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Résumé

Dans cette these, la performance du systtme CDMA a chevauchement optique (OV-
CDMA) au niveau de la couche de contrdle d’acces au support (MAC) et I’allocation des
ressources au niveau de la couche physique (PHY) sont étudiées. Notre but est d’apporter
des améliorations pour des applications a débits multiples en répondant aux exigences de
délai minimum tout en garantissant la qualité de service (QoS). Nous proposons de combiner
les couches PHY et MAC par une nouvelle approche d’optimisation de performance qui
consolide I’efficacité potenticlle des réseaux optiques. Pour atteindre notre objectif, nous

réalisons plusieurs étapes d’analyse.

Tout d’abord, nous suggérons le protocole S-ALOHA/OV-CDMA optique pour sa
simplicité de contrdler les transmissions optiques au niveau de la couche liaison. Le débit du
réseau, la latence de transmission et la stabilit¢ du protocole sont ensuite évalués.
L’évaluation prend en considération les caractéristiques physiques du systtme OV-CDMA,
représentées par la probabilité de paquets bien regus. Le systeme classique a traitement
variable du gain (VPG) du CDMA, ciblé pour les applications & débits multiples, et le
protocole MAC « round-robin » récepteur/émetteur (RjT), initialement proposé pour les
réseaux par paquets en CDMA optique sont également pris en compte. L’objectif est
d’évaluer comparativement la performance du S-ALOHA/OV-CDMA en termes de
I’immunité contre I’interférence d’acces multiple (MAI) et les variations des charges du
trafic. Les résultats montrent que les performances peuvent varier en ce qui concerne le
choix du taux de transmission et la puissance de transmission optique au niveau de la couche

PHY.

Ainsi, nous proposons un schéma de répartition optimale des ressources pour allouer des
taux de transmission a chevauchement optique et de puissance optique de transmission dans
le systtme OV-CDMA comme des ressources devant étre optimalement et équitablement
réparties entre les utilisateurs qui sont regroupés dans des classes de différentes qualités de

service. La condition d'optimalité est basée sur la maximisation de la capacité par utilisateur
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de la couche PHY. De ce fait, un choix optimal des ressources physiques est maintenant

possible, mais il n’est pas équitable entre les classes.

Par conséquent, pour améliorer la performance de la couche liaison tout en éliminant le
probléme d’absence d’équité, nous proposons comme une approche unifiée un schéma
équitable et optimal pour I’allocation des ressources fondé sur la qualité de service pour des
multiplexages temporels des réseaux par paquets en CDMA a chevauchement optique.
Enfin, nous combinons cette derni¢re approche avec le protocole MAC dans un probléme
d'optimisation d'allocation équitable des ressources a contrainte de délai afin de mieux
améliorer le débit du réseau et le délai au niveau de la couche liaison avec allocation

équitable et optimale des ressources au niveau de la couche PHY.




Abstract

In this dissertation, the performance of the optical overlapped CDMA (OV-CDMA)
system at the medium access control (MAC) layer of the optical packet network and the
resource allocation at the physical (PHY) layer are investigated. Our purpose is to bring
improvements for the multi-rate applications meeting minimum delay requirements and
quality of service (QoS) guarantee. The proposal consists of combining the PHY and the
MAC layers through a novel approach of performance optimization which consolidates the
potential efficiency of optical networks. To achieve our objective, we carry out several steps

of analysis.

First, we suggest optical S-ALOHA/OV-CDMA protocol for its simplicity to control the
optical transmissions from the link layer. The network throughput, the transmission latency
and the stability of the protocol are then evaluated. The evaluation takes into consideration
the physical characteristics of the OV-CDMA system represented by the correct packet
probability. The classical variable processing gain (VPG) CDMA system for multi-rate
applications and the round robin receiver/transmitter (R37) MAC protocol, originally
proposed for optical CDMA packet networks are also considered. The aim is to
comparatively assay the performance of SSALOHA/OV-CDMA in terms of multiple-access
interference (MAI) immunity and traffic load variations. The results show that the
performance can vary with respect to the choice of the transmission rate and the optical

transmission power at the PHY layer.

Thus, we propose an optimal resource allocation scheme for allocating overlapping
transmission rates and optical transmission powers in the OV-CDMA system as resources
required to be fairly and optimally distributed among users clustered in different classes of
QoS. The optimality condition is based on maximizing the PHY layer capacity per user. As a
result, an optimal choice of the physical resources is now possible, but it is unfair among the

classes.
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Consequently, to improve the link layer performance while overwhelming the unfairness
problem, we suggest a fair QoS-based optimal resource allocation scheme for time-slotted
OV-CDMA packet networks as a unified approach. Finally, we combine the latter approach
with the MAC protocol under delay-constraint fair resource allocation optimization problem
in order to optimally improve the network’s throughput and delay at the link layer with fair

and optimal resource allocation at the PHY layer.
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Chapter 1

Introduction

Optical code-division multiple-access (OCDMA) becomes a fundamental technique to
exploit the large bandwidth of the optical fiber medium in optical networks [1]-[3]. First, it
enables a large number of users to access the optical medium simultaneously by assigning
them different codes. Second, by means of coding, OCDMA fairly partitions the bandwidth
among the large number of users. Hence, the bandwidth allocation problems, imposed on
other network types, can be solved. Since each user now gains benefit from the huge optical
bandwidth offered by the optical medium, high-speed connectivity can be achieved. As a
result, bandwidth-hungry applications with differentiated quality of service (QoS) can be
easily supported |3]. Besides, other attractive characteristics are attributed to OCDMA
systems. For example, it is flexible in such a way that new users can be added by simply
assigning them new codes without additional circuitry. Also, because the number of
OCDMA users is limited to codebook cardinality, it is sufficient to use simple protocols to
control and manage the channel contention in OCDMA networks [2]-[4]. In real situations,
however, the true number of active users at a particular instant is smaller than the available
ones due to the multiple-access interference (MAI) effect [4] which limits the network

capacity.

Reducing the MAI effect has impelled the researchers’ interest toward effective coding
techniques and system designs that can achieve a high autocorrelation property of a
matching transmitter-receiver pair, and a very low cross-correlation property of non-
matching pairs. Abundant research is found in the literature [5]-[17], attempting to solve the
problem from the PHY layer perspective. The objective is always to improve the OCDMA

network capacity and to enhance its potential of handling various communication services.
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On the other hand, another perspective has been extensively proposed in the literature to
tackle this issue through the use of higher layers to alleviate the distortion-prone effects of
MALI. In particular, the focus is on the medium access control (MAC) layer owing to its
critical role for providing error-free data to the other higher layers of the network, a factor
which increases the capacity and the network performance [18]-[27]. This can be achieved
by dynamicaily controlling the packet arrivals of the OCDMA users whenever the MALI level
varies in the optical network; whereas, the error packets are managed by means of
retransmission [23] or forward error correction [27]. The idea of using the MAC layer to
improve the OCDMA network performance comes from the fact that the optical channel is
intensity medium [3], [28]. Thus, controlling the burstiness of arrivals influences the MAI

intensity level.

Thus, managing the MAI intensity has emerged the optical power control in OCDMA
networks as an alternative perspective to improve the OCDMA performance again from the
PHY layer. The intention behind is to optimally allocate optical transmission power to the
users with multi-rate variation, subject to some constraint requirements for limiting MAIL.
Few analyses are however recorded in this area [58]-[61]. Most of them do not consider any

optimal criterion for controlling transmission rate, simultaneously.

1.1 Motivation

Due to the massive growth in today’s communication applications and services which
entail high transmission bit rates, low delay and critical power management mechanism,
OCDMA integrated-networks offer an ideal solution to cover such requirements [1]-[3]. In
this trend, the overlapped OCDMA (OV-CDMA) system had been proposed [7]-[9], [13] to
deal with this issue in terms of satisfying the highest transmission rate possible, by allowing
the bit transmission to go beyond the physical limit of the optical channel, with nb

considerations for the upper layers of the protocol stack (Fig. 1.1).

The layered architecture of the protocol stack divides the overall networking task into

layers and defines a hierarchy of services to be provided by the individual layers.
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| Application Layer |

| Transport Layer |

v 1

| Network Layer |

| Link/MAC Layer |

v 1

| Physical Layer |

Fig. 1.1: The Protocol stack model.

The services at the layers are realized by designing protocols for the different layers. The
architecture forbids direct communication between nonadjacent layers; communication
between adjacent layers is limited to procedure calls and responses. This architecture has
greatly simplified network design and led to the robust scalable protocols in the Internet
[29]. However, this inflexibility and sub-optimality of the strict layered architecture can
result in poor performance of the communication system [77]. This is due to the fact that a
higher-layer protocol design only makes use of the services at the lower layers and is not
concerned about the details of how the service is being provided. Thus, we believe that a
kind of interrelation between protocol layers would bring improvement to the

communication system.

In this trend, in order to assess the feasibility of the OV-CDMA system for a practical
implementation, the system performance has to be investigated at the upper layers of the
optical packet networks. Since the link layer forms the interface between the PHY layer and
the other layers of the protocol stack, it has a critical task of reliably controlling the flow of
correct information between the two sides, especially when a large number of users share the
channel. To handle this issue, slotted MAC protocols ought to be imposed at the link layer.
The reason is that in the OV-CDMA packet network, several packets are expected to be
transmitted simultaneously, carrying an excess number of bits induced by the overlapping

process. If the actual number of transmitting terminals exceeds the value of the maximum
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channel capacity in terms of MAI, then all packets are destroyed. Hence, this suggests the

use of a certain MAC protocol to resolve such contention in the shared media [28].

As a result, a new methodology of collaboration between the two layers (i.e. PHY and
MAC) should be set up to respond to the proper services provided by the OV-CDMA system

at the PHY layer while this system is operating in the packet access network.

1.2  Optical OV-CDMA System

In OCDMA system, each user is assigned a unique code sequence, called user’s
signature, used to encode its message signal. Normally, the user signature is independent of
the information signal. The encoding process consists of multiplying the user’s message
signal by its corresponding signature [1], [2]. The resultant is a coded signal wide-spread in
time domain, wavelength domain or in both time-wavelength domains as illustrated in Fig.

1.2.

EA /1 £A Z £A /l
jeli} =1)] ah
5 5 (4 5 A
L () (]
2 = 2
= = (4] =| [
[z (]
> —> — /
L6 L Time L L L Time i 4, 6, Tim
(a) (b) (©)

Fig. 1.2: Spreading sequence: (a) Time domain, (b) Wavelength domain, (c) Time-Wavelength
domain.

The power of the information message is spread over the channel as a background noise
usually known as MAI. As the number of the simultaneous users grows up above a certain
limit, the spreading power of their signatures increases the background noise, hence the
interference level, to certain threshold at which the OCDMA channel degrades rapidly.

Therefore, the main source of noise is MAI, and often OCDMA is recognized as MAI-
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limited system. The beat noise is considered mitigated. At the receiver, a reverse operation is
applied to the received intended signal to decode the message signal. The desired signal
power is aggregated over the decoded signal interval. This message signal is correctly
detected when its power level is greater than the interference level, or the ratio of the signal
power to interference is greater than a predefined threshold. The latter is known as signal-to-
interference ratio (SIR) and it is considered as an important metric in evaluating the

performance of such systems. OCDMA system design principle is represented in Fig. 1.3.

Transmitter OCDMA |: ((( ;)) (OCDMA Receiver

(Data Source) Encoder |: Optical L Decoder (Recovered Data)

Channel

Fig. 1.3 OCDMA system design principle.

Although optimal coding techniques are employed to allow large number of users to
utilize the optical channel and at the same time to reduce as much as possible MAI [5], [6],
[9]-[15], the maximum achievable rates attained by those users are still restricted to the
physical limit of the channel. OV-CDMA system [8] was suggested as a novel idea to permit
variable data rates of different traffic classes to go beyond the nominal physical rates

tolerable by the optical channel and the constraints imposed by the encoder/decoder set.

OV-CDMA is an OCDMA system that uses time-wavelength spreading as two-
dimensional coding technique with a bit overlapping process. The electrical data bits
modulate an optical broadband source at the encoder. Passing through a fiber Bragg grating
(FBG) array, the optically modulated signal is spectrally and temporally sliced according to
the two-dimensional coding pattern (also known as fast frequency hopping (FFH) pattern) of
a given family of code [13]. The dverlapping process is achieved simultaneously with the
encoding process. Hence, the OV-CDMA system is also called optical overlapped fast
frequency hopping CDMA (O-FFH-CDMA). Thus, the overlapping concept is that in
passive OCDMA varying the bit duration will not affect the processing gain (PG) at the

output of the optical encoder. Hence, for a fixed PG increasing the link transmission rate
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beyond a given value, known as nominal rate, will produce a bit overlap at the encoder
output. The boundary limit of bit overlap of a given class rate is defined as the cutoff rate
which is the maximum achievable bit rate beyond the nominal rate. The concept of bit

overlapping is illustrated in Fig. 1.4.
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Fig. 1.4: Optical OV-CDMA system.

The array of FBG encodes the optical signal according to the FFH pattern. A nominal .

time (7') is required for a bit to pass the FBG. For example, two data bits are transmitted,
and optically modulated by the optical broadband source as two optical pulses (5, and b,).
The delay time (7,) between them is the same as before modulation. When the second
optical pulse (b,) is fed into the FBG right after the first (b,) leaves it, the two optical

pulses are adjacent to each other. In this case, the delay time between the two consecutive

optical pulses is equal to the round trip time of the FBG (i.e. 7, =7 ). Now, when the second
optical pulse (b,) is fed into the FBG before the first (b, ) leaves it, the two optical pulses

are overlapped in time (i.e. 7, <1'). The optical encoded signal observed at the decoder of a
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given receiver as multi-codes delayed according to the transmission rate of the source. Thus,

a user transmitting at a rate greater than the nominal rate (i.e. R > R ), introduces a bit

overlap coefficient representing the number of overlapping chips between two consecutive

bits.

Before stating the general problem of our dissertation, it is worth to go back to the

literature to review what was proposed in this context.

1.3 Retrospective View

In this section, we present a literature review of some MAC protocols and their
integration in CDMA systems in general and in OCDMA systems in particular. In addition,

some approaches of resource allocations are also covered in this review.

Since its invention, S-ALOHA [30], [31] was seen an attractive protocol to cope with
channel access management in the presence of multiple users competing to share their
information over a local area network (LAN). However, the protocol efficiency in terms of
channel throughput was inadequate as the networks’ traffics grew [30]. In S-ALOHA
protocol, the time axis is divided into time slots of length the size of a packet. When a user
has packets ready for transmission during a given time slot, he has to wait for the beginning
of the next time slot to transmit. If another user is attempting transmission simultaneously at
the same time slot, then collision occurs. Consequently, both transmissions are lost, and the
users have to wait for a random time for transmitting at the beginning of the next slots. The
vulnerable period has duration of one time slot. Because the user has no knowledge whether
the transmission will succeed or not, the occurrence of the successful transmission is treated
as a random process.' If we assume that a large number of users are accessing the
communication channel simultaneously, then the number of transmissions is very large and
the chance of successful transmission to take place is relatively rare. For Poisson-distributed

transmitted arrivals, the system throughput is 36.8% of the total arrivals rate [30].
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Since then, diverse versions of ALOHA-like protocols have come into existence as the
so-called carrier sense multiple-access (CSMA) protocols to ameliorate the network
performance by improving the protocol’s throughput while keeping the average packet delay
as low as possible [32]-[37]. Briefly, in CSMA protocols, the user first senses the channel
before transmitting its packets. If the sensed channel is busy, the sensing user defers and
reschedules its transmissions based on pre-defined strategies in order to avoid collision with
the user accessing the channel simultaneously. On the other hand, if the sensed channel is
idle, the sensing user proceeds on its transmission. Although the throughput improvement

offered by CSMA protocols is significant [33], [37], this protocol is more complex.

S-ALOHA is thoroughly studied in the literature about random access packet networks.
For instance, Carleial and Hellman [38] and Kleinrock and Lam [39] provided a trading
relation among channel stability, throughput and average packet delay of an S-ALOHA
random access system. They showed in their analysis that SSJALOHA is characterized by a
bistable behavior, and the locus of the system stability is in the light-load region where the
channel throughput is less than or equal to the maximum achievable throughput and the
delay is fairly acceptable. Raychaudhuri [40] suggested the possibility of using CDMA with
S-ALOHA with an appropriate choice of channel coding technique to achieve a higher
throughput and preserve a low packet delay. By doing so, the stability region of the coded S-
ALOHA has been enlarged, so that heavy loads can now be supported while the system is
kept stable. Polydoros and Silvester [41] extended this work to develop a more generic
model for the study of local throughput in slotted spread spectrum multiple-access (SSMA)
networks where capture and retention mechanisms had been also elaborated. That is, they
considered that the probability a receiver can capture the desired packet is not one anymore,
as in [40], with the probability that the receiver will retain the captured packet with no
remaining errors after correction. This was to render the model more realistic. By the
evolution of modern mobile radio systems, high rate data services were achieved by
evolutionary CDMA schemes whose management requires sets of protocols in order to make
the systems feasible [42]. Because CDMA PHY layer provides services to the link layer may
not be offered by other PHY layers [24] such as easily transmitting packets at variable data
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rates [42], the SSALOHA CDMA protocol was widely used in this context to carry out such
task [32], [36], [43]-[45].

In addition, with the advancement of all-optical CDMA systems, OCDMA is viewed as a
promising and challenging multiple-access techninque compared to the wavelength division
multiple-access (WDMA) [2], [4], [19] for building high-speed optical fiber LANs
accommodating the increasing demands on multimedia services (audio, video, image, file
transfer, and so forth). Initially, most of the work done on this issue had focused on ﬂnding
the best optimal codes which can minimize SIR and on designing encoder/decoder sets, as
well, which can achieve the coding techniques [10]-[15], [22]. However, due to the
dimension-growth of the optical network, more complexity has to be put on code design and
on its corresponding hardware sets to reduce as much as possible the optical interference and
noise while exchanging the data among the large number of users in the network. All these
techniques are concerned with the PHY layer of the optical network. Nonetheless, powerful
control mechanisms at higher layer to control the arrival of data bring additional
improvement for the network performance even if non-optimal coding techniques are being
employed at the PHY layer [28]. It had been shown in [28] that the throughput of OCDMA
under heavy load can be improved by simple media access mechanisms that prevent
interfering codewords form being sent simultaneously. S-ALOHA OCDMA has gained
much attention to play the role of managing optical packet transmission among different
users because of its simplicity and the ease of its implementation [23], [26], [28], [33], [37].
For example, Hsu and Li [26] analyzed the performance of S-ALOHA CDMA using code
sequences with given orthogonality properties in both centralized and decentralized optical
packet networks. Murali and Hughes [27] used S-ALOHA CDMA in broadcast
(decentralized) optical network with forward error correction (FEC) in order to reduce the
effect of large propagation delay on the network performance by immediate correction of
erroneous packets at the receiver side. Lo e al. [33] compared S-ALOHA CDMA with
channel sensing (CDMA/CS) and CDMA with both channel sensing and collision detection
(CDMA-CS/CD) to a simple CSMA-CD. On the other hand, Stock and Surgent [18]
performed a comparison between S-ALOHA CDMA and S-ALOHA WDMA and the results
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indicated that the former one has superior performance. Moreover, Kamath et /. [28] and
Shalaby [21] suggested alternative MAC protocols like ALOHA-CDMA with interference-
avoidness/interference-detection and round-robin recever/transmitter protocols to deal with
the packet access in optical networks. Finally, Xue et a/. [23] have proposed a generalized
approach for evaluating the performance of S-FALOHA CDMA in optical networks taking

into account different nodal architectures.

Furthermore, the other perspective that yields improvement to CDMA networks is the
resource allocation. This subject is widely exploited in CDMA networks especially in
wireless networks [62], [64], [68]-[71]. Numerous proposals of optimization criteria were
suggested for optimal recourse allocation either by maximizing the capacity in terms of the
transmission rate, the number of users, or minimizing the sum of power, subject to minimum
MAI and/or SNR as QoS requirements. Most of those proposals fall into a general
framework of resource allocation and thus can be helpful tools in this context in OCDMA
networks. For example, Yun and Messerschmitt [62] presented a power control algorithm
which simultaneously minimizes interference and provides variable QoS contracts as
tunctions of SNR for different traffic types in a CDMA system. If the QoS requirements of
the sub-streams are too stringent, then the interference will be too great regardless of how
much power is pumped. Also, by the absence of power control users dominate each others in
terms of QoS demanded. Ramakrishna and Holtzman [64] proposed a mechanism for
increasing the bit rate of nonreal-time (NRT) users while the priority is for real-time (RT)
users. That was done by dynamically controlling the power and the spreading gain of NRT
users. The throughput gain in terms of the transmission rate increase was then maximized,
constrained to a given SIR and peak transmission power. The result was that the throughput
gain was affected by the transmission scheme rather than the power. A similar approach can
be found in Oh et al. [70] where they considered joint optimal transmission power and rate
allocation strategy in multiservice CDMA networks. The objective was to maximize the
spectral efficiency of the system by preserving the QoS of RT users while maximizing the
best-effort aggregate throughput, in packets per second, of NRT users subject to constraints

on peak transmission power and interference power. The rate was allocated by assigning an
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optimal spreading gain that maximizes the signal-to-interference-plus-noise ratio (SINR).
Then the optimal power was allocated so as the throughput was maximized and the peak
power constraint was respected. However, this method was unfair among the users. Song
and Wong [68] proposed to control the power and rate of multimedia traffic from an
information-theoretic perspective. Moreover, Kwasinski and Farvardin [69] aimed at
maximizing the number of real-time calls in CDMA networks by accepting a smooth
increase of call distortion for a given frame loss rate target in mind to prevent channel-
induced distortion. Finally, Zang et al. [71] investigated the optimal resource allocation for
NRT traffic. The optimal allocation was based on the maximizing different forms of
objective functions, based on Shannon capacity, subject to constraints on QoS, peak
transmission power and received power. One objective function form was the total capacity.
This form led to high resource allocation but it is unfair. Another form was the product of

channel capacities. This form resulted in a proportionally fair allocation.

1.4 General Problem Description

We wish to explore the performance behavior of the optical OV-CDMA system which is
proposed in [8] at the upper layers of the optical network and in particular at the link layer
with regard to the PHY layer characteristics. The objective of that is to assess the feasibility
of the proposed system when integrated in the optical packet access network, and to exploit
its potential efficiency in improving such a network. First, we shall adopt S-ALOHA as a
simple and easy-to-implement MAC protocol to control the arrival of bit-overlapping packet

at the link layer. We have the following hypothesis.

We consider the optical OV-CDMA system as our case study. The optical system is
represented at the PHY layer by its signal-to-interference ratio (SIR), derived in [8], [58] in
terms of the transmission rate and the optical transmission power. In addition, the system can
support multiple classes of users. Each class is characterized by its proper SIR as a required
quality of service (QoS) to achieve correct transmissions. At the link layer, we consider the

optical SFALOHA/OV-CDMA as a simple solution to multiclass optical packet access
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networks. This protocol is characterized by the overall network throughput and mean

network delay.

Given a target QoS for each class of users, we are seeking the optimal number of bits that
should be transmitted per packet of fixed time-slot in a slotted overlapped OCDMA packet
network, and the optimal transmission intensity, which is directly controlled from the laser

source, in order to optimize the packet network throughput under a certain delay constraint.

1) Find the relationship that governs the number of bits and the overlapping coefficient in
the time-slotted system (i.e. find the new form of the transmission rate).

2) Find the average SIR experienced by a bit at a time-slot in terms of the overlapping
transmission rate and the optical transmission power, as resources provisioned at the
PHY layer.

3) Find the expression of the overall network throughput function at the link layer in
terms of the PHY layer resources.

4) Find the expression of the average network delay encountered by the users at the link
layer in terms of the PHY layer resources, as well.

S) Then, the following general optimization problem needs to be solved. Maximize the
overall network throughput meeting a minimum average network delay constraint,
QoS requirements, peak transmission powers constraint and bounded transmission
rates of all classes.

6) The physical resource constraints should also satisfy certain criteria of optimality and

fair distribution among the classes.

Thus, our proposed problem has to be solved following the general framework as

illustrated in Fig. 1.5
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Fig. 1.5: General framework of the problem.

1.5 Thesis Organization

In addition to the introduction, the thesis comprises mainly three chapters and a
conclusion. The chapters are devoted to the research work and its original results, while the
conclusion briefly summarizes the basic achievements behind such work, and includes a
prospective glance at several topics for future work. Besides the general introduction and the
background presented herein, each chapter begins with an introductory part followed by a
background knowledge part, which are pertinent to the particularity of the subject under
discussion, and then the theory followed by the main results. This was done to preserve the
coherence of the concept with its engendered results. Furthermore, the three chapters are
presented in a sequential order involving several steps on the temporal line of research, so

that each step is engendered on the light of the obtained results of the preceding one.

In Chapter 2, we propose a new multirate optical network based on a hybrid S-
ALOHA/OV-CDMA system as an effective way of integrating multi-class traffic. The key
issue in this proposal is to exploit the potential of the optical overlapped CDMA using fiber-

Bragg grating when jointly used with the S-ALOHA protocol in a link layer. The newly
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proposed system is modeled using a general Markov chain from which both the system
throughput and the average packet delay are derived. The system stability passing through a
general finite user model is also envisaged. The proposed system is then compared to the
classical SFALOHA/variable processing gain (VPG) CDMA system. Numerical results show
that the former system outperforms the latter one especially at high transmission rates. In
addition, stability measures demonstrate that the overlapped system tends to be more stable
than the VPG system. Moreover, the system throughput and the average packet delay of
optical S-ALOHA/FFH-CDMA are compared to that of optical round robin receiver
transmitter [25] FFH-CDMA (R’T/FFH-CDMA). It is shown that the S-ALOHA is better
than the R’T when the user’s activity and offered load are high, while the R’T is better for
smaller values. At moderate offered load, both protocols can be competitive in terms of the
system throughput with the advantage is for the R'T protocol. However, R’T suffers a higher
delay mainly because of the presence of additional modes. Finally, the overlapped OCDMA
system always outperforms the variable processing gain (VPG) OCDMA system regardless
the MAC protocol used [46]-[49].

Chapter 3 addresses the problem of resource allocation in a multiservice optical network
based on an OV-OCDMA system. A joint transmission power and overlapping coefficient
(transmission rate) allocation strategy is provided via the solution of a constrained convex
quadratic optimization problem. The solution of this problem maximizes the aggregate
throughput subject to peak lasers transmission power constraints. The optimization problem
is solved in a closed form, and the resource allocation strategy is simple to implement in an
optical network. Simulation results confirm a total agreement between the derived analytical
solution and the one obtained using a numerical search method. In addition, analytical and
numerical results show that the proposed resource allocation strategy can offer substantial

improvement in the system throughput [50], [51].

In Chapter 4 we develop a fair resource allocation scheme for a multi-class time-slotted
optical overlapped code-division multiple-access (OV-CDMA) network. The resource
management scheme is fair in the sense that the users have their power and rate allotted

according to their quality of service (QoS) requirements. In addition, no class of users can
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dominate over the other classes. A unified framework for the resource controlling scheme is
proposed. It consists of simply finding a single control parameter based on which the
optimal transmission rate and power are obtained for every class of users. Analytical results
show that the maximum transmission rate for a given class of users is only achievable when
the users in that class are transmitting with the highest possible laser transmission power. In
addition, we have demonstrated that the optimal transmission rates can be obtained via the
solution of the rate characteristic polynomial. It is shown that our proposed scheme provides
a substantial improvement in the system capacity while preserving the required fairmess
criteria. Finally, the proposed scheme is employed to optimize the performance of MAC
layer of the time-slotted OV-CDMA-based packet network while preserving the fairness and
optimality of the resources allocated to the OV-CDMA users. Thus, a general delay-
constraint optimization problem is formulated to maximize the network throughput subject
to the average network delay, the fairness parameter and the optimal transmission rate
constraints. Then, a numerical assessment is performed under S-ALOHA/OV-CDMA and
R’T/OV-CDMA protocols with binomial arrival distribution. The results indicate that delay-
constraint optimization problem attains a feasible solution whereby the different MAC

protocols have comparable performance [52], [53].

Chapter 5 summarizes the contributions and suggests further perspective and
development to bring additional improvement and practicability to the optical overlapped

CDMA system.



Chapter 2

Optical SSALOHA/CDMA Systems for Multirate
Applications: Architecture, Performance Evaluation, and
System Stability

2.1 Introduction

Owing to the rapid progress in fiber-optic technology, optical CDMA utilizing FBG is
gaining more interest in the creation of all-optical communication systems for integrating
heterogeneous traffic sharing a single broadband optical channel with a multiplicity of
quality of services (QoS) and traffic requirements [7], [9], [21]. In addition, the bursty
characteristics of high speed data traffic in optical LANs should yield benefits for CDMA
technologies that are capable of allocating a high number of simultaneous resources in a
decentralized way while increasing the system throughput and decreasing the average packet
delay. S-ALOHA techniques could fulfill these requirements when integrated with the newly
proposed optical O-FFH-CDMA system [8].

Although there is a lot of research in the field of optical CDMA that has been done until
now, most of it has focused on the PHY layer [5], [8], [9], [54]. This fact also applies to the
works that have been conducted in the area of multirate OCDMA. A multirate optical FFH-
CDMA system using variable PG has been proposed in [7]. The intention was to guarantee
the one-to-one correspondence between the PG and the source transmission rate. The
drawback of this system is the drastic decrease in the transmitted signal power especially for
higher rate users for which the PG becomes very small. The solution to this problem is the
use of power control. On the other hand, in [5], [6] multi-length frequency hopping codes are
considered. Using these codes, rate and QoS are now dynamically matched to users’ needs.

The cutoff rate of the system is still limited by the physical constraints of the codes. Lately,




Chapter 2. Optical S-ALOHA/CDMA Systems for Multirate Applications 17

we have considered the overlapped CDMA (OV-CDMA) system [8] where we have shown
that it is possible to increase a class bit rate beyond the nominal rate without decreasing the

PG of the desired user or allowing any time delay between the data symbols.

Many researches have been conducted on S-ALOHA and random access CDMA [9],
[39], [40]. Nevertheless, jointly used with OCDMA, random access packet-switching
becomes a challenging issue [20], [21], [23], [55], to cope with the increasing packet-type
demand with large population, shorter message-delay delivery and minimum packet-
rejection probability. In [20], [55], protocols for high speed fiber optic local area network
using passive star topology were proposed. New optical CDMA access protocols with and
without pretransmission coordination were studied in [21]. On the other hand, Xue et al. [23]
were concerned with two optical CDMA random access schemes that support tunable
transmitter/fixed receiver and fixed transmitter/tunable receiver, respectively. In our
research, we propose a new hybrid system that combines a variable-transmission-rate optical
O-FFH-CDMA system [8] with the S-FALOHA protocol (S-ALOHA/O-FFH-CDMA) as a
nolvel and simple scheme of achieving multi-user and multirate capability in a decéntralized
optical CDMA packet networks. In particular, variable transmission rate is achieved by
increasing the bit rate beyond the nominal limits while keeping the processing gain (PG) and
the time slot duration unchanged. This yields overlapping among bits in a single time slot.

Thus varying the amount of overlapping bits can vary the transmission rate.

The remaining of this chapter is structured as follows. Section 2.2 introduces the system
model, which employs the discrete time Markov chain describing the system states. SIR is
derived in Section 2.3. Section 2.4 presents the performance evaluation of the system.
Stability measures are discussed in Section 2.5. A performance comparison between S-
ALOHA and R’T protocols when deployed to control the optical FFH-CDMA systems is
established in section 2.6. Numerical results provided by simulation are covered in Section

2.7. Finally, concluding remarks end this chapter in Section 2.8.
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2.2 System Model

We consider an optical FFH-CDMA communication network that supports K terminals,
which share the same optical medium in a star architecture [9]. The encoding and decoding
are achieved passively using a sequence of fiber Bragg gratings. The gratings will spectrally
and temporally slice an incoming broadband pulse into several components equally spaced at

chip intervals 7. [9]. The chip duration, and the number of gratings will establish the

nominal bit rate of the system, i.e. the round trip time of light, from a given transmitted bit,

to be totally reflected from the encoder. This nominal bit duration in a structure of GG gratings

is given by T, , where G is the PG. The corresponding nominal rate is R =1/T, =1/GT, .

Using the above mentioned passive network, we propose a hybrid S-ALOHA/FFH-
CDMA optical packet network in which each user is assigned a unique code, which is
characterized by zero auto-correlation property using a frequency shifted version (FSV)
proposed in [9], and a cross-correlation between any two different codewords of at most one.

Subsequently, up to K users can transmit simultaneously K packets in a given time slot.

The traffic model used in this work is the general Markov chain in which the traffic is
distributed according to the user’s activity as shown in Fig. 2.1. It is called a general arrival

model.

209 @ @Dy,

Fig. 2.1: Traffic model.

Each of the K terminals can be in one of the three operational modes at a time,
origination mode, transmission mode, or backlog mode. The user in the origination mode

generates and transmits a new packet at the beginning of the next time slot with a probability
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P . The user enters the backlog mode when an attempt to transmit a new packet fails. This
event occurs with probability 1-P, where P, is the correct packet probability of the

corresponding system. The retransmissions of backlogged packet occur in any given time

slot with probability P.. In a backlogged mode, the blocked terminal cannot generate new
packets until the backlogged packet is received correctly. According to the variations of P,

and P. we obtain the following cases:

1) For P. =P = p, the arrivals distribution can be approximated either by a binomial

distribution if the number of users in the system, K, is finite or by a Poisson
distribution if K is very high. For both distributions, the average offered load is
approximated by R=K-P, .

2) For P > P , it is very difficult to obtain a closed form approximation for the arrivals

distribution. Thus, we use the general Markov model to track the flow of packets in the
system based on the user’s activity without any approximation. In this case the offered
load is at its maximum since it includes the fraction of the retransmitted packets. Note
that 1) is considered as a particular case of 2).

3) For P. <P, the interpretation is similar to case 2); however, the offered load is
diminishing, and there is a high probability that the system queue will overflow and
some backlogged packets will be lost. It is not a practical case especially in ultra high-

speed optical systems.

For practical implementations, we assume that the priority of retransmitting the
backlogged packets is always higher than that of generating new packets and the traffic
distribution is based on the current users’ activities, so it is general. Henceforth, case 2) is

adopted in our analysis.
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Fig. 2.2: Optical S-ALOHA/O-FFH-CDMA system model.

Fig. 2.2 represents the model of the proposed optical S-ALOHA/O-FFH-CDMA system.

The streams of composite arrivals of this system consist of £ newly generated packets plus

&, retransmitted packets.

The statistical behavior of the terminal can be described using a general discrete Markov

chain [40]. The system state represents the number of backlogged terminals # .

Before continuing the analysis, let us impose some restrictions which help simplify the
mathematical evaluations and improve the clarity of the problem under consideration. We
assume 1) a synchronous system and discrete rate variation, 2) a single class system, and 3)

unit transmission power for all the users.

In this chapter the transmission rate of the terminals R_ is allowed to be greater than R,

according to two different methods as explained below.

2.2.1 S-ALOHA/VPG-FFH-CDMA System

Assume a fixed packet-time duration of 7, = LT, = LGT, where L is the nominal packet

length. In this system, the variable transmission rate is accomplished by varying the

processing gain Gl,, in such a way that increasing the transmission rate by a factor of ¢, 21
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allows the reduction of spreading factor by the same amount G, =G/, [7]. The bit rate in

this case is given by

R, =a,R, (bits/sec) 2.1

In a packet network, X,fy) =| &, L | bits are allocated in a time slot instead of L as shown

in Fig. 2.3, where I_x_| is the highest integer less than x. Then, the new transmission rate
becomes

X"

R ==2=R, (bits/sec) 2.2)

Aol A A A A4 A A 4] 4]
. [ N A O A R

&~
r-cr__ T \ T, T,
T, ¢ T,
(a) (b)

Fig. 2.3: Optical S-ALOHA/VPG-FFH-CDMA packet model of a single user in a given packet time
slot. (a) G, =5.(b) G, =3.

In Fig. 2.3(a), we present a case study where G, =5 and L =2, which means the

nominal rate is two bits per packet. On the other hand, in Fig. 2.3(b), we have decreased the

PG to G, =3 (which means ¢, =5/3) in order to increase the transmission rate to three bits

per packet.
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2.2.2 S-ALOHA/O-FFH-CDMA System

In [8], we have shown that due to the linearity of the encoder-decoder set, multi-bits will

be coded and transmitted when the data rate increases beyond R, as shown in Fig. 2.4. At

the receiver end, the decoder observes practically multicode, which are delayed according to

the transmission rate of the source.
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Fig. 2.4: Optical S-ALOHA/O-FFH-CDMA packet model of a single user in a given time slot. (a)
g, =3,(b)¢g =4.

Accordingly, in the SSJALOHA/O-FFH-CDMA, to increase the number of bits per packet
of fixed length L, we increase the source transmission rate above the nominal rate without
decreasing the PG as in the previous system. When a terminal transmits using a rate
R >R , it introduces a bit overlap coefficient ¢, which represents the number of
overlapping chips between two consecutive bits [8]. Accordingly the new bit rate is related

to R, throughout the following equation

R | (2.3)
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Let &, be the overlapping coefficient, and X IEO) to be the total number of overlapped bits

in a packet time slot.

Lemma 2.1: Given a terminal k with (G,¢,) transmitting data using the S-ALOHA/O-

FFH-CDMA system with a nominal packet length L. The total number of transmitted bits per

time slot is given by

G-«

N

X - [LG ~% } @.4)

“Proof: For an overlapped packet to be complete for transmission, the following inequality

must be satisfied:

e+(G-¢e)+.+(G-g)< LG (2.5)
X,(,O)/mzex
LG-¢
X[ < : 2.6
ey (2.6)
Thus, (2.6) yields (2.4) which completes the poof. ]

Consequently the rate in a packet network will be

R =X

R

R, (bits/sec) (2.7)

Fig. 2.4 illustrates an example of the overlapping process in a packet time slot. In this
example, the packet length is L =2, and the PG is G =5. If the transmission rate is the

nominal rate, the packet format is as shown in Fig. 2.3(a), which means & =0 and the

transmission rate is two bits per packet. When the overlapped coefficient is increased to

&, =3 as shown in Fig. 2.4(a), the transmission rate is increased to three bits per packet. On
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the other hand, Fig. 2.4(b) shows the case where ¢ =4. Accordingly, the transmission rate

is six bits per packet.

The relation between the reduction factor «, of the S-ALOHA/VPG-FFH-CDMA
system and the overlapping coefficient ¢, of the SSALOHA/O-FFH-CDMA system can be

easily obtained by equating (2.2) and (2.7) to obtain

G-
o, = (2.8)

2.3 Signal-to-Interference Ratio (SIR)

In this section, we derive the SIR for both systems. In general, we can write the SIR as
follows

SIR(K):G—2 2.9)

K-l
2
+0,

k=

[¥]

Yo

~

k

where Ji is the interference power from the &” terminal and o is the additive white

Gaussian noise (AWGN) pbwer. The SIR for both systems differ in cr,i and the PG.

2.3.1 S-ALOHA/VPG-FFH-CDMA System

Assume class-s users with transmission rate R and equivalent PG G, . Also assuming

equally probable data, we can write the interference power [7] as follows

Gy

o, = 2 [H; (0.9)+H; (4.G,)] (2.10)

where
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H, (a,b):bz_ih(af_qv,af) (2.11)
Jj=a

is the discrete-time partial-period Hamming cross-correlation function of the &” interferer
[7]. In addition, h(.)] is the Hamming function [7]. The sequences af_q and a? are
numbers representing frequencies of the K" interferer and the desired user, respectively.

(j —qf')) is evaluated modulo G . Notice that the interference power is equal for every bit in

the packet time slot. Thus, we can write

2 2
SIR“)(K):#MV— vi<i<sx? (2.12)
o
1

=~

+ 0

k n

=~
Il

where ¢, is the reduction factor given in (2.1).

2.3.2 S-ALOHA/O-FFH-CDMA System

In the S-ALOHA/O-FFH-CDMA system, the problem is much more complex due to the
fact that not every bit in the packet time slot will have the same SIR as shown in Fig. 2.5.
Therefore, the SIR at the /" bit position in the time slot is given by

GZ

SIRY (K) = Vi<i<x9 (2.13)

=

O
o} (z) +o)

k

=
]

1

where X' is given by (2.4) and o, (7) can be computed as follows. Let
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Fig. 2.5: Interference from user X on the desired user due to overlapping.

X, =[e/(G-2)]

26

(2.14)

where fx-l is the smallest integer greater than x, we can notice that the problem can be

divided into two parts:

1 X9 -2x <o:

v=-i

() —i~l1

o), ()= _ZIHf(O,qi’))ﬁLXhZ 1 (q".G). X-X <i<X, -

=0

1 X[-in

v=—2X, v=0

in(O,qii))+in(q},'),G), 0<i<X?-x -1
v=0

> H(0.4V)+ Y H!(4.G), X, <i<x/”-1

(2.15)

where ¢! = rf')/TC and 7 is the time delay with respect to the i bit in the packet.

2) X9-2x >0:
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—1 X,
> H(0.4")+> HI(4V,G), 0<i<X, -1
v=—j v=0
o) (i)= Z] Hf(o,qﬁ’))+XZ'Hf (4".6), X, <i<x?-X,-1  (2.16)
v=—2X, v=0
> Hf(O,qf'))vLXbo)_’_]Hf (¢%.6),  xV-x, <i<x? -
v=—X, v=0

2.4 Performance Evaluation

In this section, we derive the correct packet probability of systems, the network

throughput and the average delay.

2.4.1 Correct Packet Probability

Usually the form of the bit error probability depends on the coding and the detection
techniques. If a Gaussian hypothesis is used to model the interference, then the prébability of
bit error in a'time slot when there are K simultaneous active terminals, using a simple On-
Off Keying (OOK) modulation and direct detection, is related to the system’s signal-to-

interference ratio (SIR) using the following equation

P, (i,K) = Q(%\/SIR") (K)J | 2.17)

where SIR" (K) is given in (2.12) or in (2.13).

24.1.1 S-ALOHA/VPG-FFH-CDMA System

Due to the fact that the bit error probability is equal for every bit in the packet, the

probability of successfully receiving a packet is

P (K)=[1-P,(.K)]" (2.18)

C
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where P, (i,K) is given in (2.17).

2.4.1.2 S-ALOHA/O-FFH-CDMA System

On the other hand, for the S-ALOHA/O-FFH-CDMA system, the bit error probability is
not equal for every bit in the packet. It depends on the bit position i as revealed in (2.15) and

(2.16). Thus we can write

X9

PK)= [ [1-RG.K)] (2.19)

2.4.2 System Throughput and Average Packet Delay

is the one step transition probability

n n

Let P=[P,,] be the transition matrix, where P,

from state » to state m . Consider that P, is the probability that m backlogged users will

be present in the next state given that » are present in the current state. It is given by

P, =Pr{x(t+1)=m|x(t)=n} (2.20)

nm

For random access CDMA, transition can take place in a number of ways since there can
be more than one successful transmission per time slot. The transition from state » to state m

is determined by the difference between the number of unsuccessful new transmission

UNTX and successful retransmission SRTX , i.e. when SRTX exceeds UNTX by (n—m)
for n>m or UNTX exceeds SRTX by (m—n) form>n.Let NTX =£, be the number of

new transmissions and R7X =£, be the number of retransmissions. Let b(ﬁ, w,p), denote

the binomial distribution. It characterizes the total number of all possible y/ successes in any
order given & attempts and p is the probability of success. Then the joint probability

distribution of SRTX and UNTX given n users in the backlogged mode can be written as
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Pr{SRTX = k,UNTX =1|x(t) = n}

- ; ; {118, P (&,+6)]-b[¢, . K-nP]-b[ k& P (& +£)] b[£.m B )
- (2.21)
where b(8,y, p) is given by
b(8.p.p)2 ['g) P (1-p)”° (2.22)

and P. () is the correct packet probability and given by (2.18) and (2.19). In addition,

P.(-)=1-F.(-), which represents the packet error probability. Hence the steady-state

transition probability is calculated as follows

min(n,K —m) SRTX :j’
Pr , mz2>n
UNTX =m—n+ j|x(1)=n
. (2.23)
min(m,l\’—")P SRTX :n—m+j,
r E
UNTX = j|x(t)=n

J=0

j=0

The long-term state occupancy probability x(rn) is given by the solution of:
7. T n K
po=u Py = [p(0), e ()], D () =1 (224)
n=0

The method to solve (2.24) is to find the eigenvalues of P’ and their corresponding
eigenvectors. By sorting the (K +1) eigenvalues in ascending order, the desired eigenvector
is the one whose index is the index of the highest eigenvalue. Then, the long-term state

probability vector will correspond to the desired eigenvector divided by the sum of their

entries.
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Thus, the probability of success can be seen as a binomial distribution by which S
packets are received successfully given M attempted transmissions in a given time slot.

This leads to the following:

Pr(S=s|M :m)zb[s,m,ﬂ(ﬁ)] (2.25)

The steady state composite arrival distribution given that there are n backlogged users in

the system and m backlogged users in the next time slot is given by

min(m, K -n)
fumlx=n)= > Pr(NIX = j,RTX =m- j|x=n)

Jj=max(m-n,0) (226)

min(m,K-n)

= Q. bU.K-nP)xb(m-j.nPF)

J=max{nm-n,0)

The throughput in packet per time slot, &, is defined as the expected number of successful

transmission per time slot

%

E{S}=E{E{S|M}}
_E {i{M]pg } 2.27)

—0 N
=3 mP. (m)[Zf (m|n)u<n>}

m=l

The offered traffic can be estimated by
R=(K-n)P, +nP, (2.28)
where 7 is the expected backlog or the average system state, and is given by

n=>y nu(n) (2.29)

The steady state delay according to Little’s theorem can be written as
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D=7/6 (2.30)

2.5 Stability Measures

Stability analysis has considerable interest for assessing the performance of ALOHA
systems [38]-[40], [43]. According to Kleinrock and Lam [39], a stable S-ALOHA system
exists when the channel load line intersects non-tangentially the equilibrium throughput-
delay contour by a single point called system operating point (Ho,ﬁo); otherwise, the system
is unstable. Then, the authors introduce the stability measure as the average first exit time

(FET) into the unsafe region where the average number of backlogged users 7 starts

increasing exceeding a given threshold 7, and the system’s throughput begins vanishing,

assuming the system is initiated with no backlogged users. In [38], system stability is
evaluated in terms of the expected drift in state n, which represents the expected deviation
of the system state from its current state to any other state. Thus, the system remains in its
current state, and when changing, it moves to lower states avoiding saturation. Therefore, the

expected drift is the measure of the dynamics of the SS.ALOHA system and it is defined as:

d(n)=>Y (m-n)P, (2.31)

m=0

A stable system has a global stable equilibrium point at state » =7 with zero drift and a

monotonically decreasing slope. In this case, the system has an acceptable throughput rate
and a tolerable time delay. The equilibrium points with zero drift and monotonically
increasing slope make the system unstable. The system that has more than one equilibrium

point is a bi-stable system [38].

It is shown by simulation (next section) that it is computationally very difficult to
estimate the relative degree of stability between the overlapped and the VPG systems by

using the expected drift analysis. FET stability measure offers a clear idea about the useful
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operating time of both systems in the safe region before exiting to the unsafe region with

much lower computational complexity.

Let the random variable 7, be the number of transitions the channel backlog # goes
through before it surpasses 7, for the first time starting from state i. Therefore, FET is

denoted by the expected value of 7_,, T,, which is obtained by solving the set of linear

equations
T=1+Yy PT (2.32)

where £ is the transition probability from state / to state j. The solution of the linear
system is derived as

T=(P-1)" x(-1) (2.33)

where P is the transition matrix, I is the identity matrix and 1 is a column vector of ones.

FET is then evaluated as

e

(2.34)

n corresponds to the maximum throughput & such that the system is stable when
n <n, and unstable otherwise. The stability of both systems for a finite population model is

studied numerically in section 2.7.

In multi-rate FFH-CDMA-based optical networks, different types of traffic loads can be
observed. These different types of the traffics can be classified as functions of burstiness,
QoS and/or delay requirements. Thus, different MAC protocol designs may provide different
performances when handling those traffics [56]. To well judge the performance of the S-

ALOHA protocol, we shall employ another MAC protocol that is originally designed for
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OCDMA networks, namely the round-robin receiver/ transmitter (R°T) protocol [25]. Then
we compare the performances of both FFH-CDMA systems undergoing both reminiscent
protocols in terms of the throughput and the delay as the offered traffic load varies. The

R’T/FFH-CDMA protocol is discussed in upcoming section.

2.6 R’T/FFH-CDMA

Beside the S-ALOHA protocol, we attempt to control the packet access to the optical

Reception
Mode

medium using the R’T protocol [25].

Transmission
Mode

Fig. 2.6: Block diagram of R°T protocol.

We assume that a packet corresponds to one bit and L bits form a message so that the
message length is equal to the packet length in S-ALOHA. Each user transmits his message
with a probability A4, called user’s activity. This message is stored in a single electronic

buffer, freed once the message is sent correctly. Any message that arrives concurrently at a
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non-empty buffer will be discarded. The terminal behavior is described by the block diagram
shown in Fig. 2.6. The user wishing to transmit his packets sends a request to the destination
station at first, and therefore he is in the requesting mode. The receiver of the destination
station scans across all codes in a round-robin fashion, switches to the desired code signature
at the next time slot and sends acknowledgements to the transmitting station to proceed on

its transmission. At this time, the receiving station enters the reception mode.

Before expiring the timeout duration z,, if the transmitting station receives the

acknowledgement, it enters the transmission mode and transmits the first # packets following
the go-back n protocol [25], where n = ¢ is the two-way propagation time in slots between
the transmitting and receiving stations. It can be 1 <L or ¢ 2> L. It then enters the waiting
mode, waiting for acknowledgements. If no acknowledgement is received after the time out
duration, the station retransmits its last # packets in a round robin fashion as well. Once the
message is received correctly and the station has nothing to transmit, it returns to its initial

state m.

At the reception side, once a packet is received correctly, an acknowledgement is sent.
Otherwise, the receiving station sends an ask-for-retransmission to the transmitting station
and enters the waiting mode. If there is a message arrival and there is no request, then the
receiving station asks the transmitting one for a connection request. If the latter does not

respond, the receiving station returns to its initial state m.
The system throughput under the R’Tis computed in [25] as

6(K,4,t,7,,L)= LK) L -
(K. A1z, )—L+(1_g(K))(mm{z,z;}-l)(L—min{z,L/z}) (2.35)

where P, (K) is given in (2.18) for the VPG-FFH-CDMA system and (2.19) for the O-FFH-

CDMA system. r, can be obtained such that the following condition is satisfied:
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K[ L+(1=P.(K))(min{t, L} =1)(L-min {1, L/2}) ] =

2tL(1—PC(rD))+(2t+2L—1)PC(rg)+m

P (2.36)

oY

+A(t—1)l_7pf’c(ra)+ 1—{1—14(%”}; P.(r,)

p=p(r) =0.5[\/u2 +4u —u}

APC (r()) ’ TO : rﬂ

K[L+(1—R(ra))(min {t,L} -1)(L-min {t,L/z})J :

and U=

The delay is given by

K- 4
D=——>"" 2.37
O(K,A,t,7,,L) (237

where K - A4 is the average offered traffic.

2.7 Numerical Results

This part provides simulation results that evaluate the performance of O-FFH-CDMA and
VPG-FFH-CDMA systems under S-ALOHA MAC protocol, respéctively. The evaluation is
in terms of the throughput, delay and stability. In addition, a comparison of performances
between S-ALOHA and R’T is conducted through simulation as well. It compares both the

throughput and the delay as the offered load varies.

2.7.1 Performance Assessment of the SSALOHA/FFH-CDMA Systems

Throughout this section, we present simulation results using the system model previously

derived in sections 2.3, 2.4, and 2.5. Our target is to compare the network throughput, the



Chapter 2. Optical S-ALOHA/CDMA Systems for Multirate Applications 36

average packet delay, and the stability of the S-ALOHA/O-FFH-CDMA and the S-
ALOHA/VPG-FFH-CDMA systems. Before presenting the simulation results, it is

worthwhile to summarize the procedures adopted throughout this section.

1) Specify the total number of terminals, K.

2) Assign each terminal a code using the Extended Hyperbolic Congruential (EHC)
family of codes characterized by a cross-correlation of at most one between two
consecutive codewords [11].

3) Choose the transmission rate of each terminal, Rs, by specifying the processing gain
Gy for the S-ALOHA/VPG-FFH-CDMA throughout equation (2.2) and by specifying
the overlapping coefficient ¢ _ for the SSALOHA/O-FFH-CDMA throughout (2.7).

4) Targeting a specific terminal, use a correlation receiver to compute the multiple access
interference (MAI) power from each undesired terminal using the derived equations
(2.10), (2.15), and (2.16).

5) The signal to interference power ratio (SIR) is therefore computed using (2.9), (2.12),
and (2.13).

6) Then compute the probability of error and the correct packet probability using (2.17),
(2.18), and (2.19).

7) The correct packet probabilities are used in the n-state Markov model in (2.21), (2.25),
and (2.27) in order to obtain the state transition probabilities, the throughput and the
average packet delay.

8) The computed transition probability matrix is used in (2.31) and (2.33) in order to
obtain the stability analysis.

9) This process is done for both the S-ALOHA/VPG-FFH-CDMA and the S-ALOHA/O-
FFH-CDMA system and a comparison is performed.

In the simulations, we have taken the number of active terminals K = 6, the packet length

L =300 bits per time slot, and G =29 . In addition, the transmission rate, R_, is normalized

in the sense that it represents the number of bits per time slot 7', . Note that, those values are
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chosen in such a way to keep the runtime of the simulation within acceptable interval

without affecting the general trend of the results.

In the upcoming simulations, we consider three different transmission bit rates, R, = 668,

789, and 1239 bits/time slot, for both overlapped and VPG systems. For the S-ALOHA/O-

FFH-CDMA, we will assume that the bits in a packet have an overlapping coefficients of &,
=16, 18, and 22 chips. This in turn yield increases in the bit rates to R, = 668, 789, and
1239 bits/time slot, respectively. On the other hand, for the S-ALOHA/VPG-FFH-CDMA,

the equivalent increases in the bit rates to R, = 668, 789, and 1239 bits/time slot is achieved

by reducing the processing gain (PG) to G, =13, 11, and 7, respectively.

6 — —

—+— S-ALOHA/Q-FFH-CDMA R =068
—O— S-ALOHAVPG-FFH-CDMA

, =1239 ]

Throughput (Packets/Slot)
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Fig. 2.7: Throughput vs offered traffic for P, = 0.9.

First, assume that the probability of retransmission is taken to be 2. =0.9. In Fig. 2.7 we
plot the throughput versus the offered traffic for the three different values of R, . Notice that

at high bit rate, it is evident that when the offered load increases the throughputs of both

systems degrade rapidly because they are governed by the SIR at the PHY layer as in (2.12)
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and (2.13). In fact, as the SIR decreases, the packets are more vulnerable to distortion, which
reduces the likelihood of their successful transmission and reception. Thus, the correct
packet probabilities in (2.18) and (2.19) collapse and hence the throughput, while at low and
moderate rates, is relatively higher. However, the overlapped system can tolerate more

traffic than VPG.

I T L k] ¥ T
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-
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Fig. 2.8: Average delay vs throughput for P, = 0.9.

On the other hand, Fig. 2.8 shows the average delay versus the throughput for the three

different values of R . Since at low and moderate bit rates both systems can handle high

loads, their throughputs are considerably higher. Therefore, rarely do backlogged packets
occur and the systems’ queuing delays are negligible. Nevertheless, as the bit rate increases
to higher values, the overall interference degrades considerably the system throughput. In
this case, a large portion of the offered load is corrupted and backlogged packets are delayed
for retransmission. But since the systems operate at high rate, the retransmitted packets

might face the same destiny, and then they will be further delayed.
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It is clear that for both performance measures, the S-ALOHA/O-FFH-CDMA system
always outperform the S-ALOHA/VPG-FFH-CDMA system and for different R . Notice

that as the transmission rate increases, the S-ALOHA/O-FFH-CDMA becomes much better
than the S-ALOHA/VPG-FFH-CDMA in the sense that its throughput becomes much higher
and its delay becomes much smaller. This result is expected because when the transmission
rate becomes very high, the PG becomes very small for the S-ALOHA/VPG-FFH-CDMA
system. This in turn drastically decreases the SIR in (2.12) and therefore, the correct packet
probability in (2.18). On the other hand, for the SSALOHA/O-FFH-CDMA system the PG is
fixed, which means that the signal power remains the same. In addition, the overlapping
coefficient is increased, which in turns slightly increases MAI as revealed in (2.15) and
(2.16). It seems that the slight increase in the MAI induced by the overlapping procedure in
the S-SALOHA/O-FFH-CDMA system is much better than the huge decrease in the signal
power in the SS-ALOHA/VPG-FFH-CDMA system in terms of keeping the SIR high enough

to achieve an acceptable correct packet probability.
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~ Fig. 2.9: Throughput vs offered traffic for R, = 1239 bits/slot.
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The effect of the retransmission probability P. on the systems throughputs and the

average packet delay is studied in Fig. 2.9 and Fig. 2.10, respectively, by varying P. and
fixing R to 1239 bits/slot. In Fig. 2.9 we plot the throughput versus the offered traffic and
Fig. 2.10 shows the average delay versus the throughput. It is clear that as P. decreases, the
throughput decreases and the delay increases which is what we should expect. Note that in
Fig. 2.9, increasing P. from 0.2 to 0.9 yields faster degradation in throughputs of both

systems due to the fact that higher priority is now given to the retransmissions, which
overload the optical channel. However, in Fig. 2.10, the average packet delay is significantly
reduced because the queuing time of backlogged packets is reduced as well. We can clearly
notice that the S-ALOHA/O-FFH-CDMA system still outperforms the S-ALOHA/VPG-
FFH-CDMA system.
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Fig. 2.10: Average delay vs throughput for R, = 1239 bits/slot.

Fig. 2.11 depicts the state occupancy probability of both the overlapped and the VPG

systems. For the latter, it is observed that higher order system states are occupying in a
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monotonically increasing fashion of probability as the retransmission probability increases
(R =O.9), which lead to more backlogged users in the system, whereas for the former,
higher order system states are less probable to occur and the system converge to the initial

state despite the variation of the retransmissions. This makes the overlapped system tolerate

higher rates with acceptable delay.
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Fig. 2.11: State Occupancy Prob. vs System States for R, = 1239 bits/slot.

Fig. 2.12 shows the expected drift stability assessment of both systems. It is shown that
both systems have single global equilibrium points for small number of states. To achieve
the second zero crossing point (which is the unstable point), the simulation should be

conducted for much higher number of states, which is numerically very complex.

For this reason, to compare the stability of the overlapped and the VPG systems, the FET
stability measure is used as depicted in Fig. 2.13. It is very clear that the FET for the
overlapped system is always higher than that of the VPG system for different number of

active terminals and transmission rates. This implies that the overlapped CDMA system is
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more stable because it operates at longer time in the safe region before it exits to the unsafe

region.
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Fig. 2.12: The Expected Drift vs System States for R = 1239 bits/slot.
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2.7.2 Performance Comparison Between S-ALOHA and R’T Protocols

In this simulation we have assumed that the number of stations is K = 23, the processing
gain G = 31, the packet length under S-ALOHA protocol is L = 300 bits/time slot and the
message is one packet. While equivalently, under the R’T protocol the packet length is one
bit/time slot and L =300 designates the message length in packets. Note that there is a

correspondence between 4 and P.. In S-ALOHA, when a terminal enters the backlogged

mode, it cannot generate new packets until all the accumulated ones in the system’s buffer
are retransmitted. Consequently, the offered traffic varies according to the retransmission

probability, P.. Meanwhile, in R’T, the terminal in case of transmission failure retransmits

the last unsuccessful ¢ packets with the same transmission probability (user’s activity) 4

which varies the offered traffic. For S-ALOHA, we assume P. = 0.9, whereas for R’T, we
assume 4 = 0.1, 0.5, 0.6 and 1, the time out duration 7z, = I time slot and the two-way

propagation delay /= 2 and 8 time slots in fiber lengths of 200 m and 800 m, respectively. In
addition, we consider that both multirate systems transmit at a normalized rate of Rs = 714

which corresponds to an increase of the overlapping coefficient ¢ from 0 to 18 for the

overlapped system and a reduction of the PG to 13 for the VPG system.

The throughput of both systems is presented in Fig. 2.14 and Fig. 2.15 for two-way
propagation delays of two and eight time slots (zr = 2 and 8), respectively. Note that, the
propagation delay has remarkable influence on the throughput of the OCDMA systems. This
is due to the degradation of the signal power over the long distance in the fiber, which yields

the available offered traffic to be susceptible to the MALI.

In addition, for low offered traffic, we notice that in both cases the R°T protocol exhibits
higher throughput than the S-ALOHA protocol when the user’s activity 4 < 0.6, while, the
throughputs of both protocols are matched when 4 = 0.6. It is clear that under the R'T
protocol the throughput curves of the overlapped system at moderate transmission rate reach
around 10.5 packets per slot and decreases to 8.5 for 1 =2 and 8 respectively; while those of

the VPG system reach around 6 packets per slot, given that the maximum offered load is




Chapter 2. Optical S-ALOHA/CDMA Systems for Multirate Applications 44

relative to 4. This means that the R’T protocol always assures a successful transmission of
its offered load when it is less than or equals to the maximum achievable throughput. In this
case, this offered load is almost completely transmittable. As the offered load (K.A4)
increases, then at a certain level it exceeds the systems’ capacities and becomes intolerable

by such systems whose throughputs begin dropping off.

In fact, in our analysis, we have noticed that the throughput is always achieving a
maximum value, which is referred to as “asymptotic throughput” as in [25], where the
system’s parameters reach their limiting values. That is, the number of transmitting users in
a given slot approaches N/2 and the message length is sufficiently large. This yields the
throughput to be invariant to 4. However, for 4 < 0.5, this throughput exceeds the offered
load for one reason, which is the average offered load of R'T protocol does not involve the
retransmitted packets whereas its throughput, computed by (2.35), does. Therefore, the
actual number of packets in the network may exceed the number of the transmitting users
because go-back-n has been adopted as a retransmission protocol. Since the load is already
low, more packets that are available in the network can reach their destination successfully

with low interference [25].

As 4 increases, the throughput of R°T" decreases compared to S-ALOHA. This is because
more users are now transmitting and the offered traffic is increasing, which means that the
MALI is intensifying. The packets facing such interference are susceptible to distortion,

which, in turn, degrades the throughput.

For A =1 all the users are transmitting at the same time, nevertheless the throughputs of both
OCDMA systems undergoing R°T are declining. This is because more users are now trying
to transmit, while other users are still busy transmitting their long messages. Hence, the
interference significantly increases and any unsuccessful transmission is replaced by the
retransmission of the last ¢ packets and the optical channel is highly utilized by the
retransmitted packets. This problem can be resolved in the S-ALOHA protocol by randomly
delaying the distorted packets, which are then retransmitted with a probability P,. By

increasing this probability, the protocol gives higher priority to the retransmissions over the
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newly generated packets. In this way contention can be efficiently controlled and the
throughput is optimized. On the other hand, for high offered traffic, the throughputs of R’T
decay faster than that of S-ALOHA, which means that R’T has limited capacity. However,
for large value of 4 (4 = 1), the throughput of R’*T/VPG-FFH-CDMA is better than that of S-
ALOHA. This means that VPG system undergoing R’T can tolerate higher load than when
undergoing S-ALOHA. Also, under both protocols, the throughput of the overlapped system
outperforms that of VPG system.
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Fig. 2.14: The throughput versus the offered traffic of the multirate systems under the two MAC
protocols: S-ALOHA and R’T for a two-way propagation time of two time slots: (a) A= 0.1, (b) A=
0.5, (c) A=0.6,(d) A= 1.
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Fig. 2.15: The throughput versus the offered traffic of the multirate systems under the two MAC
protocols: S-ALOHA and R’T for a two-way propagation time of eight time slots: (a) A= 0.1, (b) A=
0.5,(c) A=10.6,(d) A= 1.

In Fig. 2.16 and Fig. 2.17 we present the average packet delay versus the system

throughput of both multirate OCDMA systems operating under the two mentioned protocols

for t=2 and 8, respectively. We remark that the R’T protocol exhibits higher delay,

especially at low throughput even if the user’s activity and the two-way propagation time are

reduced as revealed by both figures. This significant delay is caused by two factors: the

adoption of go-back-n protocol for the retransmission of the distorted packets where n = ¢

and the signaling packets such as request, acknowledgement and ask-for-retransmission,
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which in case of failure, place the system in the waiting mode for a certain period of time.
Therefore, by minimizing the transmission activity of users (4 = 0.1) and the propagation

time to 7 = 2, the average system delay encountered by the R°T when the throughput is low is

still higher than that encountered by the S-ALOHA.
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Fig. 2.16: The delay versus the throughput of the multirate systems under the two MAC protocols: S-
ALOHA and R’T for a two-way propagation time of two time slots: (a) A= 0.1, (b) A= 0.5, (c) A=
0.6, (d) A= 1.

In addition, for both £ = 2 and 8, the average delay of the VPG system begins increasing
as the throughput. This is due to the fact that as the load increases, the MAI level increases
in the optical channel. Due to the reduction of the processing gain (PG) of the VPG system

to Gy = 13, the optical signal intensity of users gets reduced and it is unable to persist to the
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MALI. This in turn increases the likelihood of packet corruptions, and the erroneous packets

will require longer time to be successfully transmitted. However, the delay of the overlapped

system remains less affected as the traffic load increases since the PG is always preserved

and hence the signal intensity. This yields the packets to be less susceptible to MAI and thus
to failure. However, in the SS-ALOHA/VPG-FFH-CDMA system the delay is significantly

increased as the throughput increases because the excess load is not tolerable by the system;

therefore, it is exposed to failure and equivalently to retransmission.
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By comparing the performance of both systems under both protocols, we notice that for
low and moderate offered load, the S-ALOHA is better than the R°T when 4 is high; while
the R’T is better when A is small. In addition, the throughputs of both protocols are matched
when A4 = 0.6. On the other hand, for high offered load, the S-ALOHA surpasses the R’T.
However, the VPG system under R’T can provide improved performance over that under S-
ALOHA when 4 is large and the offered load is relatively high. In addition, the S-ALOHA
always outperforms the R°T in terms of the average packet delay especially for large values

of A.

2.8 Conclusion

In this chapter, a variable bit rate system based on hybrid S-ALOHA/O-FFH-CDMA
system was proposed for optical CDMA time slotted packet networks. Two different
systems were introduced and compared; the novel S-ALOHA/O-FFH-CDMA system and
the classical S-ALOHA/VPG-FFH-CDMA system. The SIR for the new system was
obtained. In addition, the time slotted system model has been derived using the general
Markov chain from which the steady-state throughput and average packet delay have been
evaluated. Simulation results showed that the newly proposed S-ALOHA/O-FFH-CDMA
system outperforms the S-ALOHA/VPG-FFH-CDMA system, especially at higher

transmission rates.

In addition, the stability of both systems has been studied in terms of expected drift and
FET. Simulation results showed that the newly proposed S-ALOHA/O-FFH-CDMA system
is relatively more stable than the S-ALOHA/VPG-FFH-CDMA system. Therefore, it has

superior stability and is less susceptible to saturation.

Furthermore, a comparison of performances of the two multirate OCDMA systems under
two different MAC protocols, the S-FALOHA and the R’T, has been performed. It was shown
that the SSALOHA is better than the R’T when the user’s activity 4 and the offered traffic
are high while the R°T is better for moderate traffic and smaller values of A. In addition, both

protocols can be competitive in terms of system throughput for moderate offered traffic by
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fitting the corresponding parameters to an appropriate setting. However, the R’T protocol
suffers a higher delay mainly because the presence of additional modes (acknowledgement
mode and requesting mode) which require a priori time setting for establishing a connection
before data communication begins between the transmitting/receiving parties. Such modes
are not available in S-ALOHA protocol. Finally, the overlapped OCDMA system always
outperforms the VPG OCDMA system regardless of the protocol used.




Chapter 3

Optimal Resource Allocation Scheme in a Multirate
Overlapped Optical CDMA System

3.1 Introduction

Optical code division multiple access (OCDMA) has received considerable attention as a
multiple access scheme for optical local area networks (LAN) [15], [17]. In addition,
heterogeneous services, entailing multirate transmission, are now feasible due to the rapid
evolution of fiber optic technology [57] that offers ultra-wide optical bandwidth capable of
handling these multirate transmissions and fulfilling good quality of service (QoS)

requirements.

The first work toward this target was presented in [5], [6] where a novel coding technique
that leads to the generation of a new family of Optical Orthogonal Codes (O0C) called Strict
OOC. Although Strict OOC ensures both the auto- and the cross-correlation constraints to be
less than or equal to one, the variability of transmission rate at constaﬁt power may not agree
with the demanded QoS. Moreover, when the optical system attempts to transmit at a certain
rate with very high power, a substantial increase in the interference occurs on the desired
user at the receiver side [58]-[64]. This yields degradation in the system performance. One
way to ameliorate the system efficiency is to adopt an efficient resource allocation strategy
that regulates the amount of transmitted power with regard to the rate variation and the
number of active users, so as to maximize the aggregate throughput of the multirate CDMA

system [63].

Most of the analyses conducted on CDMA communication systems agree that optimal
selection of the system’s parameters such as the transmitted power and the bit rate would

improve their performances [58]-[61]. This, in turn, gives rise to optimization problems
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which are rarely discussed in the literature of OCDMA. For instance, a non linear
programming power control algorithm has been proposed in [58] to maximize the capacity
of multirate optical fast frequency hopping code division multiple access (OFFH-CDMA)
system constrained by a predefined QoS based on the received signal-to-interference ratio
(SIR) of each class of users. The rate of each class of users is chosen statically by choosing
the corresponding processing gain (PG) in a way that higher rate users have smaller PG and
lower rate users have larger PG. Then, the power of multirate users is optimally regulated
with variable optical attenuator before transmission to limit the interference directly from the
transmitter. In [59], a power control algorithm, based on optical power selector consisting of
a set of optical hardlimiters and couplers, has been inspected for a multirate optical DS-
CDMA system using one signature for each user with time hopping. In this work, the
transmission rate and the bit error rate are controlled by the hopping rate and the optical
power, respectively, to improve the system performance. Nevertheless, this algorithm
employs ideal optical hardlimiters, which are practically very difficult to realize. In addition,
an adaptive overlapped pulse-position modulator, employed to create multirate and
multiquality transmission schemes, has been investigated in [60] for OCDMA networks
where the power control mechanism is done by means of optical attenuators. It was proven
that this system can tolerate four different services associated to four different classes of
rates, which are easily differentiated by the intensity of the transmitted pulses and the
number of transmitting slots, respectively. Moreover, the power control problem is also
addressed in [61] for temporal prime coded OCDMA system taking into consideration the
effect of the near-far problem caused by different fiber lengths connecting the users to the
star network. It was shown that the fiber length after the star coupler is irrelevant to the
optimal power evaluation. However, the consequences of having multirate users were not

investigated in this analysis.

In this work, and for the first time, we propose a novel hybrid power/rate control
algorithm for the OV-CDMA system [8], [9] in which multirate transmission is achieved by
overlapping consecutive bits coded using fiber Bragg grating (FBG). It is shown in [8] that it

is possible to increase the transmission of each class of users well beyond the nominal rate




Chapter 3. Optimal Resource Allocation Scheme in a Multirate OV-CDMA System 53

without decreasing the PG. In addition, a service curve has been introduced, which relates
the cutoff rates of the offered multimedia classes in a multi-class system. Our purpose in this
work is to find the optimal overlapping coefficient through which we can achieve maximum
transmission rate with minimum transmitted optical power directly from a laser source
according to a predefined QoS required at the optical receivers for each class of users. In our
analysis, we consider the average SIR as an adequate QoS requirement for each class of
users. We derive an explicit solution of the optimal power as a function of the optimal data
rate, from which the throughput function has been simplified to a quadratic function of the
transmission rate vector. For each class of users, we provide a joint transmission power and
overlapping coefficient allocation strategy, obtained via the solution of a constrained
optimization problem, which maximizes the aggregate system throughput subject to a peak
laser transmission power constraint. Under this strategy, the classes of users are allocated
maximum transmission rate in decreasing order of the QoS requirements. It is also shown
that there is at most one class of users that has an overlapping coefficient between zero and

full overlap, and the remaining classes either transmit with full overlap or with no overlap.

Following the introduction, this chapter is structured as follows. Section 3.2 introduces
the system model and the optimization problem formulation. The resource allocation
problem is obtained in Section 3.3. Section 3.4 presents the solution for a two-class system.
The three-class system evaluation is covered in Section 3.5. Finally, the conclusion is

presented in Section 3.6 .

3.2 System Model and Problem Formulation

An OV-CDMA system that supports M users in S classes, sharing the same optical
medium in a star architecture, has been proposed in [8]. We will consider that all users
transmitting their data at the same QoS are clustered in the same class. All classes have the
same processing gain G . The encoding-decoding is achieved passively using a sequence of
fiber Bragg gratings (FBG). The gratings spectrally and temporary slice the incoming

broadband pulse into several components, equally spaced at chip interval 7. The chip
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duration and the number of grating G determine the nominal bit duration to be 7, = GT..
The corresponding nominal transmission rate is R, =1/T, . Increasing the transmission rate
beyond the nominal rate R, without decreasing G introduces an overlapping of coefficient

¢, among the transmitted bits during the same period 7, as revealed in Fig. 3.1.
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Fig. 3.1: The concept of overlapping among the bits of class-j users, showing the effect of the
overlapping coefficient &, on their transmission rate.

In this case, the concept of overlapping is illustrated among six bits of G =5 and the
overlapping coefficient of class-j is £, =3, which means that there are three chips in each
OCDMA-coded bit that overlap with three chips of the other bits in the same class. This, in
turn, augments the overall transmission rate of the users involved in this class from three bits
after 37, to six bits. In general, the overlapping coefficient represents the number of

overlapped chips among consecutive bits of class-j. Accordingly, the new transmission rate

of class-j is given by

R G.D
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where 0< &, <G -1 for je{0,...,S~1}. This implies that RY < R < R™ where R" =R

and R" = GR, are the lower and the upper data rate common to all classes, respectively.

Also, we assume that the system is chip-synchronous and of discrete rate variation.
Furthermore, all users of the same class transmit with the equal power and have the same

overlapping coefficient. Hence, each class is characterized by its own QoS. Thus, let P, and

B, be the transmitted power and QoS of class+j, respectively.

3.2.1 SIR as QoS measure

In many cases, it is reasonable to take the QoS requirements as meeting the SIR
constraints [58], [63]. It was shown in [8] that the SIR for class-j using an OV-CDMA

system is given by

%
(M—I)G2 i p(i)}), ,
2F = G—¢

SIR, = , je{0,...,5-1) 3.2)

where F' is the total number of available frequencies used in the code construction [11], and

o is the variance of AWGN. On the other hand, p(') is the multimedia probability density

S-1
function and it represents the probability that a user selects class-i, where Zp(’) =1. We can
=0

easily simplify (3.2) into the following

P
SIR, = ——2——, je{0,...,5-1) (3.3)

M PR +-—=

I I 2

[%7]

Q

Q

where R, is given in (3.1) and M, represents the weight factor of class-i and it is given by

(3.4)



Chapter 3. Optimal Resource Allocation Scheme in a Multirate OV-CDMA System 56

Note that by increasing p(') of class-i as if we are increasing its weight for fixed system

parameters F, G, M, and R .

3.2.2 System Throughput

In this work, we aim at finding an appropriate resource allocation strategy that maximizes
the transmission rates as well as minimizes the transmitted powers of the multirate users in

an overlapped CDMA environment in order to maximize the system capacity. The criterion

to achieve this optimality is to consider the aggregate throughput Q" :R* xR® — R as the

weighted sum of the ratios of the transmission rates over transmitted powers for the S

classes and it is given by

S-1
o (RP)=3 1,

j=0

| =

(3.5)

~

J
j
where R = (Ry,R,,...,R,_,)  is the data rate vector, P=(PB,,B,..., P,_;) s the power vector
and M is the weight factor of class+j, as defined in (3.4) with 0 <M, <1. This function of

merit represents the system throughput, as the average number of bits per second per unit of

power. Physically speacking, Q" meseaures the energy efficiency of the system, that is the

average number of transmitted bits per unit of energy (bits/Joule).

Accordingly, we are interested in computing the jointly optimal power and rate allocation
for users in each class that maximizes the aggregate throughput, subject to predetermined
QoS constraints in terms of the SIR of each class. The optimal allocation policy is obtained
by solving the following optimization problem

() (R, P")=arg max {Q"(R,P)| (3.6)

(R,P)e3

where the feasible set is given by
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3={(R,P): SIR =p,0<P <P,

nax

and R, <R <GR, V je{0,...S-1}} (3.7)

max

where P <o is the maximum permissible power of the laser source and B, is the QoS of

class-j.

The nonlinearity of the optimization problem is obvious from (3.5) and (3.7). Thus, to

solve (I1,), the problem is decoupled into two resource allocation scenarios: the power

allocation scenario and the rate allocation scenario as will be shown in the next section. We
first obtain the transmission power allocations, which are determined as a function of the
QoS and the transmission rate of each class. We then maximize the aggregate throughput

with respect to the transmission rate vector.

3.3 Jointly Optimal Power and Rate Allocations

In this scenario, we consider that the intensity of the transmitted optical signal is directly
adjusted from the laser source with respect to the transmission data rate of users of the S
classes. Thus, each class is allocated the minimum optical power capable of handling the
traffic rate of its users while observing the transmission rate of all other classes and at the
same time maintaining a low level of interference at the desired receiver. To do so, we fix
the transmission rate of all the classes and we find out the optimal transmitted power

corresponding to the desired class for a given QoS. Therefore, by taking SIR, =, and

rearranging terms in (3.3), we get a set of linear equality constraints in terms of P,. That is,

S-1 P ]
PMR ——+—=0, Viei0,...,5-1 3.8
Zo B8 TSN, i< j (3-8)

where SNR, = Gz/aj is the nominal signal-to-noise ratio common to all classes. Then, by

solving the linear system in (3.8) for P, we get
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1 B

J = X S-1
SNR, -5 gMR
i=0

. Vje{0,...,S-1} (3.9)

The power is defined when the denominator is strictly greater than zero. That is,
S-1
> MBR <1 (3.10)
i=0

Consequently, the optimal class-j transmission power Pj is obtained by solving the rate

allocation problem and finding the optimal rate R;. Note that, the thermal noise, dark

current and surface leakage current of the system are taken into consideration through the

presence of the factor SNR, in the power allocation strategy.

3.3.1 Optimal Rate Allocation

In this scenario, we will compute the optimal rate of the system classes that corresponds

to the minimum power obtained in the previous section by substituting P, in (3.9) into (3.5).

We obtain

QY (R):SNR”(—RTQR+CTR), Q=Q",Q>0,C>0 (3.11)

T
where Qg , = MM A 'B and C= {M Mo Eﬂ} . Notice that
ﬂ] i i, j=0,1...5-1 ﬂo ﬂ] IBS—]

the throughput function is a quadratic function of the rate vector R.

Thus, the optimization problem (H,) under the optimal power allocation becomes
£ M
(I,) R =arg max {Q (R)} (3.12)

where the feasible set 3 is given by
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I={R: EM B R <1—max(ﬁ’)-'=°>"---'5‘l and R, <R,<GR, V je{0,...,S-1}
: - =3 P_SNR S ’ o
(3.13)
Notice that the gradient of Q" (R) can be computed as
VQY =SNR, (-2QR +C) (3.14)
and the Hessian matrix [65], [66] is
H=V’QY =-2SNR Q (3.15)

Because the Hessian matrix is negative, the throughput function is a concave function in

R, and therefore, the Kuhn-Tucker (KT) condition [66] is sufficient for an optimal point to

be a maximum. To solve (Hz) , we use the method of Lagrange multiplier. Consequently,

the Lagrangian function is defined as

L(R,A)=Q" (R)+§:/1mgm (3.16)

m=0

where g, is the m"™ constraint and A, is the corresponding Lagrangian multiplier and A is

the vector of Lagrangian multipliers. Applying the K'T condition on (I‘[z) we obtain

OL(R,A)

70, Vje{0,...,5-1 3.17
oK j e } (3.17)
2,8, =0, Yme{0,...,2S} (3.18)

g,20 (3.19)

A >0 (3.20)
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The nature of the stationary points is governed by the second order derivative of the
Lagrangian function [65]. Notice that the second order derivative is strictly negative and

independent of R, i.e.

aQL(R,A) 5
————==-2SNR M (3.21)
OR; /
and
O’L(R,A
——(—) —SNR,M M, ’B 'B N (3.22)
aR,aRj . 1

This implies that (3.21) and (3.22) are sufficient conditions for the stationary points to be

maxima [66]. The following two propositions show that the global maximum of Q" (R) is

not the solution of (I1,).

- Proposition 3.1: Given an Sx S positive symmetric matrix Q of the form

BB
SxS$ MM
Q‘ |: ['B ﬂ]:|v,je{01 LS}

where all B # B,,Q is non-singular for S =2, and it is singular for S 23.

Proof: Let A, , be any 2x2 matrix of the form
B [B48] L85
E 6B 2 "
2x2
lMH_]M (ﬂ/ﬂ +ﬂ} ‘I—MH_'M (ﬁw] ﬁ{ J
2 ﬁk ﬂw] 2 ﬁ/ !BH]

where i=5-2, 5>2 and k¢€,k,€e{0,l,...,S—1}.
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Then, the determinant of A, , is equal to

X

given that all SBs’ are distinct. This implies that the matrix is non-singular. For §=2,Q,,

is a special case of A, , where i=0, k=0, and (=1. Hence, Q,,, is symmetric and non-

singular.

Now, let A, ; be any 3x3 matrix of the form

s (L8] Ly (B8] Ly (£.2]
2 B B 2 B B 2 BB
A= lM,-HMk {ﬁ-i-—'@—] lM,HMf[’B’+l + B ] leMr(ﬂ’H " B, J
2 :Bk ﬁ/+l 2 “ ﬁt‘ ﬁnl 2 ﬁ, :Biﬂ
lMHsz (&Jrﬁ] lM,+2M/('B’+2+ B j lMHZMr[/BHz n B, }
—2 B B 2 . B 2 B B i

where i=S8-3, S>3 and k= (#rk,L,re{0,1,...,5—1}.

Then, det(Am): 0. This implies that this matrix is singular. Consequently, all the 3x3

minors in the determinant of Qg are zeros; hence det(Qg ¢)=0 and Qg is singular for

Sz3 u

Proposition3. 2: The global maximum of the optimization problem (Hz) is not feasible.

Proof: The throughput function has a global maximum only when the gradient is null,

vQY =0. This implies

R =1Q'C (3.23)
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The global maximum in (3.23) exists if and only if the matrix Q is invertible. In addition,
R’ is feasible if it is in the feasible set 3 of (Hz). By proposition 1, Q is non singular for

S =2. Thus, for any two-class system, say class-i and class-j, the global maximum is found

when the gradient is null. That is VQ" =0, which yields

: 5
R=— B

i M,(ﬁz“ﬂjz)
R £,

M (B )

By assumption, 3 # ,Bj , S0 both rates are finite. Also, notice that, SM R + ,BJMJR‘I =1,

which violates the condition in (3.10). This means that this solution is not feasible and hence
the global maximum. For $2>3,Q is singular by proposition 1 and therefore the global

maximum does not exist. m

3.3.2 Problem Solution

The solution of (Hz) is obtained via the following lemmas, the first of which shows that

the feasible set 3 can be reduced to its boundaries. It also shows that there is at most one
class of users that has an overlapping coefficient between zero and full overlap, and the

remaining classes either transmit with full overlap or with no overlap.

Lemma 3.1: Assume that R" = (R;,R,’,...,R;_, )T solves the oplimizdtion problem (11,).
If B, <o, there exists at most one R_: such that R SR; <R", and R =R or

R =RY Vizj=01,.5-1.
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Proof: The throughput function is concave in R” and thus, the optimal rate allocation lies

on the boundary of the feasible set(J). Consider the KT conditions on (II,)

Vje{0,1,....k,...,S 1} as follows:

o™
+/11 —/134/ -—XQSMJ'BI =0 (324)

J
4 (RJ _R(p)) =0 o
As., (R =R, )=0 o

max (,B,)v ~ =

1_ K /E{O,],...,ﬁ*l} _ M R = O 327
ﬂzS PMax SNRn ; ,ﬂ, ' ( )

There are four cases to consider.

a)If A, #0, then 4

S+

= 0. This implies that R} = R, Vj € {0,1,....k,...,S =1}

b) If 4,

"

#0,then A, =0 This impliesthat R’ =R" ,Vj e {0,1,....k,...,S—1}.

In both cases, there are (S+1) equations of (S+1) unknowns in A and/or A,

plus

A I A,s #0,0r 4,5 =0 then

S-1 <l max('[))/)v,e{o,l,...,s—l}
i=0 P Max SNR”

which satisfies condition (3.10). Therefore, R; are indeed feasible solutions for (Hz) .
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c) Consider the class-k of users for which 4, =0 and Ag,, =0. This implies that the

4

feasible solution is R; # {R('),R(")} . In addition to this condition if cases a) and/or b) are

occurring for all j# k, there are also (S +1) equations of (S +1) unknowns in 2, and/or

Asijen Plus A and R, If 4o #0, R, is computed from the constraint (3.27) and it is

given by

max ( y5; 51
R, = ! 1- J)VIE{O"""'H} -Y M,BR’} where R € {R('),R(”)}
M, B, P,..SNR, =

Max

2k

In addition, A, is computed from (3.24). On the other hand if 4,; =0, then

S-1 max (3, ) ‘
ZM,,B,R: <|1- ( j)VJE{O,I,.“,Asf;}
0 PMaxSNR,,

M

because R’ are feasible by assumption. In this case, R, is computed from =0. Since

k

by assumption R, is feasible, R") < R, < R, where all R = RYor R Vj k.

d)If 4,=0 and A, , =0 for more than one class at same time, then the system has no

feasible solution by proposition 1. m

This means that there exists at most one class of users that transmits with rate between

R, and GR , and the remaining classes either transmit with the maximum rate GR or with

the minimum rate R, .

* *

Lemma 3.2: Consider thai B> Yi<j. If R =(R,R...R) solves the

optimization problem (Hz), then R < R: ifandonly if 0<i< j<S—-1.
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Proof: Appendix A.

3.4 Two Class System

In this section, we analyze the feasible region of the two-class system by providing a
graphical representation of system’s solution. Thereafter, we proceed on by a numerical

analysis to assess the validity of the optimal results.

3.4.1 Feasible Region Analysis

R A

Fig. 3.2: The feasible region for a 2-class system.

Due to the complexity of the problem under consideration, and without loss of generality,

we present the case of a two-class system. Consider a two-class system, the c/ass-i and the
class-j with R = (R,,R_/ )T. The boundaries of the feasible region are illustrated in Fig. 3.2.
To solve (IL,), we should obtain the optimal solution which is defined in predetermined

intervals of 3 and £ . Let the set of edges of the feasible region be E = {e e,.e,,¢,,¢,} to
be the locus of our optimal solution. By Lemma 3.1, we know that at most one class of users

transmits with transmission rate between R') and R", and the remaining classes either
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transmit with R® or with R". Thus, the search space of the optimal solution is

E' = {el,ez,e3,es}. In addition, without loss of generality, consider that £ > f3,. By
Lemma 3.2, we know that if 5 > f3, then R <R, . This means that the locus of the optimal

solution has been reduced to E”" = {e,, e, } .

3.4.2 Numerical Results

In this part, we evaluate the effectiveness of the proposed power/rate control algorithm
for two-class. First of all, we consider the two-class system for which we assume that
M =61 users are active, the processing gain of the user’s signature is G =61, the total
number of available wavelengths is F =62, the nominal signal-to-noise ratio is

SNR, =35.7 dB, the upper bound on the laser power is P =5dBm, the QoS of class-0 is
fixed to [, =8dB, and the nominal transmission rate is R =1 Mbps. Again, the choice of

these values is done is such a way to point out the original aspects of the obtained results in a
clear manner without affecting the general trend. Besides, in order to assess the validity of
our results, we make use of a numerical method consisting of a sequential quadratic method,
based on the quasi-Newton method, in which a quadratic programming sub-problem is
solved at each iteration, and an estimate of the Hessian of the Lagrangian function is updated
using the BFGS method (suggested by Broyden, Fletcher, Goldfarb, and Shannon in 1970)
[66]. The simulation shows that the explicit analytic solution matches completely the
numeric one. This means that the derived solution is indeed the exact optimal solution. In
addition, the performance of the proposed resource allocation strategy is compared with that
of a classical power control algorithm with fixed transmission rates. We assume that class-0

users transmit at rate R, =2R, when [, <3, and class-1 users transmit at rate R, = 2R,
- when [ < f3,, then the classical power control strategy allocates the best transmission laser

power to each user in either classes in order to guarantee the QoS requirements.
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Fig. 3.3: The transmission rates versus QoS of c/ass-1 users for different multimedia distribution.

In Fig. 3.3, the transmission rates are evaluated as a function of /3, and they are plotted

for different multimedia distributions. For p(') =0.1, the multimedia traffic is denser in
class-0 than in class-1. Since a small number of users are choosing class-1, the minority

class-1 users transmit at rate R, = R™ for f, <8dB. On the other hand, the majority class-0
users transmit at rate R, = R") for 3 <4dB, and R") <R <R™ for 4dB< /3 <8dB. In
addition, for /3 >8dB, class-1 users now transmit at rate R, =R"), while class-0 users
transmit at rate R < R} < R" . For p" =0.9, class-1 users are allowed to transmit only at
RY <R/ <RY for S <8dB, while class-0 users transmit at RY . Also, notice that for

8dB< B <9dB, R" <R <R" and R, = R" . This, in turn, shows a total agreement with

the hypotheses proposed in the two lemmas, proven in previous sections. Furthermore, as the

number of users in a certain class increases and hence the multimedia traffic, the allocated




Chapter 3. Optimal Resource Allocation Scheme in a Multirate OV-CDMA System 68

transmission rate decreases in order to keep the MAI at an acceptable level for satisfying the

required QoS.
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Fig. 3.4: The power consumption of class-0 and class-1 for different multimedia distributions.

The optimal transmission power for the corresponding multimedia distributions is

illustrated in Fig. 3.4. Note that, as the number of class-0 users decreases, their allowable
transmission power increases. Therefore, when p(') increases from 0.1 to 0.9, the MAI

effect of class-0 on class-1 decreases, and the system allows class-0 to transmit at the upper-
bound laser power to improve the service requirement. In addition, class-I power is

proportional to QoS. Therefore, it is monotonically increasing as S until it reaches a

constant level at the maximum attainable laser power for 3 > f3, . The constant power in this
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interval of /3 is necessary to assure the data transmission at such QoS. Further, we remark
that an additional augmentation of /3 above 10 dB is no more supportable because the laser

power of the source becomes inadequate.
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Fig. 3.5: The throughput versus QoS of class-1 for different multimedia distributions.

The optimal throughput is plotted in Fig. 3.5 and compared to the non-optimal one
achieved by the classical power control strategy. The optimal throughput decays as f
increases because at high QoS the allocated resources are used to preserve the QoS
requirement rather than to increase the system capacity. In addition, we observe that an

appropriate traffic distribution gradually enhances the system throughput according to
allocated resources. For p!" = 0.1, both R, and R, are high and hence the interference.

Alongside, the allowable transmission power is relatively low. This yields the lowest optimal
throughput due to the fact that the allocated power is insufficient to satisfy the QoS
requirement and to combat the MAI increase. As p“) increases, the MAI relaxes and the
average system throughput increases. Also, we can clearly observe that the system
throughput of the proposed resource allocation strategy is superior to that of the non-optimal

one for the different multimedia distributions.
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Next, we study the effectiveness of the proposed resource allocation strategy with respect
to the number of stations accessing the system for different multimedia distributions. We
keep the same parameter settings as in the previous part but in this case we fix QoS of class-

I to B =5dB, which is 3dB less than f,. By this setting, the classical power control

criteria with constant transmission rate turns out to be the equal energy criteria (EEC). We

show that the EEC results are feasible but non optimal.

60}
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Fig. 3.6: The optimal transmission rates versus the number of users for a two-class system.

The optimal transmission rates in terms of M are examined in Fig. 3.6. Consequently, for

small M, the system allows both classes to transmit at maximum rate R"™ because the MAI
is sufficiently small. However, when M >10 as the user population in a given class

increases, its transmission rate decreases to keep the MAI at regular level and to

¢

accommodate to the QoS requirement. Note that, when R' ) <R < R™ R = R™  and
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when R, = RY, RY < R < R™ which is consistent with Lemma 3.1. Furthermore, because

B, > f3, it is clear that we always have R, <R/ , which validates Lemma 3.2.

Recall that our objective is to determine the optimal overlapping coefficient 5;, which is

a point on the service curve proposed in [8]. By obtaining the optimal rates R, and R’ for

both classes, the optimal overlapping coefficients g; and g; satisfying the system

requirements are now computed using (3.1).
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Fig. 3.7: The transmission power versus the number of users for a two-class system.

In Fig. 3.7, the optimal power is compared to the non optimal one as M varies. Notice that

when p(l)

is small, the EEC allocates less power for small A and more power for large M

compared to our newly proposed algorithm. This criterion makes the users always
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susceptible to MAL In contrast, our proposed strategy provides more power for small M to
improve the optical signal, and less power for large M to reduce the MAI intensity. On the
other hand, when p(l) =0.5, the EEC follows the optimal one. Finally, when p“) =0.9, the

EEC power matches the optimal one for small M. However, it exceeds the upper bound laser
power for large M. On the other hand, our proposed strategy controls this excess of power by

clamping it to the maximum allowable laser power.
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Fig. 3.8: The optimal throughput versus the total number of users for a two-class system.

The impact of the total number of users on the system throughput is shown in Fig. 3.8.
For small M, the performance of the EEC approaches the optimal one especially when the
probability of selecting class-1 is high. As M increases, the system throughput of our

proposed strategy outperforms that of the EEC. Note that as M becomes higher, the system
throughput mounts for increasing values of p(') . This happens because when p(') is small,

both classes transmit at rates higher than the nominal one as revealed in Fig. 3.3. This in turn
requires high overlapping coefficients. It follows that the interference level in the optical

channel increases. In addition, the transmission power level dedicated for such rate is also
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low as shown in Fig. 3.4. This creates degradation in the system throughput. When p(')

increases, the transmission rates decrease, whereas the power increases relatively.

Consequently, the throughput is significantly improved.

3.5 Three-Class System Numerical Evaluation

Since our algorithm is derived for any number of multimedia classes, let us consider the

case of a three-class system. Consider the three classes — class-0, class-1 and class-2 among
which the wusers are equally distributed i.e. p(o) = p(l) = p(z) =1/3. Each class is
characterized by its own QoS such that g, =11dB, S =8dB, B, =5dB, respectively.

Without loss of generality, the classes are rearranged by descending order of QoS, such that

the additional class comes first. Let £, =8 dBm to be the maximum laser power. In order

to respect the EEC power settings, notice that there are 3 dB differences between each two

consecutive QoS’s, and the transmission rates of the three classes are set to be R, = 2R, and

R, =12R,.

Optimal rate (Mbps)
N w ey 6]
o o 2

—_
o

0 10 20 30 40 50 60
Number of users, M

Fig. 3.9: The optimal transmission rates versus the number of users for a three-class system.
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The three-class optimal transmission rates versus M are illustrated in Fig. 3.9. It is clear
that only one class can transmit at rate between R and R("), and the other classes either at

RY or R". This completely agrees with Lemma 3.1. Also, note that Ry <R <R, as

B, > B, > B, , which confirms the validity of Lemma 3.2 for the three-class system as well.

The effect of adding a third class, with high QoS, to the multirate system on the optimal
transmission power is illustrated in Fig. 3.10. As M increases, the power increases to
stabilize to 8 dBm. In addition, the upper bound powers of class-I and class-2 have not
changed since the two-class system even though their overall allocated powers have been
slightly diminished with 3 dBm differences between each two consecutive classes. This is
caused by the reduction in the user’s population in each of the three classes and the
augmentation of the total optical power in the fiber link. Furthermore, the power provided by
EEC is not properly allocated. So that, less power is allocated for small number of users (M

< 20), while more power is allocated for large number of users (M > 20).

Optimal Power (dBm)

20 10 20 30 40 50 60

Number of Users, M

Fig. 3.10: The transmission power versus the number of users for a three-class system.
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Fig. 3.11: The optimal throughput versus the total number of users for a three-class system.

The throughputs of both strategies are shown in Fig. 3.11. Notice that the performance of

our proposed strategy is always superior to that of EEC.

3.6 Conclusion

A new resource allocation strategy was proposed for OV-CDMA system. With this
strategy, the system throughput is the average successfully transmitted bits per second per
unit of power. However, due to the non linearity of the throughput and the constraint
functions and hence the optimization problem, two recourse allocation scenarios were
derived for both power and rate to simplify the analysis. Then, the KT theorem had been
applied on the rate allocation scenario to find out the optimal transmission rates upon which
the optical intensity of each class was optimally regulated directly from the laser source. It
was proven that this system, in general, has no global maximum but a local maximum for a
given set of QoS's. This local maximum has as coordinates the transmission rates of the S
classes satisfying Lemmas 3.1 and 3.2. Afterward, two- and three-class systems have been

simulated as particular case-studies. The simulations assessed that multirate transmission
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alternates among classes depending on which QoS region, users are adhering to, whether
low or high, as well as on the total number of users exploiting the system and their

distribution among those classes.



Chapter 4

A Fair QoS-Based Resource Allocation Scheme for a
Time-Slotted Optical OV-CDMA Network: a Unified
Approach

4.1 Introduction

Optical communications have become very mature, especially in the recent years. Many
optical networks have been deployed with the aim of accommodating novel information-
services generated by modern communication terminals like high-speed personal computers,
FTTX networks and many others [67]. Those services require a huge amount of bandwidth,
multirate transmission capabilities and consume more power due to the amount of data that

can be handled. In this regard, we believe that this work can contribute to this research trend.

The optical overlapped CDMA (OV-CDMA) system has been proposed in [8] to increase
the transmission rate of an optical communication system by overlapping consecutive bits
while transmitted along the fiber. The question that arises here is: to what extent of bit
overlapping and hence of transmission rate can the system admit such that the signal can be
successfully received? In fact, all depends on the interference level and on the signal power
that is injected into the fiber, or in other words on the signal-to-interference ratio (SIR). For
this reason, we consider the SIR as the quality of service (QoS) metric in our analysis.
Resource allocation schemes are necessary to enhance the performance of the optical
network in order to guarantee successful data transmission and to satisfy the users’
requirements. Many algorithms are found in the literature to cope with this problem.
However, most of them have been proposed to deal with wireless systems [68]-[71], while

few have been investigated to deal with optical-channel-based networks [58]-[61].
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In Chapter 3, we have proposed a novel hybrid power/rate control algorithm for the
optical OV-CDMA system. Our objective was to find the optimal overlapping coefficient
through which we can achieve maximum transmission rate with minimum transmitted
optical power directly from a laser source. The problem of this strategy is that it is not fair in
the sense that there is at most one class of users that has an overlapping coefficient between
zero and full overlap, and the remaining classes either transmit with full overlap or with no
overlap. In addition, the model used in Chapter 3 did not support a time-slotted packetized

network configuration as the one proposed in Chapter 2.

Further, the resource allocation at the PHY of the OV-CDMA-based packet network layer
can have an impact on the contention for channel access at the MAC layer. The optimal
resource allocation determines the best OV-CDMA transmission rate with the appropriate
transmission power, tolerating a certain level of MAI by responding to the QoS requirement.
Consequently, shaping the packets to the user population of various QoS conditions, the
resource allocation reduces the risk of packet distortion. This influences the collision in the
optical link especially when the offered load of the subscribers increases. Also, the resource
allocation scheme enables the MAC protocol to bear multiple classes of QoS through

supporting active users with dense OV-CDMA packets of fixed time-slot.

The first contribution of this work is to propose a unified framework for allocating and
controlling the transmission rate and power for an OV-CDMA-based packet network, using
matrix analysis. This approach is general in the sense that it can be applied for any
expression of the system capacity. In addition, it is generalized to a time-slotted packetized
system. The second contribution is the reduction of the optimization search space into one
dimensional space. This target guarantees the simplicity of the algorithm, which is an
important requirement in optical networks. Our third contribution is to solve the problem of
unfairness in the resource allocation strategy presented in Chapter 3. In this way, we have
extended the degree of freedom for allocating and controlling the resources of every class of
users. Finally, the fourth contribution is the employment of the fair resource allocation
scheme to optimize the performance of the OV-CDMA-based packet network at the MAC

layer. In this way, the fairness and the optimality criteria of the allocated resource at the
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PHY layer are preserved. The network throughput, subject to a minimum delay requirement,

is then maximized through a delay-constraint fair resource allocation optimization approach.

The rest of the chapter is organized as follows. In Section 4.2, we present the system
model where we introduce the main system parameters and the network under study. The
performance of the network at the PHY layer has been discussed in Section 4.3. In
Section 4.4, we investigate the proposed resource allocating and controlling scheme of the
OV-CDMA-based packet network. In Section 4.5, we define and we analyze the network
capacity upon which we determine the optimal control parameter that optimizes the allocated
resources among classes. In Section 4.6, the delay-constraint fair resource allocation
optimization approach is described. The simulation results and discussion are provided in

Section 4.7. Finally, we close our work with a conclusion in Section 4.8.

4.2 System Model

Consider a multiclass time-slotted OV-CDMA system in an optical packet network in
which K users are connected in a star topology as the one proposed in Chapter 2. The users

are assigned different optical code signatures of equal PG G and are distributed over S

classes. Each class-j, V je {0,1,...,S—1}, is characterized by its own and unique QoS, so
that it has its proper transmission power P, and its proper overlapping coefficient &, or
equivalently a transmission rate R,. We assume that this system operates at the link layer of

the optical network. The users in this case transmit their coded bits at a given time slot in the
form of packets of nominal length of L bits. However, due to the overlapping process, the

maximum number of bits which a user can transmit per packet exceeds L as presented in

Chapter 2 and shown in Fig. 2.4. Let 0<g, <G -1, V je {0,1,...,S -1}, be the overlapping
coefficient and X, to be the total number of overlapped bits in a packet time slot. The

expression of X, ; can be found in (2.4) and it is given by
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x, =| 2975 @.1)
. G-g¢, '

Consequently, the achievable transmission rate of class-j users is given by
X, .
R ="2LR 4.2
7 (4.2)

The main objective of this work is to determine the optimal number of bits to be
transmitted per packet using the time-slotted OV-OCDMA system. In this system, the
fundamental signal intensity that guarantees the transmission of such packet is directly
controlled from the laser source. As a result, an improvement in the network capacity is
attained with good performance, answering the required QoS. Accordingly, we investigate a
resource controlling scheme which is strictly based on QoS and includes optimal allocations

of the transmission rate and power to different classes.

4.3 System Performance

We are interested in evaluating the average SIR per bit in a given time slot for every

class-j, which has its own power and overlapping coefficient and supporting K users. Then,

the average SIR, as derived in [8], [58], is given by

2

2o
Q

SIR  (&,P) = (4.3)

)
>~

NP (e)+ SR

[N}

(K/ (g_y)+ 0'3
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v
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=~

Ed

where € and P are vectors of the overlapping coefficients and the transmission power of all

classes, respectively. Using (2.15) and (2.16), E,Zk is the average multiple access interference

(MAI) power imposed by a class-j user on the desired bit in a given time slot, and it is

computed as




Chapter 4. A Fair QoS-Based Resource Allocation Scheme

/ X

b.j

y=—i v=0
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4.4)

(4.5)

where X ={gj/(G—g/)‘l as computed in [8]. In addition, Hf(O,qu)) and H’ (qii),G)

are the partial period Hamming correlation functions. ¢ represents the power of the other

sources of noise modeled as Gaussian noise. It involves thermal noise, shot noise, dark

current, and surface leakage current [72]-[75].

Assuming one-coincidence sequences, the average value of the partial period Hamming

correlation functions can be easily computed and they are given by

Hj(o,qﬁ’)):(GJrv(G—gl))/F

A (41.G)=(G-G~e))/ F

(4.6)

(4.7)

where F'is total number of available wavelengths from which the code is constructed and v

is the bit index in packet. Using (4.6) and (4.7) in (4.4) and (4.5), we get E,ZA in terms of the

number of bits per packet as follows:
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—HA,X) + X+ A4X] +AX, +4,) _ 34,
52 = F(L—I)V (Xb,f —I)X’M X, +2 @8
T a 3 2 )
(BX,,+B,X; +BX, +B,) L. 3%,
F(L-1) X, X, +2

where 4, for 0<i<4 and B, for 0< j <3 are constant coefficients, functions of the OV-

CDMA system parameters G, F, and L. Their values are shown in appendix B.

We consider that the users are dispersed among classes according to a given distribution

with a probability mass function (PMF) p!”) such that Z;}) pY) =1. Therefore, the total

number of users in class+/ is given by K, =K p(’) for 0<;j<S—-1.

4.4 Resource Allocation Strategy

Our strategy is very simple. It is based of the assumption that the QoS of class-j in the

presence of other classes, given in (4.3), should meet the requirement

SIR, > f3, 4.9)

We define the solitary class-j SIR as the desired signal power over the power of a class-j

interferer. It is given by

y, =— (4.10)

In addition, we define the nominal signal-to-noise ratio (SNR) that is common to all

classes as

V=5 (4.11)
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Using the definitions of the solitary class SIR in (4.10) and the nominal SNR in (4.11),
the minimum requirements in (4.9) (which means with equality) gives S linear equations in

the laser transmission power of each class as follows

S-1
ZKSR.— 1,1 Pj+i=0,vosj53—1 (4.12)
=0 Vs 7, B Vn

The solution of (4.12) représents the power allocation for all classes, and it can be
obtained using a matrix analysis approach. It is clear that the power allocation is controlled

by the solitary class SIR assuming the total number of users is constant and users transmit

with  given QoS’s. Let Tzdiag[L,---,—l—J, Bzdiag(]—,---,—l—} and
7o Vs-1 5 B

K =diag(K,,...,Ks,) be SxS diagonal matrices. P=(P,,...,P,) is the vector of the
unknown transmission powers of the § classes, and e, is a unity vector. Also, let

N,=T'+B, M, =(N,-B)XK =TXK. Then, the linear system in (4.12) can be reduced to

1 ; .
(-M)P =—e, where M'=M ee’ —N,, is the system-performance matrix. Thereby, the
Vn

power vector is given by

sz(—m-')e (4.13)

The objective here is to determine the optical power that maintains the demanded QoS
while forcing the chip overlapping to occur to a certain extent that will be determined later in

order to increase the transmission rate of the users. From linear algebra, we have
7. T _I . . .

(—IM"') =(—j\/l’) . Applying the Sherman-Morrison matrix inversion formula [76],

which states that for any nonsingular matrix 4 € R™", b,ce R” and 1+¢" 47'b 20,

A'be AT

-l _
(A+bc’) =4 ]i—ma

(4.14)
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we obtain

N, M ee' N,

™\ N
(N,~Mee’) =N, + v
D D

1 -
= [I+ZND‘MDee’]ND' (4.15)

where 1 isan SxS identity matrix. This implies that

Bs-)

B Ks-1%50
1+ [+25=1
Yo 751

(-7 ) ()
-M)= = e A\ (4.16)
¢ ‘ ;
) Ko’:'—(; - K.S—l%
()0 (e )
where
, . S-1 K
=]-e¢ N, M, e= — |- (K-1), >0 4.17
g D D ; 1+B‘/75 ( ) g ( )

Notice that the matrix depends on the QoS requirement and the solitary SIR of each class

of users namely /3, and y,, respectively. Consequently, substituting (4.15) in (4.13) we get

A _
p=_L (eT (1+%N,‘;M,)ee7‘JN;;] - Nye

y”
L - S C J (4.18)
Cr ]+ﬁ0/70 ]+ﬂs-1/7$—1
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When ¢ =0, the optical intensity is extremely high, which leads to nonlinear effects and
causes severe degradation of the signal [75]. To avoid this situation, we impose constraints

on the power of each class of users. Therefore, we consider that the optical power is upper

bounded by IT = (7., 7,_,)  such that

P<m, V 0<j<S8-1 (4.19)
Lemma 4.1: The linear system in (4.12) constrained by (4.19) has a solution if and only if
the solitary class-j SIR, y,, is lower bounded by

. (K-1)7,
7= :

K 1
s (K =1) L~ —
Z B, ( )ﬁ, Y

(4.20)

Proof:

P <II and H:(ﬂ'o,...,ﬂ"q_l)yr is the upper bound power level vector. The power

allocation vector can thus be written as

N]_)'e
Va (1 —e' N;)IMDe)
= — N;)'C ‘ < H
7, ((.’Ke)’ BN e—e' K'e+ 1)

421

From (4.21) we are able to derive a minimal bound for y; due to the linearity of the

system. Thereby, by arranging the terms we obtain

Nile>y, (K —1)(—(1 —7,11(Ke) B)an
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Using Sherman-Morrison formula [76] to compute the inverse, we get

(1-nn(xe) 8] < (17,8 (K )|

7, I1(Ke) B
=1+
1-y,IT"B" (Ke)

This yields

N—]e> 7n(K—1)

> . I (4.22)
S (Ke) BI1-1

Then, from (4.22) we evaluate the upper bound of y, for each class. This gives

.
( 'BO ﬂS—l J > ]/"(K_l)
1+:Bo/7o 1+ﬁs-1/75-1 }/”(KC)TBH—]
Therefore, we can write
S KS7Z.S _i_
LS s=0 IB.S' Y _L
g (K—l)”_/ 'BJ

which implies that the SIR of solitary class-j should satisty

) (K-1)x _
e (4.23)

Y S (K1) e

5=0 183 ﬁ_[ }/n

and }/: is the minimal bound of the signal-to-interference ratio of solitary class-j that

should be respected to guarantee the system’s requirements. [
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Lemma 4.2: For a given value of 7, and [,, 7: in (4.20) always exists V0 < j<S—1.

Proof:

We know that ;/j > 0 which implies that

ZS"]M_(K—I)Q—L>O,VOSjSS—] .

=B, B, ¥,

By averaging (4.24) over all classes, we obtain

Es {_ﬂ_‘} > L
g7,
On the other hand, from (4.24) we have

KEJ {”//ﬂj}_]_

.

ﬁ./ K—1

In addition, (4.24) can be written in a matrix form as

(KeeT —(K—])I)T BI1 >}1—e

.
Then, by solving the linear system (4.27) for —~, we get
j

BI1 > }%(—((K 1) 1= Kee' ) )T e

T
2—’—>L,Vj

J }/n

Zic Lovjefol,..,s-1}.

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)
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Thus, we can write

, V0<j<S-1 (4.30)

Using (4.30), it is clear that }/; is bounded as follows
0<y, <o V0<,<S-1 4.31)
This means that 7; is finite, therefore it always exits. ]

Notice that (4.30) yields the admissible interval of the power convergence. Also, we
remark that if a high QoS is required, then either high power or a high SNR is needed in

order to recuperate the information signal merged in the induced noise.

In this chapter, the power allocation is assumed to be fair among all classes, which means
that no class can dominate the others due to a high power allocation. Hence, let the ratio

7[1/,5/ be arbitrarily identical for all classes. Thus, let & be a control parameter whose role

is to manage the power level that is necessary to satisfy the required QoS and to achieve a

rate augmentation whenever possible while maintaining the fairness criterion. It is given by

T <S5
=—,V 0<j<S5-1 (4.32)
ﬂj Y

The domain of & can be obtained from Lemma 4.2. The optimal value of & should be
the one that maximizes the network capacity. On the other hand, substituting (4.32) in (4.23)
yields

7, :——(K—l)ﬂ] (4.33)
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4.4.1 Rate Allocation and Control Scheme

Note that, as 7, increases, E,Z‘ decreases. This, in turn, results in a reduction of the
J

number of overlapping bits per packet, and hence a reduction of the transmission rate. From
(4.10) and (4.23), we define the rate characteristic polynomial as the difference between the

average interference variance per bit period and the target interference variance as

2
p(R)=57 -2 BNCET)
J }/J

It is clear that because ¥ > 5", p(R.) should be less or equal to zero. Setting p(R ) to
}/] }/./ p J J

zero, we compel the system to hit the target MAI. Since 52 is a function of X, . and

J

hence ofR,, the rate-characteristic polynomial permit us to determine the feasible
transmission rate region as well as to extract the transmission rate that meets the QoS
requirement as it will be proved next in lemma 4.3. Therefore, the admissible region of the
transmission rate is given by

(L-1)G +1
R={R R <R <21

R,.st.p(R,)<0,Y jeo, 1,...,5—1}} (4.35)
Lemma 4.3: Let ,HU) and ﬁ(”) be the lower and the upper-bound QoS, respectively. They
are given by
() Gz(l'—l/a) () GZ(]“‘I/(Z)

’ (k-1 max {5, | g Z(K—l)min{{f,";_j}

The maximum admissible transmission rate of class-j users is given by the highest

admissible root of the rate-characteristic polynomial when ,B([) <pB < ﬁ("), and it is the
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maximum possible rate R™ of the optical OV-CDMA system when [3, < ﬁ(f). The system

has no feasible solution when 3, > B,

Proof:

G+1

Let R = R, and R™ = %Rn be the lower and the upper possible transmission rates

of the system, respectively. Also, let R, e R be the rate for class-j users. In addition, we

th

define )

) as the x

root of the rate-characteristic polynomial p(Rj): 0 of class-j. From
(4.8) and (4.34), we note that p(Rj) =0 can be either third or forth order polynomial. Thus,
kel = {1,2,3, 4} . On the other hand, p(Rj) =0 can have either one, two or three

extremes. Thus, we define R, (p,,,) and R, (p,,.) to be the transmission rates for class-j

users that correspond to any minimum or any maximum of p, respectively.

First, we need to show that the polynomial roots cannot go beyond R("), ie. Vk,

rj(”) <R™. Given a class-j whose users transmit at R™, then the induced MAI is the

max max

maximum possible one. Hence, let 5,2# (R(“))z &> . This yields Zf,i (R_, < R(")) <52 . S0

7, A)=G*/a2, . On the other hand, Vi, rj(") corresponds to the case where

> G*/o,..

o,
=0, ie y, :7;. By hypothesis, this implies that rj”) satisfy the QoS

requirement (i.e. SIR, 2 f3,); hence y(” < ;/;. . Using (4.33), the lowest possible QoS allowed

for all classes is given as

& (4.36)

max

This means that the minimal solitary class-j SIR cannot go beneath the one that is

determined by the system as long as f, 2,8“‘). Thus, the polynomial roots are always
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smaller than the upper bound transmission rate. (In view of the above, if rj(”) > R™ | then the

required QoS is less than f3,, which contradicts the hypothesis.)

Second, we prove that there exists r}'() such that R Srl.(") < R™, So, assume that

min °

dxel, rl(”) > R . This implies Eli, (rj('()) > E,Zk]_ (R(E)) =&, , which in turn yields

.G,
< ——=y" 4.37)

Notice that the last inequality is inherently valid because as the transmission rate R,
moves toward R(é), 7, goes far beyond 7; and lemma 1 is satisfied. Combining (4.33) with
(4.37), we obtain the maximum QoS for all classes below which r](") > R as

G (1-1/a)
C(K-1)&?

min

B (4.38)

Since ., is the minimum interference when no overlapping occurs, the maximum

number of bits transmitted per time slot is X, . = L which satisfies the second term in (4.8).

Then, 62, = % and the upper bound QoS becomes

_GF(1-1/a)

(K1 (4.39)

ﬁ(“)
In order for the rate-characteristic polynomial to have at least one solution rj(”) such that
RY <rY < R™ the condition A < B, < ) must be fulfilled.

Accordingly, we will determine the admissible region of the transmission rate of all

classes by considering the following cases:
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D 1f RO <r™ <R <R (p,,) <R, p(R,)<0 and gRﬂ <0. This means that p(R,)

J

is a monotonically decreasing function of R,. In other words, the induced interference

diminishes as the transmission rate increases, which is a contradiction. It implies that this

region is not feasible in R .

.. : . u d .
(i) If R <R, (L) <R, <r} )< g™, p(Rj)<0 and £>0.Thls means that p(R})

J

is a monotonically increasing function of R . This implies that p(Rj) increases toward zero

)

as R, increases toward rj(” , a deduction which agrees with our assumption. Hence, this

region is feasible in & .

(i) If RY < R, :rj(”) <R"™ it is the region of R, that corresponds to the set of roots
rj.(”),/celr, of p(Rj.):O. It represents the case where the induced interference is the

highest. Thus, this region is also feasible in 2.

As a result, the admissible region of the transmission rate R, of class/ can be written as

(E1UE2) where

f1={R_] 'R, eﬁ,ﬂKelr,max(R('),Rj (pmm))s R << min(Rj (pmax),R(”))}
f2:{Rj ‘R efR,EIKeIr,max(R(”,Rl (,om)) <R, :r/(’() Smin(Rj (pm!_n)’R("))}

(4.40)
Now, let the transmission rate R; € F1UZE?2 represent the highest transmission rate that a

user in a given class-/ can reach. If 37, r, = max (r(”)), then
’ r}K)eﬂEr\(fluf2)

R} =sup, s (R)=r. (4.41)
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In the case where [, < ,B(/) or 3, > ,6'(") , the roots of the rate-characteristic equation fall

outside the feasible range and we have two situations. First, if Vk, rj(“') < R(/“), B, > ,B(").

The system has no feasible solution. In other words, the system cannot tolerate any optical

bit-overlapping process with such QoS. Second, if Vk, r].(") ¢ R, there exists at least one
root 7V > R (B < g and r) <R < R™ <R (p,,.)<r™) (similar to statement (i));

the system does not have a feasible solution, as well. Otherwise, we define the admissible

region

E3={R,:R e R, Vxel,r) e Romax (R R (p,,)) <R, <RV} @42)

This implies that if R, e £3, R’ = R n

As an example, consider a three-class system. Assume that the users are distributed
among the classes as follows: 40% in class-0 and 30% in each class-1 and class-2. The PG is
G = 6l. Finally, we select y, =15dB common to all classes. The QoS requirements are

assumed to be B =4 dB, S = 8 dB, and B, = 12 dB for class-0, class-1 and class-2,

respectively. Fig. 4.1 depicts the third-order rate-characteristic polynomial by which the
transmission-rate feasible regions for the three classes are determined, given that the nominal

packet time-slot is £ =1024 bit-period and assuming « =1.5. It is obvious that as K and
[, increase, p(R_/./R”) moves up above the zero-axis. For instance, for K =10 users, the
admissible regions E1UZ2 (in boldface line) of class-0, class-1 and class-2 are
{425<R /R, <741}uD, {271<R /R, <4.67}uD, and {1.72<R,/R <295}U,
respectively. Clearly, when K and [, exceed certain values, there will be no feasible

solution. Thus, the numerical results in Fig. 4.1 absolutely comply with the theoretical

results obtained in Lemma 4.2 and Lemma 4.3.
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Fig. 4.1: The rate characteristic polynomials of three classes for L =1024, ¢ =1.5 and y, =15

dB.

4.4.2 Power Allocation and Control Scheme

The optimal transmission power for every class of users is obtained throughout the

following lemma.

Lemma 4.4: The optimal transmission power of users in any class-j, transmitting at the

maximum admissible rate R, is given by
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_ / () ()
ﬂjaa}—, for "< B <p
. B,
(Y ; o
- X <7, forﬂj<ﬁ(
v, —————(K-1
(§1+ﬂ1/7(° ( )]

and P’ is not feasible for B, > B
Proof:

From Lemma 4.1 and Lemma 4.3, we have that for A <B <A™ the maximum
admissible transmission rate of any class-/ is achieved when y, =7/;. Substituting this in

(4.18), we get PJ =7,, Vj. On the other hand, for S, <ﬂ(ﬁ), we have from Lemma 4.3

*

R, = R™ . This means that lowering the QoS below,B(") does not yield a rate increment

(c)

above the upper-bound cutoff-rate R™. This yields G, (R;):Ez and hence y, =",

Substituting the last term in (4.18) we get Pj <. Also, for 3 > ,6’(") there is no feasible

transmission rate and thus, no feasible power. [

Lemma 4.4 states that optimal transmission power that guarantees a user in specific class

to achieve a maximum transmission rate is the upper bound intensity level (P; = 7Z'j) in the
(0 (v) : - ui

case where [/ < 3, <[5, 7 has to be determined according to the system requirements

since it depends on the control parameter, whereas, in the case f3, <,B(/), the optimal

transmission power is less than the upper bound power (P/* < ﬂ'j), and it is known since it

depends on the system’s design parameters.
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Observation: When [3, < [3(") , the resource allocation is uncontrollable. It results directly
from Lemma 4.3 and Lemma 4.4 that both R: and P; are independent of the control

parameter « . Therefore, both resources are uncontrollable. [

In light of the above observation, we adopt ,Bm <P < ﬁ'(") as the QoS operating interval

for the remaining analysis. Thus, Lemma 4.3 and Lemma 4.4 indicate that any class-j user in
the OV-CDMA packet-network can realize its highest transmission rate at the minimum

required QoS (i.e. SIR, = ;) in the QoS operating interval when the optical transmission

power is at the maximum level (i.e. 7,).

4.5 Capacity Analysis

One of the challenges that exist usually in resource allocation problems is the model of
the network throughput or the actual network capacity that reflects real situations [71]. In
most network applications, researchers attempt to raise the amount of the transmitted bits
while preserving the existing channel characteristics. This task necessitates a complex
control mechanism while keeping network power consumption as low as possible.
Therefore, it is logical to model the capacity in our network as the ratio of the total

transmission rate to the total transmission power which is given by

L2 PR () Y KR ()
>, P (@) XK F ()

(4.44)

where R () is the transmission rate for class-j users given in (4.41) and obtained by
Lemma 4.3. On the other hand, PI* (a) is the laser transmission power for class-j users given
in (4.43) and obtained by Lemma 4.4. If we consider R; normalized by R , then C can be
seen as the per-user network capacity normalized by R per unit of power. Our proposed

criterion consists of finding the optimal control parameter ¢ that maximizes C(a) such as
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o =argmax {C (a)} (4.45)

a>]

As aresult, P; (a*) and R;. (a’) are optimally controlled via «".

Furthermore, we define the nominal capacity when all users transmit at nominal rate R,

as

C — R" _ Rn }/
DI A

(4.46)

The control parameter is obtained as o, =argmax{C,(«)}. This implies

a>l

a, =min(a >1).

Having obtained the optimal control parameter that fairly and optimally allocates the
physical resources, the maximum average physical capacity per user in each class is
guaranteed. Fig. 4.2 summarizes the fair resource allocation algorithm based on the QoS
demand in the OV-CDMA-based packet access network. The flowchart illustrates the

simplicity of the proposed scheme which makes it easy to apply in the optical network.

Note that, in Chapter 2, we investigated the performance of OV-CDMA-based packet
access network without any optimality consideration of the system’s parameters at both the
PHY layer and the MAC layer. However, the numerical results showed that the OV-CDMA
system still offers a good throughput with a low delay at low and medium transmission rate
levels and an acceptable performance at high rate. In addition, the performance was assessed
at unity transmission power. Thus, in order to achieve an optimal MAC performance while
preserving the optimality consideration of the PHY layer, the fair resource allocation scheme
is considered in the MAC optimization. In other words, the optimal control parameter that
optimizes the maximum transmission rate and power, obtained by the proposed scheme at
the PHY layer, should be now the one that maximizes the MAC throughput. At the same

time, a maximum average packet delay should be satisfied as a requirement. Hence, a delay-
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constraint fair resource allocation approach is proposed to optimize the throughput of the
OV-CDMA-based packet access network at the MAC layer while preserving the fairness
and the optimality criteria at the PHY layer. Note that, due to its simplicity, the proposed
resource allocation can be easily integrated in the MAC optimization as described in the next

section.
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&

\
Assign values to 3, and K|
Vje {0,...,S~1}

Compute }/j(a), 7, () Find " such that

R,* (@)« 7,() a = arg max (C(a))
: Y T ? ..................... .
Solve p(Rj (0()):0 R ZmeRj*(a)
Rj(a)(—max{RootsOf(p)} "C(@) ijij*(a) |

Fig. 4.2: Fair QoS-based resource allocation flowchart.

4.6 Delay-Constraint Fair Resource Allocatoin

At the MAC layer, a general control protocol is used to manage the packet transmission
of OV-CDMA users of each class j in a general framework. Each user is equipped with a
buffer to store one newly originated packet at a time. This packet is transmitted in the next

available time slot. If K users are supported by class+/, then K, forms the offered load of
this class, so that up to K, packets can be delivered in any time slot. Consequently, the

offered load constitutes the link parameter between the MAC layer and the PHY layer where
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the value of K strictly depends on the allocated resources. However, due to MAI of

undesired users and that of the overlapping process, some packets are unsuccessfully
received at the destination. The packet collision is introduced as the case where a certain
number of users simultaneously attempt transmitting their packets in a noisy channel, those
packets are collided with the MAI-induced noise (i.e. the transmitting users exceed the MAI
channel capacity). Therefore, MAI reduces the number of successfully delivered packets,
and hence reduces the network throughput. The erroneous packets then need to be
retransmitted after a random delay. Thus, the queueing sojourn time of the backlogged
packet, which is the period of time a packet stay backlogged in the buffer until it is
successfully delivered increases, and hence the network delay. In order to avoid large
network delay, a delay bound is imposed to form a requirement at the MAC layer as a
service that should be respected by the PHY layer. That is, the resources should be optimally
allocated to the users at the PHY layer in a way that to maximize the MAC layer throughput

while considering its delay requirement.

4.6.1 Perfomance Evaluation

Assuming that the QoS of class-j in the presence of other classes meet the minimal

requirement i.e. SIR, = f3,, the average bit error probability faced by each class user with

target QoS f3,, is constant and is expressed as

RIARCENY @47)

It was shown in Chapter 2 that in the joint BER, F, (Kj,i), the error bit depends on the

bit position i in the packet since SIR varies according to the number of overlapping bits at
every bit position. Thus, by taking the average of SIR over all bits of the packet, targeted to a

certain values f3,, the average BER becomes constant i.e. independent of the number of

users which is included implicitly, and also independent of i, which is uniformly distributed
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over the interval [I,Xb’]:l. The joint probability of the average erroneous bit at any bit

position can be written as

_ B (K,.i
R (p.0)- Pl o347 (448

where the average BER turns out to be of the form
}_)b,j (ﬂl)zzﬁw ('Bj’l) (449)

The correct packet probability is then written as

n () TH0-R ) [i-5e(h)] T s

b.j

The throughput of class-j in packets per slot is given as

X

0,=P.,(X,,) 2. mf (m) (4.51)

m=0

where f,, (m) is the composite arrival distribution. Simplifying the model in (2.26), the

binomial arrival model is considered with a transmission probability P, and it is given by

r o

o (m) =( ’](P,r)"’ (1-p)"" (4.52)

Then, the throughput in (4.51) gets simplified to

0,=K PP (X,,) (4.53)

J J
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Note that, P, =1 represents the ideal situation when all users successfully transmit their
packets, simultaneously. For SSALOHA/OV-CDMA P, <1 (see appendix C). In addition,

the average delay encountered by class-j in slots is defined by Little’s theorem as the ratio

D, ofthe average number of backlogged packets over the throughput,
(4.54)

where 7, is the average number of unsuccessful transmissions. For a general MAC protocol,
n, :Kj—ﬁj, for S-ALOHA, n, :1+d/ and for .R3T, n, :KJ -A. To shed light on the

characteristic of the OV-CDMA system for increasing the transmission rate above the

nominal limit, the overall network throughput is measured in bits per second as
0=>, 0R, (4.55)

Further, the average network delay in time slots is computed as

ZJ”JR/

0

D= (4.56)

4.6.2 Delay-Constraint Optimization Problem

In this section, we set the delay-constraint fair resource allocation strategy to jointly
optimize the allocation of the multimedia transmission rate and the power consumption at
the transmission as well as the network throughput, abiding certain delay requirements, d
slots, and QoS demands. The optimization is done on the basis of the predetermined OOK
modulation scheme at the PHY layer, and the selected S-ALOHA and R’T protocols at the
MAC layer.
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The optimization problem (Opl ):

(X;,P*) =argmax0(X,,P) (4.57)
Constrained to:
D<d (4.58)
L<X,, S(L—l)GJrl,Vj (4.59)
O0<P <7, Vj (4.60)

where X, and P are the transmission rate vector and the transmission power vector for all

classes, respectively. (4.58) is the average network delay requirement constraint that should
be respected by the PHY layer. (4.59) is the domain of the transmission rate of each class-f

of users. (4.60) is the transmission power constraint of each class-j of users, too.

The common parameter which coordinates between the two layers is the tolerable number
of users that plays the role of the offered load at the MAC layer. This parameter is derived

from SIR, = 3, for each class j as

p(/) L_,ri p]__]_
K: }/] ﬂj }/n

! () B
2P .

4.61)

By applying the fair QoS-based resource allocation scheme for the time-slotted optical
OV-CDMA network, the transmission rate of class-j users is maximized when the users
achieve their transmission at the upper bound optical transmission power. Then, the
maximum transmission rate and the corresponding maximum transmission power are
optimally controlled via a control parameter « , which is also the fairness parameter. Recall

that, this term comes from the fact that « controls the allocated resources based on the



Chapter 4. A Fair QoS-Based Resource Allocation Scheme 103

required QoS by each class of users as an aspect which is considered satisfactory among the

users. Therefore, the implication of the proposed scheme is realized by solving (4.12) for P,

when satisfying the minimal QoS, and then by using (4.60) to get y, 2 }/; (Lemma 4.1).

. . . . . o
Thereafter, the maximum transmission rate is obtained when y =y, =—1(K]—l)ﬂj

(Lemma 4.3) with a corresponding transmission power Pj =7, =aﬁj/7n where o >1

(Lemma 4.4). Consequently, (4.61) is reduced to K, (Xb_’j,a) :{p(j)(l +%(1—%H—%1
J

such that Kj(X a)eN*,lsKj < pYG, Vj, and Z,K; =K. The function [x—1/2]

b.y?

rounds off x to the nearest integer.

It follows that the search dimension of (Upl) has been reduced, and (Opl) can be

simplified to (Up2):

(X;, o) = arg max (Z,HJR/) (4.62)

Constrained to:
S (n,-d6,)R, <0 (4.63)
L<X, <(L-1)G+1, V) (4.64)

a:(l—(ZjKj —1)%)4], V] (4.65)

max 1,[]—[%)——]]&] <a <min, [l-(G—l)ﬁ] (4.66)

P 7,

;_12 (max(]/p("'),G)—l), vj (4.67)

J
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The constraint (4.63) represents the delay bound. (4.65) is to preserve the distribution of
the classes in the allocation process. (4.66) is to guarantee a finite transmission power and
the assumption of unique EHC-code assignment. The characteristic of EHC [11], which is a
family of one-coincidence two-dimensional codes, is that the cardinality of the codebook
equals the PG. Hence, up to G users can be coded simultaneously. (4.67) is to guarantee
valid bounds of the control parameter. Since it is a non-linear and non-convex optimization

problem, the proposed design is evaluated numerically.

Among the different MAC protocols, our focal interest will be on the S-ALOHA/OV-
CDMA protocol. This is due to its ease of implementation and its achievable performance as

the numerical results illustrate in the next section.

Finally, for practical implementations, our proposed control protocol design can be
implemented on an FPGA platform or a fix transistor chip to operate electronically at the
MAC layer of the network. The mechanism of operation can work as follows. Once the
optimal rate has been determined, the total number of bits that should be transmitted per
packet time slot is known, and the bits are stored in the electronic buffer before optically

modulated. Owing to the absence of the one-to-one correspondence between the electrical

transmission rate and the bit duration (7, =G7,)in the OV-CDMA system, increasing the

rate will not affect the bit duration of the optical system and hence the optical packet time-
slot. So, having determined the optical time-slot, the electrical data is optically modulated
and sequentially transmitted over the FBG through which the overlapping process occurs.
The optical modulation is performed at intensity levels which are optimally allocated in
advance by evaluating the resource allocation algorithm about the system’s parameters
settings. When all bits are transmitted, the electronic buffer is freed once the optical packet is
successfully transmitted and correctly received. Thus, S-ALOHA/OV-CDMA tends to
electronically control the intensity and the arrival of data, hence the optical collision, through

managing the multiple access interference in the optical fiber from the link layer.
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4.7 Numerical Results and Discussion

In this part we assess numerically the feasibility of resource allocation proposal and its

performance at the link layer with different MAC protocols.

4.7.1 The Fair Resource Allocation Scheme Assessement

In this section, we provide a numerical analysis of our analytical results in order to gain
more insight into the problem. In addition, the analytical results are then compared to
nume.rical ones obtained using a numerical search method. This method is based on the
quasi-Newton method, in which a quadratic programming sub-problem is solved at each
iteration, and an estimate of the Hessian of the Lagrangian function is updated using the
'BFGS method (suggested by Broyden, Fletcher, Goldfarb, and Shannon in 1970) [65], [66].

It finds numerically the optimal transmission rate and the optimal transmission power of

class-j users that maximize C(a)= ij(’)RJ (a)/sz(’)Pj () as functions of « such
that «>1. The optimization problem is subject to the constraints SIR =/,
RV < R < R™ and 0< P <7,. Note that, from (4.32) 7, varies in term of «, which has

to be determined. Thus, we set a search space of o as A = {a d<a<] O} . Then, for each

value of e A, incremented by a small step size in each iteration, we make use of the

aforementioned numerical search method to solve the optimization problem as described in

Fig. 42. Consequently, C"(«), R («) and P’ (a) are obtained. The optimal control

parameter satisfies o' = argmax C’ (a). The numerical results show a total agreement with
acA

the analytical ones and validate our analysis.

We consider a three-class system, S = 3, where each class is characterized by its own
QoS. The total number of users in the network changes from K = 10 to 40 users. The users
are distributed among the classes as follows: 40% in class-0, 30% in class-1, and 30% in
class-2. All the users are assigned codes of fixed PG G = 61 through which they can

generate packets of length L = 1024 bits per time slot. Finally, we select y, = 15 dB
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common to all classes. Assume that QoS requirements are 3, =4 dB, f =8 dB, and 3, =

12 dB for class-0, class-1 and class-2, respectively.

16 % ! ! ! ! ! !
14
12

10

Normalized Capacity per mW

Fig. 4.3: The network capacity shape versus the control parameter « .

The normalized network capacity is examined in Fig. 4.3 as a function of the control
parameter « . Notice that the normalized capacity per user has a global maximum, which
means that there exists a value of « that maximizes the normalized capacity. Obviously, in
this case it is 1.5. As a goes to infinity, the user’s capacity degrades. Consequently, the
high optical intensity-level turns out to be destructive, a case which fits to our target revealed
in the model of the capacity function depicted in (4.44). Also, we notice a steadiness for the
control parameter when K varies. This can be interpreted as follows. From (4.32) the
maximum transmission power is proportional to « . Since increasing the total number of
users necessitates a reduction of optical power, the control parameter should be small. On
the other hand, (4.33) and lemma 4.3 reveal a one-to-one correspondence between the
control parameter and the maximum transmission rate such that increasing « is followed by
an augmentation of the maximum transmission rate. Thus, two paradoxical objectives are

abided by the network capacity which is the main objective function to be maximized. The
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proposed control algorithm solves the problem by steadying « . Indeed, the results of Fig.
4.3 assert that the constant control parameter is the one that maximizes the network capacity

whose level varies according to K .
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Fig. 4.4: The improved and the nominal capacities, normalized to R, .

Fig. 4.4 illustrates the optimal capacity C versus the nominal capacity C, per active user

when the number of users increases. The figure shows clearly the improvement of the
optimized capacity per user with respect to the nominal one which can be seen as a lower
bound. A large capacity is provided in the region of small number of users because more bits
can be tolerated per time slot due to overlapping. As K increases, this capacity gets reduced

until it eventually reaches the nominal one.

The optimal transmission power of each class of users as a function of K is shown in
Fig. 4.5. We observe that the allocated transmission power per user is fairly chosen for each
class according to its QoS requirement. Class-2 users transmit with the highest power
because they require the highest QoS. In addition, users always transmit with the -highest

power 7, aresult which validates Lemma 4.4.
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Fig. 4.5: The optimal transmission power versus the total number of users.

The optimal transmission rates for each class of users are depicted in Fig. 4.6. Using our
proposed algorithm, it is clear that there is an increase in the transmission rate of each class
of users. All classes can simultaneously transmit at rates varying between the lower and the
upper bound cutoff rates of the OV-CDMA system. Note that in Chapter 3, only one class at
a time can transmit at rate between the cutoff bounds while the other classes transmit either
at the lower or at the upper cutoff bound, a fact which can be considered as unfair. As K
increases, each user is required to diminish the transmission bit rate to reduce the MAI effect

in the optical channel.

In the remaining part, we evaluate the effect of the QoS on the proposed resource
allocation and control algorithm. In this direction, we keep the same QoS’s of class-0 and
class-2 as in the previous part and we vary that of class-1. The other design parameters

remain unchanged.
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Fig. 4.6: The normalized optimal transmission rate of class-j users versus the total number of users.

The proposed controlling scheme adjusts the transmission rate of class-1 as /3, varies to

fit the requirements as illustrated in Fig. 4.7, while R, and R, are constant. The highest
transmission rate is allocated when a poor QoS is required. Then, whether more users
become active or a stringent QoS is demanded, R, decreases toward the nominal rate. The
decrease in the transmission rate results from lowering the number of overlapped bits per
time slot in order to reduce the induced MAI level. When S > A", we remark that high

QoS’s are no more tolerable since they force the transmission rate to go below the nominal

rate. This in turn validates the analytical result presented in Lemma 4.3.

The power control versus the rate allocation of class-1 is revealed in Fig. 4.8. Low rate
users are illuminated with high power since they transmit at a high QoS. As the allotted
transmission rate increases, the corresponding supplied power decays rapidly because the
QoS has been relaxed. Moreover, when K increases, less power is allowed per user and the

maximum allowable increase in the transmission rate above the nominal rate is smaller.
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Fig. 4.7: The normalized optimal transmission rate of class-1 users versus QoS.
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Fig. 4.8: The optimal transmission power allocation as a function of the normalized optimal
transmission rate of class-1 users.
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Optimal Capacity per mW

Fig. 4.9: The normalized optimal user’s capacity versus the QoS variation of class-1.

The normalized optimal network capacity per user is depicted in Fig. 4.9. The
improvement of the capacity with respect to the nominal capacity is obvious for different
network conditions. For example, in the presence of 20 active users, six of which are in
class-1 transmitting at a target QoS S, =0 dB, the maximum achievable capacity is 17.7

times R per mW, which is around four times the nominal capacity. Such an improvement

diminishes when the number of active users increases, and/or when the demand on QoS
increases. The fast capacity decay is due to the fact that the controlling scheme tends to
guarantee high QoS requirements rather than to increase the transmission rate of users by

reducing the MAI effect in the network.

4.7.2 The Delay-Constraint Optimization Assessment

A numerical evaluation has been performed for (p2) in three different situations. The

first one is when all users transmit successfully all their packets, and we refer to this

situation as an ideal case (P, =1). The second and the third situations are those when the

proposed MAC protocol is S-ALOHA/OV-CDMA protocol and, R’T/IOV-CDMA,
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respectively (P,, < 1) , using EPA in both cases (Appendix C). The upper limit transmission

latency is d =3 slots. For R’ T/OV-CDMA protocol, the packet generation probability is 0.6,
the two-way propagation delay is 2 time slots, and the timeout duration is one time slot. For
S-ALOHA/OV-CDMA protocol, the packet generation probability is also 0.6, the
retransmission probability is 0.9 and the number of retransmission attempts is 2. The other

design parameters are similar to the previous section.

In Fig. 4.10, the throughput of the MAC, normalized to the nominal transmission rate, is
evaluated. Notice that the MAC throughputs under both protocols are comparable with a
slight superiority for the SS-ALOHA/OV-CDMA. This means that the latter can stimulate the
optical channel to tolerate more transmitted bits per second. However, both protocols offer
much lower throughput compared against the ideal case; a fact which is obvious in a non-
ideal channel where the average number of correctly transmitted packets is restrained by
MAI induced by the overlapping process and the non-perfect orthogonality of the
codewords. On the other hand, the MAC throughputs of the three situations decay and
approach each other as a high QoS is required since now the optical overlapped system

reduces the number of overlapping bit during the transmission.
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Fig. 4.10: The normalized throughput of the MAC for three different cases versus the QoS of class-1.
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Fig. 4.11: The delay faced by the MAC in the three different cases versus the QoS of class-1.

Fig. 4.11 depicts the delay faced by the MAC when undergoing the different situations.
S-ALOHA/OV-CDMA offers low delay compared to the R’T/OV-CDMA for several
reasons. First, it is the presence of signaling mode, in the latter protocol, which in case of
failure can raise the number of retransmissions, and hence the delay time. Second, it is the
presence of the propagation delay. Third, the average delay increases with packet generation
and transmission probability (equals to 0.6). However, due to the joint optimization of the

MAC and the PHY layers, the average delay of R*T/OV-CDMA is smaller than the defined

two-way propagation delay. Hence it is inherently satisfying the delay constraint (d = 3).

For S-ALOHA/OV-CDMA, the average delay is solely depending on the retransmission
probability, so that raising this probability decreases the delay. In addition, even in the ideal
case the average delay is persistent in the MAC. This means that a packet may face collision
especially at higher transmission rate (high load) before it successfully reaches the
destination. By the proposed MAC design, the average delay in all cases is always respecting

the delay requirement.
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Fig. 4.12: The transmission rate allocations of the three classes through the MAC optimization.

The transmission rate allocations of the three classes of users are revealed in Fig. 4.12.
Note that the transmission rates are allotted by the MAC optimization undergoing both
protocols are equal to that of the ideal case although the performance of the latter at the
MAC layer is much higher. This means that the proposed MAC design guarantees an
optimal allocation of the transmission rate of all the classes.\ Since both protocols provide
comparable performance at the link layer, their transmission rates are similar. In addition,
the transmission rate of class-0 and class-2 are constant while that of class-1 decays as QoS
increases. This happens since the solitary SIR’s always satisfy the constraint (4.67) with
equality, which is QoS-dependent, hence, the transmission rate. Furthermore, class-1

transmission rate diminishes as f, increases until it reaches the nominal rate at the upper

bound QoS, which is in this case 18 dB.
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Fig. 4.13: The optimal control paramter obtained through the MAC optimization undergoing the

three situations.
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Fig. 4.14: The transmission power allocations of the three classes through the MAC optimization.
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In Fig. 4.13, a similar scenario can be observed in terms of the optimal control parameter
of the three MAC situations. That is, the optimal control parameters assigned to both
protocols are almost identical to that of the ideal case and they are reduced with the increase

of A . This denotes that the MAC assigns almost the same optical power for the different

protocols regardless of their performances, a situation which is undesired. The reason behind
this is that in a non-ideal optical channel more power is required per transmission to combat
the collision factor, which is considered in both protocols. Also, it is certified that low
transmission rate consumes less optical power. The optical power allotted to the users under

different MAC protocols are quantitatively illustrated in Fig. 4.14.

The throughput variations in terms of the total offered load is represented in Fig. 4.15.
The results assert that both protocols provide almost the same performance with nearly equal
load, while the optimal throughput of the ideal case forms the upper bound that can be

achieved.

According to the comparison between the two protocols, it seems logical to have
comparable performance in general. However, S-S ALOHA provides slight improvement over

R’T especially when all other parameters are optimized.

In our previous analyses, we have seen that the performance of former protocol
moderately outperforms the latter one at low rates, and the latter also moderately surpasses
the former one at higher rates, while both are competitive at moderate rates. The delay-
constraint fair resource allocation always tends to allocate low to moderate overlapping
transmission rate. This transmission rate is still higher than the nominal rate, and hence the
existence of this performance comparability of both protocols. However, S-ALOHA/OV-
CDMA is better serving the higher offered load than the other protocol. On the other hand,
Fig. 4.16 indicates that with equal QoS-proportional transmission power S-ALOHA/OV-
CDMA performs better than R*T/OV-CDMA, while both of them are around 50% less than

the ideal performance.
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4.8 Conclusion

We proposed a fair resource allocation scheme for multi-class time-slotted optical OV-
CDMA-based packet networks. This scheme is fair as it is based on the QoS requirements of
the users. In addition, no class of users can dominate the other classes. The Sherman-
Morrison’s matrix inversion lemma was used to solve the power allocation problem in a
closed form. A rate-characteristic polynomial has been derived and solved for the optimal
transmission rate allocation. The resources are optimally allocated as functions of a single
control parameter, which helps to reduce the search space into one dimensional space. Our
approach is unified since it is independent from the shape of the network capacity. Then, we
proposed a delay-constraint fair resource allocation optimization for OV-CDMA-based
packet networks that uses the fair resource allocation scheme at the PHY layer with QoS-
adaptive BER to maximize the MAC throughput with some delay requirements. S-
ALOHA/OV-CDMA and R’T/OV-CDMA are compared to using EPA with binomial arrival
distribution. A numerical search method was employed to validate the analytical results.
Both numerical and analytical results proved that our resource allocation scheme is simple to
implement and offers a substantial improvement to the system capacity. In addition, the
comparison assessment shows that the performances of both protocols are almost
comparable while their optimal delay is always respecting the MAC layer requirement. The

fairness and the optimality of the resource allocation are also preserved.
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Conclusion and Future Perspective

We close our thesis by stating concisely the main contributions of our work as follows:

1) We analyzed the performance of the OV-CDMA system for a single class of
transmission rate with unity power for all users at the link layer of a time-slotted
packet access network. We compared the performance of the proposed system to that
of the classical VPG CDMA system for multirate applications. Having derived the
correct packet probability, the performances of both systems were investigated in
terms of throughput, delay and stability under S-ALOHA protocol. Further, we
derived a comparison of performances undergoing two MAC protocols — a simple S-
ALOHA and a more advanced R°T protocol, originally proposed for optical packet
networks. The comparison investigates the influence of varying the offered load on the
throughput and the average delay of both protocols. The original results of this study
revealed that the proposed overlapped system outperforms the variable processing gain
system despite the MAC protocol used. Concerning the efficiency of the MAC
protocols, S-ALOHA/FFH-CDMA performs better than R’T/FFH-CDMA at relatively
high offered load. On the other hand, the latter protocol is more effective at low and
medium offered load. While, at moderate channel load conditions, both protocols can
offer comparable performances. The results are basically related to the size of the
optical network whether of large or of small scale. In small scale networks, example of
which is the local area network, the number of users is almost limited to orders of tens.
The originated traffic load in this case can be within the MAI-limited capacity of the
OV-CDMA channel especially at medium transmission rate. R'T performs better than
S-ALOHA. In large scale networks, examples of which are the metropolitan networks,

the originated traffic load is heavier. SFALOHA is more efficient is this case.
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2) Thus, the first step of our study was carried at the link layer with a random selection of
the physical parameters such as the overlapping coefticient (which is equivalent to the
transmission rate) with no consideration to the optical transmission power. For this
reason, we developed a new resource allocation strategy for the OV-CDMA system at
the PHY layer of the network to optimally allocate the transmission rate and the
transmission power to users spread out over different classes of the QoS. That was our
second contribution which gave us a useful insight on the optimal distribution of the
physical resources of the overlapped system. We remarked that the resources are
unfairly distributed among the users of different QoS’s so that at high QoS only one
class of users can achieve relatively high transmission rate through the overlapping
process while other classes transmit at nominal rate (i.e. with no overlapping process).
Also, at low and medium QoS only one class can transmit at intermediate rate, while
the others either transmit at a rate with full overlapping process or at the nominal rate.
Albeit this unfairness, the results reported a possibility of achieving an optimal
resource allocation and impelled us to seek more fair and realistic strategy to improve
the system performance.

3) Consequently, our third general contribution was manifested by designing a fair
resource allocation strategy for the overlapped system taking into concern its possible
integration into the packet access network. Thus, we proposed a fair resources
allocation scheme whereby which the allocation is based on the QoS demanded by
each class of users in a time-slotted optical packet network. The key characteristic of
this scheme is its application of a unified approach which maximizes any form of the
objection function, solely depending on a control parameter, also known as the
fairness parameter. Also, it is simple to implement in the ultra-fast optical networks.
By this strategy, first the average capacity per user has been improved, second more
classes can simultaneously have their transmission rates allotted at higher values above
the nominal one and third they can achieve their transmissions at upper-bound power
levels still lower than that of the previous strategy.

4) Finally, we combined the analysis performed at the link layer with the fair QoS-based

resource allocation strategy at the PHY layer as a delay-constraint optimization. This
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aimed at optimizing the performance of the time-slotted OV-CDMA-based packet
network while at the same time optimizing the resource allocation at the PHY layer for
different classes of QoS’s. We assessed the performance in terms of the network
throughput, and the average delay under S-ALOHA and R’T at the MAC layer, and the
fairness and the optimality of the resource allocation at the PHY layer, using OOK
channel modulation scheme. The results were compared to an ideal situation where all
users successfully transmit their packets, simultaneously. Indeed, the proposed design
hits our objectives. First, it allocates the transmission rate for users in different classes
as high as that of the ideal case under both protocols. Second, the transmission power
is fairly low compared to the ideal case and relative to the transmission capacity that
the users can handle. Third, the network throughput is around half of that of the ideal
case under both MAC protocols. Finally, the network delay constraint is always
respected. Concerning the efficiency of both protocols, S-ALOHA/OV-CDMA shows
a modest dominance over R*T/OV-CDMA. The reason is that the former protocol was
proved to handle heavy traffic load and high transmission rate better than the latter

one.

The results of our contributions validate our choice of the S-ALOHA as a simple protocol
to control the arrival of packets at the link layer of the OV-CDMA-based packet network
against the R°T or any other complex protocol like reservation ALOHA (R-ALOHA) [29],

[82], while we can achieve a relatively good throughput with less management.
Future Perspective

To consolidate the potential efficiency of optical networks, synergy among different
communication layers will be suggested as a new approach of optimality control of the QoS
and the resource utilization. This approach is prevalently known as cross-layer optimization
[77]-[81]. The cross-layer design violates the reference architecture of the protocol stack to
impose direct communication and collaboration among the different layers. This is achieved

by creating new interface layers whose roles are to share parameters dynamically during the
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runtime. The major objective of the cross-layer is to optimize the network performance

where a strict layered architecture is incompetent to realize.

Consequently, simpler resource allocation schemes which are analytically more tractable
will be foreseeable. Also, more advanced MAC protocols can be tested and selected
opportunistically. Beside S-ALOHA and R’T, CSMA-like protocols [28], [32]-[37] will be
nominated to control the OV-CDMA traffic load at the MAC l;dyer or even at the cross-layer.

In our thesis, the beat noise is considered mitigated, and the main source of noise is the
multiple access interference. However, although advanced scenarios have been developed to
mitigate the beat noise effect or to reduce it [72]-[74], those scenarios are still restricted to
some particular optical systems’ architectures, spread spectrum patterns or channel coding
schemes. To date, there is no mature canonical methodology that can be practically applied
to optical communication systems to alleviate the beat noise impairment. Hence, the
suggestion of analyzing the performance of the OV-CDMA system taking into account the
beat noise effect will be considered prospectively. Consequently, we expect that this
accurate analysis will render the optical overlapped system more viable for practical

implementation as it can provide more realistic insight on the systems’ behavior.




Appendix A
Proof of Lemma 3.2

Consider that R’ :(I{.‘,R;)T solves the optimization problem (I1,) for any two-class
subsystem, class-i and class-j Vi# je{0,1,...,S—1}. Satisfying the KT conditions, the
solution of (Hz) is represented by twelve possible cases. For each one of them, the

transmission rates are feasible by satisfying the system constraints (3.17) to (3.20) and have

unique solution in finite intervals of the QoS S and S, for class-i and class+, respectively.

Consequently, the solution is given as follows:

Case I:
2 2
| 1-2M RV —\[(1—2M,R“)ﬁ,.) ~(2m,R" )
B €| B,——|and B €| 0,
M,R") oM RY)
if the second term has a positive real value; otherwise,
2
-M RYpB +\/(M,R‘")ﬁ,) + MRV (B -MRp)
'BJ € O’ M.R([’)
The optimal solution is given by
R =RV (A.1)
R =R (A2)

The Lagrange multipliers are
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A" =SNR M, (2M,R“> +(%+%—]M1R(") —%J (A.3)
A =SNRM, (—2MJ.R(") [ﬁ 5, JM RY) ; J (A.4)
b=l5=2=0 (A5)

By checking the interval of /3 and f3,, we can easily recognize that B > £,. In addition,

the optimal solution in (A.1) and (A.2) shows clearly that R’ < R;, which satisfies Lemma

3.2.

1
B e, -
2M R™ +2Mm RV

~M ROB + \/(MJR“),B, )2 + MR (B-MR"B)

max R 5
! M,R(u)
and f e
2 2
1-2M RY B + \[(1 —2M RV ) -(2m,R )
oM RY
J
R =RY (A.6)
R =RY (A7)

A =SNRM, [2M/R‘” +[%+ %] M R" —ﬁLJ (A.8)

7
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A, =SNR M, (——ZM,.R(") ( /[; 'Z ]M RY ;] (A.9)
A=2=24=0 (A.10)

In this case, 8, > 3 and R} <R’ .

Case 3:
]
vl
~M R + \/(MJ.R(")/Z ) + MR (8 -MROB)
‘ M’R([) ’
and S € 2 ‘
' -M RYp +\/(MJR(’),B,) + MR (B -MRp)
min| 3, '
! M,.R(/')
R =RV (A.11)
R = L M [ B B0 (A.12)
2M B, 2M,\ B, B
* (ﬂ ’B) 2 2
A" =SNR M, YT S (B-MRY (B -5)) (A.13)

A==4=4=0 (A.14)
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Note that S, <, R =R and R ¢{R“),R(u)}. In addition, since R’ and R; are
feasible solutions and satistying Lemma 3.1, R;. should satisfy RY < R; < R™_ This implies

that R} > R

Case 4:

1
€| 0,
g [ 2M,R(”+2M]R“)]

2

1-2M R“ +\[(1 ~2M R ~(2M,RVp )2

max

; 2M R ’
and S, e
2 . 2
1-2M RV p +\Kl—2M,R“)ﬂ,.) —(2MJR(‘)/3,)
2M ,R"
M ‘
R = LM (BB R (A.15)
2M. B 2M A\ B, B
R =R" (A.16)
* (ﬁ,z_lgyz) () > >
A :SNR”MJW(,B, ~M R (- )) (A.17)
A =A=Al =2 =0 (A.18)

*

Using the same analysis in Case 3 we can show that 3, > /3 and R; <R .

i

Case 5:
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“M RS + \/(MJR(“) B )2 + MR (8- MR

max| [, ,
M,R(”)
and S, €
; 2
~M,RVB + \KMJR((),H,) + MR (B -MR )
MR(")
R =R (A.19)
R = LM (ﬁ+ﬁ] R (A.20)
oM, B 2M\ B B
. (ﬂZ __ﬁIZ) .
A :SNR”M,.W([)’, + MR (8- ) (A21)
! J
A=A =4 =2=0 (A22)

Also using the same analysis in Case 3 we can show that 3, > /3 and R; <R.

Case 6:

1
£ E[O’ 2MRY +2M_,R(")] and
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1-2MRYp _\(F_ 2M,R(”),BI)2 —(2MJ.R(”),B,)2
2M R :
AR o
1-2M,R"f - (1—2114‘1#")/3;.)2 —(2MJR(")Q)”
2M RY
-2 R0 1204 K5 ) (o )
2M1R(") : >
max ’
1-2MR" 3 +\/(1 —2MRYp )2 ~(2m R )2
2M ,R")

2

1-2M RV + \/(1 -2M,R9p) (ZMJR[”)[?,)Z
2M R

min

i

"Toamp aM\ B B
R =R
2

i P
A =h=A=4=0
The same interpretation as in Case 3 leadsto 3, < 3 and R} > R

Case 7:

M
£ €| 0,max : ] , i , ! -
' oM R +2M RO MRV - MR M RV

128

(A.23)

(A.24)

(A.25)

(A.26)
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; ; 2 2
1-2M RV +\/(1—2M,.R“),B,) —(ZMJRV)ﬂI)
M R(‘) ’ _ ()
and S, €| max / ’1—1\%
. 2 . ; .
-M RYp +\/(M]R(£)ﬂ,) + MR (B -MROB) J
MR
R =R =R" (A27)
2= SNR M | 2M RO +| 2 N M RY L (A.28)
B B) B
Ay =SNRM | 2M R + A5 mRO L (A.29)
B A b,
A=y=2=0 | (A.30)

In this case, since R; =R, whether B, < B or B> /3, then the condition R; =R is

always satisfied.

Case §8:

ﬁe[O ] \and

"2M,R™ +2M R |

1-2mR - (120,85 ) (201,87
2M RY

>

~M RYp + \/(MJ.R(”),B, )2 +MRY (B -MRY )
M/R(u)

R =R =R" (A31)
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A, =SNR M| —2M R" — hLh MJ,R(")+i (A32)
B, B I

A =SNRM | -2M R" - A5 MRY L (A.33)
J U ﬂ]

A= =2=0 (A.34)

The same interpretation is used as in Case 8.

Case 9:

max max

,B,.e(P SNRH/2,PWSNR”/(P SNR,,MI,R“)H)),and

1-213 (P, SNR, )+ \/(1 ~23/(P,SNR,)) + (ZMJR(“),B,)Z

max 2M R !
B e W(l - (MR +1/(P,, SNR,)))
min[ﬂ,,ﬁ(l -8 (MR +1/(PmaxSNR,,)))]
R :ﬁ(l = B/(FuSNR,) =M ,R" B, ) (A.35)
R =R (A.36)
A M, (B -5) (A37)

Y BB P
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K= (BMR 4 08 (PSR )-1)-MRVE)  (A3D

LA

A=l =24=0 (A-39)

Notice that 3 > f3, is imposed on the solution so that A, in (A.37) should satisfy the KT

condition, 4, >0. In addition, R’ <R; using the analysis used in Case 3. The same

reasoning will be applied to the remaining cases.

Case 10:

B e (O,min(ﬂj,l/(M,R“)))) and

1+ \/1 +4M RO B (MR +2/(P,, SNR,)) - MRV
8 e max) A 2M R +4/(P,, SNR,) "M R +1(P, SNR,) |
I-MRYB
MR +1/(P, SNR,)

.ol / ,
R :W(l— B, (MR )+1/(PMSNR"))) (A.40)
R =R" (A.41)
M e e A42
%—ﬁ%J@—Q) (A.42)
2= _‘ZJY—Z( B (MR +2/(P,, SNR,))- 5 —M,R“"ﬂf) (A43)

A=A=2=0 (A.44)
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In this case, 3, > 4 and R; <R .
Case 11:

B e (1/(M,R“)+2/(PmaxSNRn)),1/(M,R“)+1/(P SNR”))) and

max

max| 0,

1= (MR +1/( B, SNR,))
M R ’
J

min| S,

1= (MR +1/(P, SNR,)| |3 (MR +2/(,SNR,))- B
MR ’ MR

J

R =RY (A.45)

R = Mjﬁ, (1= (MR + 1/(PmaxSNRn))) (A.46)

N T G (A47)

A= SﬁN g; (—ﬂfMjR(‘) + 3 (MR +2/(P, SNR,))- ,3,) (A48)
A =2 =2=0 (A.49)

In this case, B> 3, and R} > R/

Case 12:
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()
B = ZM’R ,min [ﬁj,#@)j , and
(M,RY) +1/(P,, SNR,)’ MR

4 1-M RYp
"M ,RY +1/(P, SNR,))
max
5 - > SNR,) - \/ﬂ J(PoSNR,) + MR (MRY 3 - 3)
: M RY
1-MR"p
M R +1/(P,, SNR,)
R =R" (A.50)
. _ A R
R = M,ﬂ, (1=, /(P SNR,) - M,R¥ 3 ) (A.51)
* M
A = B =5 (A.52)
ﬁoﬁ/ max( )
A= ‘;Ngz (- MR <28 [(F SNR,)+ MRV - 3 ) (A.53)
ad]
A=2=1=0 (A.54)

In this case, S, > f3 and R; <R.

As a result, it is clear that for all possible solutions of a two-class subsystem when

B> B, R SR; and vice versa, which proves the Jlemma for the two subclasses. To

generalize this result to the S-class system, consider a third class, class-k, with a QoS £, .

Applying the previous derivation to the two-class subsystem class-j and class-k, we can
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prove that when £, >f,, R, <R, and vice versa. Therefore if S >f >f,, then
R, <R, <R, is always true. Following the same recurrence for S classes, we can easily show

that if g, > 8, >---> f_,, then R, <R <---< R, ,, which completes the proof. |
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The constant coefficients of the polynomials that form the average interference variance

over all bit-positions in a packet time-slot in (4.8) section 4.3 are given as follows.

A, =GL' —12GL +51GI} —90GL + 54G
A, =5GL' —(42G +6F) L’ + (102G +30F ) I’ = (54G + 48F ) L— 27G + 24F
A, =8GL' —(34G +6F) L' =(G-6F ) ' +(60G + 24F) L—9G — 24F
A =4GL +(8G +6F )L’ —(40G +30F ) [’ +(12G +24F ) L
A, =(8G+6F) L —(4G +6F) L’
B, =G’ -6GL+9G
B, =3GL —(6G-2F)L-9G -2F
B =—4FC +(12G+4F)L

B, =2FL —(4G+2F) I’
0
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In both protocols, it is assumed that packets arrive following a binomial distribution with

a transmission probability P, . Then the throughput functions of OV-CDMA-based network

undergoing both protocols can be rearranged to be of the form ¢, = K P, P,

jhurt e,

When we consider the ideal situation, we meant the situation when the utmost number of

available packets in the network are transmitted and correctly received, that is, K, packets

engendered by K, users and hence £, =1. However, in S-ALOHA and R’T only (P, <1)

r

percent out of the available K, packets are transmitted and correctly received due to

collision consideration. Thus, the ideal case provides an insight into how much the protocol

efficiencies are far from the boundary limit.
I. A Simplified Model of S-ALOHA/OV-CDMA Protocol using EPA

Consider a finite number of users, K, available in the system. Each user generates a new
message at the beginning of the time slot with probability £, once a previous message is
completely transmitted. The message is divided into a number of packets geometrically
distributed with mean ¢. The message is stored in a queue, which it cannot accept any new
message unless the current message is completely transmitted. The channel propagation

delay is assumed negligible.

Initially, a user is in state m ; it sends its packet with probability P, (1 —0) , receives with

probability o or stays idle otherwise as illustrated in Fig. C.1 That is, either a user transmits,
receives packets or does nothing. In the transmission mode (states s, ), a user proceeds with
transmitting the next packet if the current packet is successfully sent with a correct packet

probability P.. Otherwise, errors may occur with probability (1 —PC), and hence collisions.
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The user then enters the backlogged mode (states ;). Unsuccessfully transmitted packets
are backlogged, and then retransmitted at the next time slot with a probability P.. After ¢

unsuccessful retransmission attempts, the backlogged packet is assumed to be immediately

retransmitted (i.e. P. =1). In the reception mode (states 7,), a packet is considered correctly

received if it is successfully transmitted over the channel. Finally, if all packets are correctly

received, the user returns to its initial state.

Fig. C.1: Simplified S-ALOHA/OV-CDMA model using EPA approximation.

We define s, d and r as the total number of packets in the transmission mode, the
backlogged mode and the reception mode at equilibrium, respectively, and the flow

equations are given as follows:

i A : ] - P{

s, =P 75, > 52 5, = ] [; s (C.1)
i=1 — L.

d =(1-p)" d; (C2)

-1
5, (l—PC)zP,Zd,’er/:d,’ (C.3)
=1 '
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(&, ] ,
sy d,’:;—(l—(l—R))(l—PC)s (C.4)

mo‘:]‘]:---:rf:}réznzfn (CS)
The last packet received is equal to the last packet transmitted, so that
mP, (1_0'):5511 (C.6)

At equilibrium, the received packets in state 7 are equal to those transmitted. This gives
=1
’;:})c(‘?l+[)"zd/’+dllj:])z(Z_Pc)sl (C'7)
1=

Thus, (C.5) - (C.7) yield the reception probability at equilibrium

c

P,(2-r)(1-P)

CL(=R)RTwp (2-R)(1-2)

C c

The number of packets in all states should be equal to the total number of packets offered

for transmission. K =m+s+d+r and s, Zs+d is defined as the total number of packets

attempting transmission. This implies

(to+1)(1-P) P!

s, - P{)(]—G)(I—PC[)(]JrP;I(]—(]—Pf)l)(l_Pf))

(C.8)

Note that, since in OV-CDMA system P. is independent of the number of users, (C.8)

[&

represents the relationship between K and s, .
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The EPA model of S-ALOHA/CDMA is applied to every class-j of users,

Vje {0,...,S —1} . The throughput of each class-j users is then given by

9/ :S]R‘J
=5, (1+2 (1-0-2))0-2,)) £,
B h(1-0)(-2) )

" (1-0) (-2 )1+ 27 (1-(=BY ) (1= P, )+ (¢o, +1) (1=, ) 2.,
(C.9)
The average number of backlogged users of class+j is 7, =1+d, hence the delay is given

Ir

by Little’s theorem. F, is represented by the fraction term. K, , F, and P, are all

optimized through the optimization problem (Up2).
II. R°'T/OV-CDMA

From Chapter 2, we know that the system throughput under the R’T is computed as [25]

L
0 (KAL)=, (K) L+(1=-P, ) (min{t, L} ~1)(L-min{r, L/2}) o 1D

where 7, | (KJ) can be obtained such that the following condition is satisfied:

K | L+(1=P,,)(min{r,L}=1)(Z~min {z,L/z})] -

P, P,

J

P . 1— v o
n | 2L(1=P)+ (e 42L-1) P + 2L A(1=1)— 2+ ]_II_A(IL] .
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where p, = p(ro,j)z 0.5 l:,/uf. +4u, —uj}

APc,j Tt
K, [ L+(1= P, )(min{e, L} =1) (L= min {1, 1/2})]

and u, =

The delay is given by

Lo K4
"0 (K, Atz, L)

(C.12)

where (Kj -A) is the average offered traffic of class-;.

Notice that, in this case the average transmission probability is complex to represent

explicitly. However, having optimized K, satisfying (C.11), (C.10) is equivalent to

'b,j(Kj)

L P
Lo(i= 2 (e 2} ) (- minfe £72])

0, =K, x(a certain factor)x (C.13)

Fir
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