO/RF network over the P2MP FSO-only network [17]. This network
is based on a cross layer Markov chain model and the data is transmitted over the
FSO and RF links at the same rate subject to a number of constraints. Further, an
equal priority protocol when transmitting to a remote node using a common backup
RF link, where the lowest number node will have the highest priority as summarized
in Table 3.1. As a result, the network performance yields a small limitation.

Another P2MP network is present a new model that introduced in [44]. This
P2MP network presents a new analyses based on a cross layer Markov chain model to
improve the performance metrics of previous network. A non-equal priority protocol
is introduced when transmitting to a remote node using a common backup RF link,
where first node has the highest priority for accessing the RF link as in Table 3.1. As
a result, the network performance suffers a small constraints.

Another recent P2MP network is present a new strategy that projected in [45].
This network deploy a non-equal priority protocol and p-persistent strategy for nodes
accessing the RF link and consider the back up RF transmission link with lower frame
transmission rates as compared to the FSO link. Using p-persistent strategy on non-
equal priority basis, where the lowest number node will have the highest priority
as shown in Table 3.1. This P2MP network improves the performance metrics of
previous networks.

Unlike the P2MP network presented in Chapter 3, the two mentioned networks
in [44] and [45] use non-equal priority protocol, where the lowest number node will
have the highest priority and the data frame is transmitted over the FSO and RF
links at different rates [45]. While P2MP network mentioned in [17] use an equal
priority protocol, where the lowest number node will have the highest priority and
the resulting Markov chain is a single-arrival, single-departure queue.

In this P2MP network, FSO links are used for data transmission from a central
location to multiple users. When more than one FSO link fail, the central node uses a
common backup RF link to transmit a frame to a remote node using an equal priority
protocol. We assume two traffic classes, a high-priority and low-priority classes. The
base station reserves two transmit buffers of each user for the down link transmission
as summarized in Table 3.1. Considering the down link traffic from the base station
to a tagged remote node, we study several performance metrics. We develop a cross-
layer Markov chain model to study the throughput from central node to a remote

node as well as the performance of the resulting system.
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3.2 FSO and RF Channel States

The FSO link is the main channel used for data transmission as long as the instanta-
neous signal-to-noise ratio (SNR) at the optical receiver of the remote node is above
a certain threshold. When SNR falls below the certain threshold, the central node
uses the RF link for data transmission.

We define a to be the probability that a certain FSO link is in poor quality. The
actual calculations of a are defined in [1,9,17].

Similarly, the RF link is also affected by fading and we define b to be the probability
that the RF link is in poor quality due to fading and can not be used for data

transmission. The actual calculations for b are defined in [1,9,17].

3.3 An Equal Priority Protocol

Since we allocated only one backup RF link, the central node uses the common RF
link to communicate with any one of the remote nodes with failed FSO links on
an-equal priority basis.

An equal priority protocol means that the remote nodes have equal priorities in
being assigned the RF link. The base station reserves two transmit buffers for class-
1 and class-2 traffic for each user. Class-1 traffic is considered the highest-priority
traffic and class-2 traffic is the lowest-priority traffic.

With failed FSO link, when using equal priority protocol to serve all the remote
nodes, the central node will use the common backup RF link to send data frame with

probability p for class-1 traffic with the highest priority.

3.4 Steady State System Performance Modeling

Since all the remote nodes are identical, we can study the system performance by

focusing on one remote node (tagged node).

3.4.1 Private Communications of Channel Access Probabil-
ity with Dr.Fayez Gebali [24].

In this section we will find expression for the probability a tagged node getting access
to the FSO or RF channels.
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The tagged node does not compete if the FSO channel is available with probability
1—a.

To find the probability that the tagged node gets access to the RF channel we
need to consider the state of the other nodes. Assuming the tagged node has bad
FSO channel but its RF channel is available, we define z, to be the probability that
a user requires the RF channel.

The probability that a user requires the RF channel is given by three independent

events:
1. FSO channel is bad
2. RF channel good
3. There is at least one frame from class-1 traffic or class-2 traffic

This is expressed as:
zo = a(l = b) [wys1(0) + (1 — 51(0)) + was2(0) + (1 — $2(0))] (3.1)

where $1(0) and s9(0) are the probabilities that class-1 or class-2 buffers are empty,
respectively.
Assuming the tagged node requires the RF channel, the probability that it is

granted access to the RF channel is given by:

N -1 1/N -1
Tpp = ( 0 )xg(l—xa)N_1+§< . )x;(l—xa)N_Q

1/N-1\ , N 1/N=1\ x,
- 1— e — 2
+3< 5 )xa( xq)" T+ +N(N—1)$“ (3.2)
(3.3)
N-1
1 N -1\ . ‘
_ 11_ aN*Z*l 34
> (M ) (3.4)

The probability that the tagged user gets access to a channel is given by

Per = (1 —a) +a(l —b)xgr
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3.4.2 Probability of Channel Access for Each Traffic Class

Independent of the state of the FSO or RF channels, we need to find probabilities of
selecting traffic from Class-1 or Class-2.
Assuming that Class-1 traffic requires access to the channel, the probability that

it is selected is given by:
Yy = (]. — w2)82(0) + [U}QSQ(O) +1-— 82(0)]]9 (35)

Similarly, the probability that class-2 buffer is selected, when it requires channel

access, is given by:
y2 = (1 —wi)s1(0) 4 [wis1(0) + 1 — 51(0)] (1 — p) (3.6)

where $1(0) and s5(0) are the probabilities that class-1 buffer is empty or class-2
buffer is empty, respectively.

Having found p., y1 and ys, we now need to know the probability of selecting a
packet from each buffer. The probability that the tagged user Class-1 buffer is able
to transmit on the FSO/RF channel is given by:

21 = Pen Y1 (3.7)

Likewise, the probability that tagged user Class-2 traffic accesses the FSO/RF channel
is given by:

22 = Peh Y2 (3.8)

3.4.3 Tagged Node Queuing Model

The central node assigns a first-in-first-out (FIFO) transmit buffer of size B frames
for every remote node. The data frames arrive at the transmit buffer at rate R;,
frames/second. The frame arrival rate Ry, is assumed to be the same for all the N
transmit buffers. We define R,,; as the frame departure rate. To prevent transmit
buffer overflow, we must ensure that R,,; is greater than or equal to R;,. Here, the
frame arrival rate R;, changes over time with maximum value equal to R,,. We
can use the discrete-time Markov chain to model the states of the transmit buffer for

the tagged node. The time step of the discrete-time Markov chain, denoted by T, is
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chosen as: .
T = 3.9
maX(Rm, Rout) ( )

We choose the time step T' to allows a single-arrival, single-departure queue.

T > T (3.10)

T < Hlil’l(Tl,TQ) (311)
1

(3.12)

maX(Rin ) Rout)

Figure 3.2 shows the state transition diagram for the class-1 or class-2 buffers,

where it was assumed that each buffer is of size B. The probabilities in the figure for

Jo f f /8
(D v CQw Cou w ()
oW OO WO

v v \4 1%

Figure 3.2: State transition diagram for class-1 or class-2 buffers.

class-1 buffer are given by:

[1(0) = (I —w)+wzn (3.13)
up = wi(l—2)=1- fi(0) ( )
v = (I1—w)z (3.15)
fii = 1-w—u (3.16)

(3.17)

fl(B) = 1- U1
For class-2 traffic, Fig. 3.2 still applies but the transition probabilities are given by:

L(0) = (1 —ws) +wazo (3.18)
uy = wy(l —z9) =1— f5(0) ( )
ve = (1 —wq)ze (3.20)
fo = 1—uy—v (3.21)

(3.22)

fQ(B) = 1- (%)
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The state transition matrix P for either class-1 or class-2 traffic is given by:

—fo - -
f v
0 u f
P= | @ 1 . (3.23)
0o 00 -~ f v O
0 0 -~ u f w
0 0 -+ 0 u fp

The steady state distribution vector s corresponding to Fig. 3.2 or Eq. (3.23) is given
by:

s=[sy s -+ sp (3.24)
where s; is the probability that the transmit buffer has ¢ frames, where 0 <1: < B.

According to [24], the distribution vector components must satisfy the normaliza-

tion condition:
d si=1 (3.25)
At steady state, the distribution vector s satisfies the equation:

Ps=s (3.26)

The steady-state distribution vector s is the eigenvector of P that corresponds to unity

eigenvalue. From Eq. 3.26, we can write the following set of difference equations:

—usp+vsy = 0 (3.27)
usp — (v+u)s;+vsy = 0 (3.28)
usi_1 —vs; — (u+v)s;+vsyy = 0; 0<i<B (3.29)

The solution of the above set of difference equations can be given in general form
as [24]:
si = p'so, 0<:<B (3.30)
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where for class-1 traffic pl is given by:

Cul wi(l—2)

1= — =~ =/ 3.31
P vl (1 —wy)zn ( )
and for class-2 traffic, p2 is given by:
u2  wo(l — 29)
ek S A 3.32
p v2 (1 — ’LUQ)ZQ ( )
The solution for sy obtained by substituting (3.30) in (3.25) gives:
l—p
Combining (3.33) and (3.30) gives the states as:
1 — %
o= Lmpe 0<i<B (3.34)

Z—l—pBJ’_l ’

3.5 Tagged Node Performance Metrics

The steady state distribution vector s allows us to analyze the various performance

metrics as explained in the following subsections.

3.5.1 Throughput from Central Node to the Tagged Node

We define the throughput T'h as the probability of transmitting a frame over a frame

period. The Th, for class-1 traffic can be calculated as:
Th1 = [w150 + (1 — 50)] 21 (335)

where the first term on the RHS is the probability a frame leaves the buffer when the
buffer is empty. The second term on the RHS is the probability a frame leaves the
buffer when it is not empty. Using (3.25), the expression in (3.35) becomes:

Thy =z [1 —sp(1 —w)] (3.36)



25

Likewise, the throughput Thsy of class-2 traffic is given by:

Thy = 29 [1 — sp(1 — wy)] (3.37)

3.5.2 Average Buffer Size

The average buffer size @), is the average number of frames in the buffer, which can

be expressed as:
B
Qo= is; (3.38)
i=0

This expression represents the weighted sum of the number of frames in the buffer.
Substituting (3.30) in (3.38) and using [ [24], Eq (1.2.2.3)] the the average buffer size

is given by:
pll = (B+1)p” + Bp"*|

(1=p)(1—pBtt)

Qu = (3.39)

3.5.3 Average Buffer Queuing Delay

The average queuing delay T}, is the average number of time steps that a frame spends

in the buffer before being transmitted. Using Little’s result, this delay is given by [24]:

7 Qe

V= (3.40)

3.5.4 Frame Loss Probability

A frame is lost in the queue when it arrives to a full transmit buffer and a head
symbol is not able to leave the queue. Using traffic principle described in [24], the
frame loss probability Py, is given by:

Pr=wsp(1 —(z1,2)) (3.41)

3.5.5 Efficiency of the Queue

The ratio of probability of a frame leaving the buffer relative to the probability that

a frame arriving at the buffer, denoted by ¢ , is expressed as:

- Th _ (z1,2) [1 = s0(1 = (w1,2)]

@ (3.42)
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The efficiency ¢ gives an indication of frame loss due to buffer overflow. A value
of ¢ = 1 implies no buffer overflow. A value of ¢ < 1 implies buffer overflow and

potential frame loss.

3.6 Summary

In this chapter, we defined a P2MP network based on hybrid FSO/RF transmission
system. In case its fail FSO link, A common backup RF link is used to transmit data
from the central node to the tagged node. We studied the performance of a tagged
node instead of studying all system performance. A Cross layer Markov chain model
was developed for the transmit buffer of the link among the central node and the
tagged remote node on an equal priority basis. We presented a various performance
metrics based on a single remote node (tagged node) such as throughput from central
node to the tagged node, the average transmit buffer size, the frame queuing delay in

the transmit buffer, the efficiency of the queuing system, and frame loss probability
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Chapter 4
Analytical and Numerical Results

In this chapter, we present several analytical and numerical results to clarify the
analysis introduced in Chapter 3. We developed a MATLAB code to study the
performance evaluation of the defined network.

In Section 4.1, we discuss the relevant parameters of the FSO and RF considered
for the numerical results given in Table 4.1, and provided the required values to
calculate the performance of proposed network.

In Other Sections, we illustrate different graphs of the existing P2MP network
performances and summarized of each at the end.

For comparison purposes, we compare our P2MP hybrid network performance
metrics with that of P2MP hybrid network presented in [17], [44] and [45].

The comparison includes throughput from the central node to remote nodes, Av-
erage queuing delay, Average buffer size, Frame loss probability and the efficiency of
the remote nodes. However, due to the different ways of presenting these results in
the other papers, sometimes it is not possible to compare all performance parameters,
such as transmitting the data frame over the FSO and RF links at non-equal data

rate.

4.1 Parameters of FSO and RF subsystems

FSO and RF links are affected completely differently by atmospheric and weather
conditions. Both the FSO and RF links are fading greatly affected by atmospheric
conditions which are embedded in for the calculations of @ and b in [1]. The FSO link
is affected by foggy weather while the RF link affected by rainy weather. Thus, we
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only use certain values of a and b representing typical weather conditions to test the
model. Further we assume different values of probability p for transmitting over the

common backup RF link.

Table 4.1: Parameters of FSO and RF subsystems.

H FSO and RF subsystem H

H Parameter H frame H Value H
Probability of FSO link in poor condition a 0.1
Arrival probability w1 0.01 - 1.00

Frames arrive with probability for class-2 Wo 0.25, 0.5
Probability of RF link in poor condition b 0.9
Total number of nodes N 4
Transmit buffer size class-1 B 6
Transmit buffer size class-2 B, 6

The probability of chosen class-1 traffic over class-2 traffic P 0.5, 1

Table 4.1 illustrates the parameter values we will use to evaluate the performance
for our Hybrid FSO/RF system.

For comparison purposes, the parameters values of our P2MP network is set to
a=0.1,b=0.9, B = 6, and p probability value is considered as p = 1, wy, = 0.5
instead of other existing values because it gives better results. However, the results
obtained are still used to evaluate and compare the existing P2MP network results
with its counterparts.

There are generally three approaches by which scientific problems and equations
are solved, Analytical, Numerical and Experimental. However, we can not perform
experimental method every time because of cost and time constraints.

Analytical methods are the conventional methods to solve problems. But due to
restraints caused due to complex Geometry, Boundary conditions, etc we are not able
to solve equation analytically. Further than this, the method of solution must be
easier to become skilled in than the usual methods (i.e. analytical solutions). And
the results must be easy to verify much easier than is the case with a complicated
piece of algebra.

Moreover, the time required to arrive at the desired result by analytical methods
can not be foreseen with any certainty. Many problems exist that have no analytical

solution. And even problems with analytical solutions do have them because lots of
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constants are assumed to be constant. However the analytical solution to a simplified
problem learns us a lot about the behavior of the system. On the other side if no
analytical solution method is available then we can investigate problems quite easily
with numerical methods. However care has to be taken that a converged solution is
obtained.

So, from past many years we are moving towards Numerical methods as they can
provide almost accurate result in comparison with analytical method and that too
in less time and easy way. Further, numerical method always works with iteration.
When we determine the final answer for each question must together with some errors.

Numerical results are presented and validated by Monte Carlo simulations, which
follows the same Monte Carlo procedure as described in [46]. Monte Carlo methods
are a class of computational algorithms can be applied to wide ranges of problems,
and rely on repeated random sampling. This method is used to solve systems that
might be deterministic in principle. The analytical results have been verified by using

Monte-Carlo simulation.

4.2 Throughput Th Results and Discussion

In this section, we present selected numerical examples to illustrate our analysis
introduced in Chapter 3. The results of this existing P2MP network are also compared
with an efficient P2MP networks presented in [17], [44] and [45].

4.2.1 Simulation Results

In Fig. 4.1, we plot the throughput Th as function of the frame arrival probability
wy for different classes traffic with N equal priority users and equal values of buffer
size.

We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is B = 6, and
p probability value is considered as p = 1. The results obtained from our P2MP
network are compared with results using the P2MP network presented in [17], [44],
and [45].

It can be seen in Fig.4.1 (a), the throughput graph shows two phases viz linear
and saturation. The linear phase occurs at low w; values, while the saturation phase
occurs for higher values of w;. The transition point occurs when the frame arrival

probability w; = 0.9. Since we have used an equal priority protocol, the tagged
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node does not compete if the FSO channel is available. Class-1 shows the highest
throughput because it has the highest priority of accessing the RF link. On the other
hand, Class-2 has the lowest priority of accessing the RF link, so it shows the lowest
throughput.

For Class-1, the transition from linear to saturation phase occurs when the trans-
mit buffer is not empty. The throughput for Class-1 saturates at TTh = 0.9 because
the RF link is being accessed with the probability p and there is no dip in throughput
because of an equal priority protocol.

The Class-2 starts and remains saturated at Th = 0.5 with probability FSO and
available RF link. The throughput for Class-2 saturates at T'h # 0 because of p
probability; the tagged node does not compete if the FSO channel is available. The
decreasing throughput occurs for higher values of w;. Class-2 traffic transition points
in throughput occur at region w € [0.45,1] with decreasing throughput Th = 0.45.

This is because the RF link access priority increase with decreases in priority of
classes.
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Figure 4.1: Throughput with a =0.1,b=0.9, p=1, w, = 0.5, By =6, and B, =6
frames. (a) Analytical simulation. (b) Numerical simulation.

Fig.4.1 (b) shows Monte Carlo simulation for the same parameters and results

shows strong agreement with the analytical model.



31

In Fig. 4.2, we plot the throughput T'h as function of the frame arrival probability
wy for different classes traffic with N equal priority users and equal values of buffer
size.

We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is B = 6, and
p probability value is considered as p = 0.5.

It can be seen in Fig.4.2 (a), the throughput graph shows two phases viz linear and
saturation. The linear phase occurs at low w values, while the saturation phase occurs
for higher values of w;. The transition point occurs when the frame arrival probability
wi = 0.45. Class-1 shows the highest throughput because it has the highest priority of
accessing the RF link. On the other hand, Class-2 has the lowest priority of accessing
the RF link, so it shows the lowest throughput.
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Figure 4.2: Throughput with a = 0.1, b = 0.9, p = 0.5, ws = 0.5, By = 6, and By =
6 frames. (a) Analytical simulation. (b) Numerical simulation.

For Class-1, the transition from linear to saturation phase occurs when the trans-
mit buffer is not empty. The throughput for Class-1 saturates at T'/h = 0.43 because
the RF link is accessed with the probability p and there is no dip in throughput.

The Class-2 starts and remains saturated at Th = 0.5 with probability FSO and
available RF link. The throughput for Class-2 saturates at Th # 0 because of p
probability; the tagged node does not compete if the FSO channel is available and no
dip in throughput because of an equal priority protocol.

Fig.4.2 (b) shows Monte Carlo simulation for the same parameters and results

shows strong agreement with the analytical model.
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In Fig. 4.3, we plot the throughput T'h as function of the frame arrival probability
wy for different classes traffic with N equal priority users and equal values of buffer

size.
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Figure 4.3: Throughput with a=0.1,b =09, p =1, wy = 0.25, B; = 6, and By, =
6 frames. (a) Analytical simulation. (b) Numerical simulation.

We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is B = 6, and
p probability value is considered as p = 1.

It can be seen in Fig.4.3 (a), the throughput graph shows two phases viz linear
and saturation. The linear phase occurs at low w; values, while the saturation phase
occurs for higher values of w;. The transition point occurs when the frame arrival
probability w; = 0.85. Class-1 shows the highest throughput because it has the
highest priority of accessing the RF link. On the other hand, Class-2 has the lowest
priority of accessing the RF' link, so it shows the lowest throughput.

For Class-1, the transition from linear to saturation phase occurs when the trans-
mit buffer is not empty. The throughput for Class-1 saturates at TTh = 0.9 because
the RF link is being accessed with the probability p and there is no dip in throughput
because of an equal priority protocol.

The Class-2 starts and remains saturated at Th = 0.25 with probability FSO
and available RF link. The throughput for Class-2 saturates at Th # 0 because of
p probability; the tagged node does not compete if the FSO channel is available.
The decreasing throughput occurs for higher values of w;. Class-2 traffic transition
points in throughput occur at region w; € [0.6, 1] with decreasing throughput Th =

0.25. This is because the RF link access priority increase with decreases in priority
of classes.
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Fig.4.3 (b) shows Monte Carlo simulation for the same parameters and results
shows strong agreement with the analytical model.
In Fig. 4.4, we plot the throughput T'h as function of the frame arrival probability

wy for different classes traffic with N equal priority users and equal values of buffer
size.
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Figure 4.4: Throughput with a = 0.1, b = 0.9, p = 0.5, wy = 0.25, By = 6, and By
= 6 frames. (a) Analytical simulation. (b) Numerical simulation.

We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is B = 6, and
p probability value is considered as p = 0.5.

It can be seen in Fig.4.4 (a), the throughput graph shows two phases viz linear and
saturation. The linear phase occurs at low w values, while the saturation phase occurs
for higher values of w;. The transition point occurs when the frame arrival probability
w1 = 0.65. Class-1 shows the highest throughput because it has the highest priority of
accessing the RF link. On the other hand, Class-2 has the lowest priority of accessing
the RF link, so it shows the lowest throughput.

For Class-1, the transition from linear to saturation phase occurs when the trans-
mit buffer is not empty. The throughput for Class-1 saturates at T/h = 0.65 because
the RF link is accessed with the probability p and there is no dip in throughput.

The Class-2 starts and remains saturated at T'h = 0.25 with probability FSO and
available RF link. The throughput for Class-2 saturates at Th # 0 because of p
probability; the tagged node does not compete if the FSO channel is available and no

dip in throughput because of an equal priority protocol.
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4.2.2 Comparison

Comparing the results with the ones obtained in the existing P2MP network, T.
Rakia, presents two situations for throughput, when there is no backup RF link and
the other situation is using a common backup RF link in [17].

The results show that the saturation phase of the throughput decreases with
increasing N. This is due to the increasing competition to access the shared RF link,
while the other throughput lines when there is a backup RF link show the improved
throughput occur at Th = 0.8.

Whereas the results from our P2MP network, Class-1 shows the highest through-
put because it has the highest priority of accessing the RF link, the tagged node does
not compete if the FSO channel is available. The throughput for Class-1 saturates at
a Th = 0.9 because the RF link is being accessed with the probability p and there is
no dip in throughput. While the Class-2 starts and remains saturated at Th = 0.5
with probability FSO and available RF link.

In another P2MP network by N. Lashari. in [44], their results show that Node
1 shows the highest throughput because it has the highest priority of accessing the
RF link. Their improved throughput occur at Th = 0.8, while node 4 has the lowest
priority, so it shows the lowest throughput. There is a dipping phase occur between
the lines, this drop is because of non-equal priority protocol.

Our P2MP network results show better results for the same framing rate, the
throughput for Class-1 saturates at Th = 0.9 and there is no dip in throughput
because of an equal priority protocol.

Another P2MP network that uses different rates for transmitting the data frame
over the FSO and RF links and p-persistent strategy is presented in [45]. In this P2MP
network, using a non-equal priority protocol and p-persistent strategy to improve the
performance metrics with equal frame transmission rates of FSO and RF link, the
results show that the throughput is entirely linear for all frame arrival probabilities
of the highest priority Node 1. A sudden drops in throughput after the linear phase
occur for Nodes 2, 3 and 4; the transition occurs when the transmit buffer is not
empty and arriving frames can not leave the buffer because access to the RF link is
restricted.

In contrast, using the same frame transmission rates of FSO and RF link with
an equal priority protocol and choosing class-1 with probability p as a high-priority
traffic and class-2 with probability p—1 as a low-priority traffic, the results of existing
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network show considerable improvements comparing with mentioned networks.

In this section we evaluated that under foggy weather conditions and no rain the
transition point in throughput occurs at lower values of w; for a high values of p
probability. The throughput for Class-1 traffic is the highest with the high values of
p probability and the highest priority of accessing the RF link with an equal priority
protocol. It can be seen that using a p probability with an equal priority protocol

had improved the throughput.

4.3 Average Buffer Size (), Results and Discussion

In this section, we present selected numerical examples to illustrate our analysis
introduced in Chapter 3. The results of this existing P2MP network are also compared
with an efficient P2MP networks presented in [17], [44] and [45].

4.3.1 Simulation Results

In Fig. 4.5, we plot the average buffer size ), as function of the frame arrival
probability w; for two classes traffic with IV equal priority users. The results obtained
with existing P2MP network are compared with some of the results from previous

mentioned networks at the end of this section.
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Figure 4.5: Average Buffer Size with a = 0.1, b=0.9,p =1, ws = 0.5, B; = 6, and
B, = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is B = 6, and
the p probability value is considered as p = 1.
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It can be seen in Fig. 4.5 (a), the @, graph for Class-1 traffic, the buffer starts
filling at high frame arrival probabilities w; = 0.8 when there is a backup RF link
with NV equal priority users. This is because the central node uses the backup RF
link. The average buffer size ), increases with smaller values of w; = 0.2 as the
priority increase. The average buffer size (), saturates at the maximum buffer size B
as expected.

The second case is for Class-2 traffic when there is no backup RF link, because of
having the lowest priority to access RF link. In this situation, the buffer starts filling
at low frame arrival probabilities. This is because the FSO link is in bad quality due
to the foggy weather. The average buffer size (), saturates at the maximum buffer
size B as expected.

Fig. 4.5 (b) shows Monte Carlo simulation for the same parameters and results
shows strong agreement with the analytical model.

In Fig. 4.6, we plot the average buffer size (), as function of the frame arrival

probability w; for two classes traffic with N equal priority users.
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Figure 4.6: Average Buffer Size with a = 0.1, b = 0.9, p = 0.5, ws = 0.5, By = 6,
and By = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is B = 6, and
the p probability value is considered as p = 0.5.

It can be seen in Fig. 4.6 (a) the @, graph for Class-1 traffic, the buffer starts
filling at low frame arrival probabilities w; = 0.3. This is because Class-1 has the
highest priority to access the RF link.

The special case for Class-2 traffic will have the least average buffer size @, = 3.5,

because of having the lowest priority to access RF link. The buffer starts filling at
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low frame arrival probabilities w; = 0.3. The average buffer size (), saturates at the
maximum buffer size B as expected.

Fig. 4.6 (b) shows Monte Carlo simulation for the same parameters. The strong
similarities between the analytical and numerical results prove our analytical model

to be accurate.
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Figure 4.7: Average Buffer Size with a = 0.1, b =0.9, p =1, ws = 0.25, By = 6, and
B, = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

In Fig. 4.7, we plot the average buffer size @), as function of the frame arrival
probability w; for two classes traffic with N equal priority users.

We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is B = 6, and
the p probability value is considered as p = 1.

It can be seen in Fig. 4.7 (a), the @, graph for Class-1 traffic, the buffer starts
filling at high frame arrival probabilities w; = 0.75 when there is a backup RF link
with NV equal priority users. This is because the central node uses the backup RF
link. The average buffer size @), increases with smaller values of w; = 0.2 as the
priority increase. The average buffer size (), saturates at the maximum buffer size B
as expected.

The second case is for Class-2 traffic when there is no backup RF link, because of
having the lowest priority to access RF link. In this situation, the buffer starts filling
at low frame arrival probability. This is because the FSO link is in bad quality due
to the foggy weather. The average buffer size (), saturates at the maximum buffer
size B as expected.

Fig. 4.7 (b) shows Monte Carlo simulation for the same parameters and results

shows strong agreement with the analytical model.
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In Fig. 4.8, we plot the average buffer size @), as function of the frame arrival
probability w; for two classes traffic with N equal priority users.

We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is B = 6, and
the p probability value is considered as p = 0.5.

It can be seen in Fig. 4.8 (a) the @, graph for Class-1 traffic, the buffer starts
filling at low frame arrival probabilities w; = 0.4. This is because Class-1 has the
highest priority to access the RF link.

The special case for Class-2 traffic will have the least average buffer size (), = 0.5,
because of having the lowest priority to access RF link. The buffer starts filling at
low frame arrival probabilities w; = 0.2. The average buffer size (), saturates at the

maximum buffer size B as expected.
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Figure 4.8: Average Buffer Size with a = 0.1, b = 0.9, p = 0.5, wy, = 0.25, B; = 6,
and By = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

Fig. 4.8 (b) shows Monte Carlo simulation for the same parameters. The strong

similarities between the analytical and numeric results prove our analytical model to

be accurate.

4.3.2 Comparison

Comparing the results with the ones obtained in the existing P2MP network, T.
Rakia, shows two situations, when there is no backup RF link and the other is when
there is backup RF link and only one remote node [17]. In first case the buffer starts
filling at low symbol arrival probabilities w; = 0.1 because the FSO link is in bad
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quality, while the second case shows improved result, the buffer starts filling at high
symbol arrival probabilities w; = 0.6.

Whereas the results from our P2MP network, Class-1 shows the best improved
result, the buffer starts filling at high symbol arrival probabilities w; = 0.8 and the
average buffer size (), increases with smaller values of w; = 0.2 as the priority increase.
The second case for Class-2 traffic shows better result comparing with mentioned
network, the buffer starts filling at low frame arrival probabilities because of having
the lowest priority to access RF link w; = 0.2. The average buffer size ), saturates
at the maximum buffer size B = 6 for both cases as expected, the results of existing
network show great improvements comparing with mentioned networks.

In another P2MP network by N. Lashari. in [44], their results show that the buffer
is transmitting the packet immediately after receiving them, so its buffer size does
not increase for the highest priority Node 1, while Node 4 has the lowest priority of
using the RF link, so the buffer size increases.

Our P2MP network results show better results for the same framing rate, the
average buffer size (), increases with smaller values of w; = 0.2 as the priority increase
for class-1 traffic and the lowest priority class-2 traffic starts filling at wy; = 0.2. The
average buffer size (), saturates at the maximum buffer size B = 6 for both cases as
expected.

Another P2MP network that uses different rates and p-persistent strategy shows
that the buffer starts filling at high values of w; = 0.8, because Node 1 has the highest
priority to access the RF link, while buffer starts filling at low values w; = 0.1 of the
lowest priority [45]. On the other hand, using the same frame transmission rates of
FSO and RF link with an equal priority protocol, the results of existing network show
great improvements comparing with mentioned networks.

In this section we evaluated that under foggy weather conditions and no rain, the
transmit buffer with an equal priority users starts filling at lower values of w; for

higher values of p probability.
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4.4 Average Buffer Queuing Delay 7, Results and

Discussion

In this section, we present selected numerical examples to illustrate our analysis
introduced in Chapter 3. The results of this existing P2MP network are also compared
with an efficient P2MP networks presented in [17], [44] and [45].

4.4.1 Simulation Results

We plot the average queuing delay T; as function of the frame arrival probability w; for
different classes traffic with N equal priority users. The average queuing delay starts
at low values then starts increasing after a certain frame arrival probability value w.
The delay increases with increasing traffic w; and a high values of p probability.

In Fig. 4.9, We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is
B = 6, and the p probability value is considered as p = 1.
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Figure 4.9: Average queuing delay with a = 0.1, b =09, p =1, wy = 0.5, B; = 6,
and By = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

The best performance occurs for the case of Class-1 traffic because of having
highest priority to access backup RF link. The worst performance occurs for Class-2
traffic because of having the lowest access to RF link.

It can be seen Fig. 4.9 (a), Class-1 the value of Average buffer delay starts
increasing at w; = 0.8 and the T'q # 0 ; this is because of the p probability, every
incoming frame will spend some time in the buffer before being transmitted. Class-2

traffic starts increasing at w; = 0.2 and the Tq # 0.
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Fig. 4.9 (b) shows Monte Carlo simulation for the same parameters. The strong
similarities between the analytical and numerical results prove our analytical model
to be accurate.

In Fig. 4.10 , We consider a = 0.1, b = 0.9, the buffer size of each classes traffic
is B = 6, and the p probability value is considered as p = 0.5.

Average Queing Delay for Class 1 and Class 2 Average Queing Delay for Class 1 and Class 2

10 10
= s
= s} < s8f
> >
K] ]
[ [
o 6F [=] 6 1
[) (] —Class 2
& 4f & 4 -
o o
o o
o s
g 2r e 2r
< <
0 | | | | 0 | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Arrival Probability (wy) Arrival Probability (w)

(a) (b)

Figure 4.10: Average queuing delay with a = 0.1, b = 0.9, p = 0.5, we, = 0.5, By =
6, and By = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

The best performance occurs for the case of Class-1 traffic because of having
highest priority to access backup RF link. The worst performance occurs for Class-2
traffic because of having the lowest access to RF link.

It can be seen in Fig. 4.10 (a), Class-1 the value of Average buffer delay starts
increasing at w; = 0.2 and the Tq # 0 for all the nodes; this is because of the p
probability, every incoming frame will spend some time in the buffer before being
transmitted.

Fig. 4.10 (b) shows Monte Carlo simulation for the same parameters. The numer-
ical results strongly coincide with analytical results, proving our analytical model to
be accurate.

In Fig. 4.11, We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is
B = 6, and the p probability value is considered as p = 1.

The best performance occurs for the case of Class-1 traffic because of having
highest priority to access backup RF link. The worst performance occurs for Class-2
traffic because of having the lowest access to RF link.

It can be seen Fig. 4.11 (a), Class-1 the value of Average buffer delay starts
increasing at w; = 0.7 and the T'q # 0 ; this is because of the p probability, every
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incoming frame will spend some time in the buffer before being transmitted. Class-2

traffic starts increasing at w; = 0.2 and the T'q # 0.
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Figure 4.11: Average queuing delay with a = 0.1, b =0.9, p =1, wy = 0.25, B; = 6,
and By = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

Fig. 4.11 (b) shows Monte Carlo simulation for the same parameters. The strong

similarities between the analytical and numeric results prove our analytical model to

be accurate.
In Fig. 4.12 , We consider a = 0.1, b = 0.9, the buffer size of each classes traffic
is B = 6, and the p probability value is considered as p = 0.5.
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Figure 4.12: Average queuing delay with a = 0.1, b = 0.9, p = 0.5, w, = 0.25, B; =
6, and By = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

The best performance occurs for the case of Class-1 traffic because of having
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highest priority to access backup RF link. The worst performance occurs for Class-2
traffic because of having the lowest access to RF link.

It can be seen in Fig. 4.10 (a), Class-1 the value of Average buffer delay starts
increasing at w; = 0.3 and the T'q¢ # 0 for all the nodes; this is because of the p
probability, every incoming frame will spend some time in the buffer before being
transmitted.

Fig. 4.12 (b) shows Monte Carlo simulation for the same parameters. The numer-
ical results strongly coincide with analytical results, proving our analytical model to

be accurate.

4.4.2 Comparison

The results obtained from the existing network are compared with the results from
previous work. The average queuing delay T; by T. Rakia, shows an S-type behavior,
it starts at low values then increasing with increasing values of N, then saturates [17].
The best result occurs when there is a single remote node with a backup RF line,
while the worst result occurs when using the FSO links only without a backup RF
link, so that the symbol will wait until the FSO link becomes available. However, the
special case for N = 1 having the least average queuing delay Tq.

On the other hand, In P2MP network by N. Lashari, in [44], the results show
the highest priority Node 1 get preference while accessing the RF link but has lowest
queuing delay. In contrast, The behavior of average queuing delay shows that, it
initially increases as packets arrive at the node and it then saturates the lowest priority
Node 4 has the highest queuing delay.

In another P2MP network by Y. A. Ansari, in [45], the results show that the
delay increases with increasing number of nodes and traffic w. However, for equal
frame transmission rates of FSO and RF link, the access to the RF link for a node
is restricted by a node of lower number, which causes the performance to decrease
(high values of Average buffer delay for small of values w) and the best performance
occurs for highest priority Node 1.

Whereas the results from our P2MP network, for different classes traffic with NV
equal priority users and equal frame transmission rates of FSO and RF link, show that
The delay increases with increasing traffic w; and a high values of p probability. The
best performance occurs for the case of Class-1 traffic because of having highest

priority to access backup RF link at w; = 0.8 and the T'q¢ # 0, while he worst
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performance occurs for Class-2 traffic because of having the lowest access to RF link
wy = 0.2 and the T'q # 0.

In result, our P2MP network show better results compared with the mentioned
Networks with the same frame transmission rates of FSO and RF link and existing
Parameters, and in many times, they require less computation. However, the existing
P2MP network still offer satisfactory results with considerable improvement of the
performance metrics.

In this section we evaluated that under foggy weather conditions and no rain the
Average buffer queuing delay starts increasing at lower values of w; for high value
of p probability, as incoming traffic increases buffer queuing delay also increases for

both classes.

4.5 Frame Loss Probability P; Results and Discus-
sion

In this section, we present selected numerical examples to illustrate our analysis
introduced in Chapter 3. The results of this existing P2MP network are also compared
with an efficient P2MP networks presented in [17], [44] and [45].

4.5.1 Simulation Results

We plot the frame loss probability P;, as function of the frame arrival probability w;
for different classes traffic with N equal priority users.

The frame loss probability goes into two phases viz zero loss and linear. The zero
loss phase occurs at low w; values. The linear phase occurs for higher values of wy.
The transition point occurs when the buffer is full with probability sg > 0. This
condition is equivalent to the condition sy = 0, this condition occurs when p = 1.
This occurs when the frame arrival probability w; = 2;,5. Therefore, the zero loss
phase of the frame loss probability occurs in the region w; € [0, 21,2]. The linear
phase of the frame loss probability occurs in the region w; € [21,2,1].

In Fig. 4.13, We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is
B = 6, and the p probability value is considered as p = 1.

It can be seen in Fig. 4.13 (a), that Class-1 shows zero loss from w; = 0 until
w1 = 0.9. This is because Class-1 has the highest priority to access the RF link and

to transmit the frame. The linear phase of the frame loss probability occurs when the
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buffer starts filling up at w; = 0.9 until w; = 1 with P, = 0.1. The worst performance

occurs for Class-2 traffic because of having the lowest access to RF link, It goes from

zero to linear phase at w; = 0.3 and starts filing up at wy = 0.3 with at most P, = 1.
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Figure 4.13: Frame Loss Probability with a = 0.1, b= 0.9, p =1, wy = 0.5, B; = 6,
and By = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

Fig. 4.13 (b) shows Monte Carlo simulation for the same parameters. The strong

similarities between the analytical and numerical results prove our model to be accu-

rate.

In Fig. 4.14, We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is
B = 6, and the p probability value is considered as p = 0.5.
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Figure 4.14: Frame Loss Probability with a = 0.1, b = 0.9, p = 0.5, ws = 0.5, B; =
6, and By = 6 frames. (a) Analytical simulation. (b) Numerical simulation.
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It can be seen in Fig. 4.14 (a), Class-1 shows zero loss from w; = 0 until w; = 0.4.
This is because Class-1 has the highest priority to access the RF link and to transmit
the frame. The linear phase of the frame loss probability occurs when the buffer
starts filling up at w; = 0.4 until w; = 1 with P, = 0.5.

The worst performance occurs for Class-2 traffic because of having the lowest
access to RF link, It goes from zero to linear phase at w; = 0.4 and starts filing up
at w; = 0.4 with at most P, = 0.1.

Fig. 4.14 (b) shows Monte Carlo simulation for the same parameters. The strong
similarities between the analytical and numerical results prove our model to be accu-
rate.

In Fig. 4.15, We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is
B = 6, and the p probability value is considered as p = 1.

It can be seen in Fig. 4.15 (a), that Class-1 shows zero loss from w; = 0 until
w1 = 0.9. This is because Class-1 has the highest priority to access the RF link and
to transmit the frame. The linear phase of the frame loss probability occurs when
the buffer starts filling up at w; = 0.9 until w; = 1 with P, = 0.1.

The worst performance occurs for Class-2 traffic because of having the lowest
access to RF link, It goes from zero to linear phase at w; = 0.3 and starts filing up
at w; = 0.3 with at most P, = 1.
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Figure 4.15: Frame Loss Probability with a = 0.1, b = 0.9, p =1, wy, = 0.25, By =
6, and By = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

Fig. 4.15 (b) shows Monte Carlo simulation for the same parameters. The strong
similarities between the analytical and numerical results prove our model to be accu-

rate.
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In Fig. 4.16, We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is
B = 6, and the p probability value is considered as p = 0.5.

It can be seen in Fig. 4.16 (a), Class-1 shows zero loss from w; = 0 until w; = 0.4.
This is because Class-1 has the highest priority to access the RF link and to transmit
the frame. The linear phase of the frame loss probability occurs when the buffer
starts filling up at w; = 0.4 until w; = 1 with P, = 0.5.

The worst performance occurs for Class-2 traffic because of having the lowest
access to RF link, It goes from zero to linear phase at w; = 0.4 and starts filing up
at w; = 0.4 with at most P;, = 0.1.
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Figure 4.16: Frame Loss Probability with a = 0.1, b = 0.9, p = 0.5, wy, = 0.25, By =
6, and By = 6 frames. (a) Analytical simulation. (b) Numerical simulation.

Fig. 4.16 (b) shows Monte Carlo simulation for the same parameters. The strong
similarities between the analytical and numerical results prove our model to be accu-

rate.

4.5.2 Comparison

Comparing the results with the ones obtained in mentioned network presented in [17],
The frame loss probability P, by T. Rakia, shows the graph goes into two phases viz
zero loss and linear. The zero loss phase occurs at low w values, the linear phase
occurs for higher values of w = 0.8 with P, = 0.2,0.7and0.8, while the transition
point occurs when the buffer is full.

On the other hand, In P2MP network by N. Lashari, in [44], the results show two

phases viz zero loss and linear. The highest priority Node 1 in the graph has low
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packet loss probability w = 0.8 with P, = 0.2, while Node 4 has the highest packet
loss w = 0.2 with P, = 1, this is because it has the least probability of accessing the
RF link.

In another P2MP network by Y. A. Ansari, in [45], the results show two phases viz
zero loss and linear. The highest priority Node 1 in the graph has zero loss P, = 0,
while Node 4 has the highest packet loss w = 0.25 with P, = 1, this is because it has
the least probability of accessing the RF link.

Another results when using the persistent probability show the highest priority
Node 1 in the graph has low packet loss probability w = 0.5 with P, = 0.5 and
w = 0.25 with P, = 0.7 , while Node 4 has the highest packet loss w = 0.2 with
Pr =09 and w = 0.1 with P, = 0.9, this is because it has the least probability of
accessing the RF link.

Whereas the results from our P2MP network, for different classes traffic with NV
equal priority users and equal frame transmission rates of FSO and RF link, show
that the frame loss probability P, goes into two phases viz zero loss and linear. The
highest priority class-1 in the graph has low frame loss probability w = 0.9 with
P, =0.1 and w = 0.4 with P, = 0.55.

Class-2 has the highest frame loss w = 0.3 with P, =1 and w = 0.6 with P, =1,
this is because it has the least probability of accessing the RF link. However, the
results obtained from the existing network show great improvements comparing with
mentioned networks.

In this section we evaluated that under foggy weather conditions and no rain the
transition point in loss probability occurs at lower values of w; for high values of
p probability. As incoming traffic increases loss probability also increases for both

classes.
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4.6 Efficiency ¢ Results and Discussion

In this section, we present selected numerical examples to illustrate our analysis
introduced in Chapter 3. The results of this existing P2MP network are also compared
with an efficient P2MP networks presented in [17], [44] and [45].

4.6.1 Simulation Results

We plot the efficiency ¢ as function of the frame arrival probability w; for different
classes traffic with N equal priority users. The efficiency ¢ goes into two phases viz
unity efficiency and decreasing efficiency. The unity efficiency phase occurs at low w;
values. The decreasing efficiency occurs for higher values of w;. The transition point
occurs when the buffer is not empty.

In Fig. 4.17, We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is
B = 6, and p probability value is considered as p = 1.
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Figure 4.17: Efficiency with a =0.1, b =09, p =1, ws = 0.5, B; =6, and By, = 6
frames. (a) Analytical simulation. (b) Numerical simulation.

It can be seen in Fig. 4.17 (a), that Class-1 shows the unity efficiency phase occurs
in the region wy € [0,0.9]. This is because Class-1 has the highest priority to access
the RF link and to transmit the frame. Class-1 traffic transition points in efficiency
occur at region wy € [0.9, 1] with decreasing efficiency ¢ = 0.9. This is because the
RF link access priority decreases with increase in priority of classes.

Class-2 shows the unity efficiency phase occurs in the region w; € [0,0.35], this

because of having the lowest access to RF link. Class-2 traffic transition points in
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efficiency occur at region w; € [0.35, 1].

Fig. 4.17 (b) shows Monte Carlo simulation for the same parameters and results
show strong agreement with the analytical model.

In Fig. 4.18, We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is
B = 6, and p probability value is considered as p = 0.5.

It can be seen in Fig. 4.18(a),that Class-1 shows the unity efficiency phase occurs
in the region w; € [0,0.4], this occurs when the frame arrival probability wy = 21,s.
This is because Class-1 has the highest priority to access the RF link and to transmit
the frame. Class-1 traffic transition points in efficiency occur at region w; € [0.4, 1]
with decreasing efficiency ¢ = 0.5. This is because the RF link access priority de-
creases with increase in priority of classes.

Class-2 shows the unity efficiency phase occurs in the region w; € [0,0.35], this
because of having the lowest access to RF link. Class-2 traffic transition points in

efficiency occur at region w; € [0.35, 1] with decreasing efficiency ¢ = 0.9.
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Figure 4.18: Efficiency with a = 0.1, b =0.9, p = 0.5, ws = 0.5, By =6, and By = 6
frames. (a) Analytical simulation. (b) Numerical simulation.

Fig. 4.18 (b) shows Monte Carlo simulation for the same parameters and results
show strong agreement with the analytical model.

In Fig. 4.19, We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is
B = 6, and p probability value is considered as p = 1.

It can be seen in Fig. 4.19 (a), that Class-1 shows the unity efficiency phase occurs
in the region wy € [0,0.9]. This is because Class-1 has the highest priority to access

the RF link and to transmit the frame. Class-1 traffic transition points in efficiency
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occur at region wy € [0.9, 1] with decreasing efficiency ¢ = 0.9. This is because the

RF link access priority decreases with increase in priority of classes.
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Figure 4.19: Efficiency with a=0.1,b=0.9, p=1, wy = 0.25, By =6, and B, =6
frames. (a) Analytical simulation. (b) Numerical simulation.

Class-2 shows the unity efficiency phase occurs in the region w; € [0,0.5], this

because of having the lowest access to RF link. Class-2 traffic transition points in

efficiency occur at region w; € [0.5,1].
Fig. 4.19 (b) shows Monte Carlo simulation for the same parameters and results

show strong agreement with the analytical model.
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Figure 4.20: Efficiency with a = 0.1, b = 0.9, p = 0.5, wy = 0.25, By = 6, and By =
6 frames. (a) Analytical simulation. (b) Numerical simulation.

In Fig. 4.20, We consider a = 0.1, b = 0.9, the buffer size of each classes traffic is
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B = 6, and p probability value is considered as p = 0.5.

It can be seen in Fig. 4.20(a),that Class-1 shows the unity efficiency phase occurs
in the region w; € [0,0.55], this occurs when the frame arrival probability wy = z1,2.
This is because Class-1 has the highest priority to access the RF link and to transmit
the frame. Class-1 traffic transition points in efficiency occur at region w; € [0.55, 1]
with decreasing efficiency ¢ = 0.65. This is because the RF link access priority
decreases with increase in priority of classes. The efficiency for class-2 is always
unity.

Fig. 4.18 (b) shows Monte Carlo simulation for the same parameters and results

show strong agreement with the analytical model.

4.6.2 Comparison

Comparing the results with the ones obtained in mentioned network presented in [17],
the efficiency ¢ by T. Rakia, shows The graph goes into two phases viz unity efficiency
occurs at low w values, and decreasing efficiency occurs for higher values of w. Further,
the efficiency decreases as N increases, due to the increasing competition to access
the shared RF link and its clearly that using a common backup RF link had improved
the efficiency.

On the other hand, In P2MP network by N. Lashari, in [44], the results show
the efficiency ¢ goes into two phases viz unity efficiency occurs at low w values, and
decreasing efficiency occurs for higher values of w. Node 1 has the highest priority of
accessing the RF link, shows the highest efficiency, because the packets are continu-
ously transmitting. However for the node 4 in the graph has the unity efficiency, but
as the packet arrival rate increases, its efficiency goes down due to its low probability
of accessing the RF link.

In another P2MP network by Y. A. Ansari, in [45], the results show the efficiency
© goes into two phases viz unity efficiency occurs at low w values, and decreasing
efficiency occurs for higher values of w. Node 1 shows the highest efficiency because
it has the highest priority, The access to the RF link for a node is restricted by a
node of lower number.

Another results when using the persistent probability show the highest priority
Node 1 goes from unity to decreasing efficiency, which transmits frame with proba-
bility p, increasing the chances for a frame being transmitted to all the nodes.

Whereas the results from our P2MP network, for different classes traffic with N
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equal priority users and equal frame transmission rates of FSO and RF link, show
that the efficiency ¢ goes into two phases viz unity efficiency occurs at low w values,
and decreasing efficiency occurs for higher values of w. Class-1 in the graph shows
the unity efficiency phase occurs in the region w; € [0,0.9] with decreasing efficiency
@ = 0.9, this is because the RF link access priority decreases with increase in priority
of classes. Other results when using different values of p probability and w; show class-
1 traffic transition points in efficiency occur at region w; € [0.4, 1] with decreasing
efficiency ¢ = 0.5. This is because the RF link access priority decreases with increase
in priority of classes.

Class-2 shows the unity efficiency phase occurs in the region w; € [0,0.35], this
because of having the lowest access to RF link. Class-2 traffic transition points in
efficiency occur at region w; € [0.35, 1] with decreasing efficiency ¢ = 0.9. However,
the results obtained from the existing network show great improvements comparing
with mentioned networks.

In this section we evaluated that under foggy weather conditions and no rain the
transition point in ¢ occurs at lower values of w; for higher values of p probability. As
incoming traffic increases, efficiency decreases subject to availability of transmission

links.

4.7 Summary

In this chapter, we proposed and analyzed a P2MP Hybrid FSO/RF network. The
central node use a common backup RF link for data transmission to any tagged node
in case of the failure of its FSO link. The base station reserves two transmit buffers
B; and B, for class-1 and class-2 traffic, respectively.

We studied the performance of a single tagged node (remote node) instead of
studying the general system performance. A discrete-time Markov chain model was
developed for the transmit buffers of the link between the central node and the remote
node. A different performance metrics are defined such as throughput from central
node to the remote node for both classes traffic, the average transmit buffer size, the
frame queuing delay in both transmit buffer, the efficiency of the queuing system and
the frame loss probability.

Numerical examples proved that the P2MP Hybrid FSO/RF network achieves
significant performance improvement. Further, using a p probability with an equal

priority protocol had improved the performance of proposed P2MP Hybrid network.
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Chapter 5
Conclusion and Contributions

In this chapter, the achieved work is summarized, the dissertation contributions and

outlines research directions for future work are high-lighted.

5.1 Thesis Contributions

The main goal of this thesis is to study and analysis P2MP Hybrid FSO/RF network
over the P2MP FSO-only network; using an equal priority protocol with p proba-
bility to improve the system performance. The contributions of this work can be

summarized as follow:

1. An-equal priority protocol of P2MP hybrid FSO/RF network for down link
traffic is proposed.

2. A Markov chain model of the proposed network is developed.

3. The proposed protocol is modeled using the Monte Carlo method and Several

performance metrics are studied.
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5.2 Conclusion

The availability of FSO links is restricted by weather conditions. To improve overall
system performance and availability, an RF link is firmed in parallel to the FSO link
forming a Hybrid FSO/RF system. Since Hybrid free-space optical (FSO)/radio-
frequency (RF) communication is achieve higher reliability along with high data rate
communication, and since P2MP Hybrid FSO/RF network performs considerable
performance improvement over the P2MP FSO only network.

Considering a multi-user scenario, we proposed and analyzed a P2MP Hybrid
FSO/RF Network. In this network, the base station use a common backup RF link
for data transmission to any user in case of the failure of its FSO link. Thus, it
maintains a reliable communication at a reduced data rate. The base station reserves
two transmit buffers B; and B, for class-1 and class-2 traffic, respectively. We studied
the performance of a single tagged node (remote node) instead of studying the general
system performance.

A discrete-time Markov chain model was developed for the transmit buffers of the
link between the central node and the remote node.

A different performance metrics are defined such as throughput from central node
to the remote node for both classes traffic, the average transmit buffer size, the frame
queuing delay in both transmit buffer, the efficiency of the queuing system and the
frame loss probability.

Using an-equal priority protocol with a common backup RF' link, and p probabil-
ity, our proposed P2MP Hybrid FSO/RF network achieves significant performance
improvement.

We focused on analytical performance evaluation of the proposed P2MP hybrid
FSO/RF network, which will provide important engineering insights into hybrid

FSO/RF systems for real world applications and performance calculations.



26

5.3 Future Work

We have assigned the priorities for the traffic with an equal rates, the future work
would be assign priorities to traffic with non equal rates. Also we have assumed that
when the FSO link fails, the central node uses a common backup RF link for data
transmission, which uses a priority protocol.Using other protocols such as random
delay protocol, round robin protocol and delay aware scheduling will effect the Markov

chain modeling and can be considered as the future work.
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