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Abstract 

 
Optimization of optical signal-to-noise ratio by α profile multimode fibre in wireless over 

Fibre link 
Master of Applied Science 2011 

Muhammad Imran Khan 
Electrical and Computer Engineering 

Ryerson University 

The demand of bandwidth in mobile communication is growing exponentially day-by-day, as the 

numbers of users have been increasing drastically over the span of last five years. Fibre optics 

has attracted much attention due to its promising performance and operational cost reduction. In 

this thesis, the feasibility of using multimode fibre as an inexpensive cell feed in indoor system is 

investigated. The proposed architecture is analyzed using signal to noise ratio versus GI 

multimode fibre profile parameter α, cumulative signal to noise ratio, and multipath fading in 

indoor environment. The objectives of this thesis are: (i) designing COFDM based radio-over-

fibre communication system, (ii) analyzing the downlink and uplink performance considering 

impairments in the fibre and wireless channels and investigating the effect of core refractive 

index profile (α) on graded index RoF link, (iii) investigating the effect of COFDM cyclic prefix to 

the graded index multimode fibre dispersion. The performance is evaluated through theoretical 

analysis and simulations using Matlab. The downlink and uplink analysis are performed 

considering all the impairments from the air interface and the RoF link. Thereafter, numerical 

results are generated for the downlink and uplink to illustrate the performance of the COFDM-

RoF architecture. 
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Chapter 1

Introduction

Communication is the most natural and social of human functions. Communi-

cation is the process that distributed information, knowledge, and wisdom among

people, the mortar that holds together societies as communities [1].

Radio over fibre (RoF) refers to a technique where radio frequency (RF) signals are trans-

mitted over optical fibre to provide wireless communication services. Although transmitting

RF signals over fibre has many applications such as in cable TV networks and Satellite base

stations, the term RoF mostly used in connection with the fibre-wireless (Fi-Wi) communi-

cation systems.

There are number of reasons why radio signals need to be transmitted over fibre. Most Fi-

Wi systems until now, target providing wireless access to special areas like tunnels, mines and

subway stations where outdoor macro base stations do not provide coverage. Furthermore,

crowded places like campus premises, supermarkets, airport concourses, and downtown core

areas can be cost-effectively served by Fi-Wi networks.

Recently the power of RoF solution was realized during Sydney olympics 2000. RoF

technology was used to rapidly set-up microcellular networks for the olympics with more

than 500 in-building and outdoor pico-cells. Three GSM operators shared this infrastructure

and multi-standard radio (900/1800 MHz GSM) was supported. Each remote antenna units

provided 0.8 × 1.8 km coverage. Dynamic allocation of network capacity was enabled and

more than 500,000 wireless calls were made on the opening day using the RoF infrastructure.

1
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The RoF technology is now moving from providing coverage to specialized area into the

mainstream as a viable broadband wireless access scheme. There are number of reasons for

this emerging prominent role of RoF.

1.0.1 RoF to Boost Frequency Reuse

Demand for wireless capacity is rapidly increasing. Surveys have shown that a new wireless

subscriber signs up every 2.5 seconds. In Japan this number goes from approximately 60

million in year 2000 to more than 100 million in year 2010, measuring 98.7% penetration by

2010 [2]. The number of cellular and personal communications system (PCS) users in the

US has surpassed 100 million. The trend is similar worldwide.

To address the increasing demand, more and more base stations are deployed radio cells

keep shrinking. Soon micro and pico cells will play a major role in wireless networks. The

micro/pico cells will not only provide better frequency reuse and coverage, but also will

reduce power consumption and size of the portable units. In the micro/pico cellular scenario

large number of base stations are required. Complete base stations are expensive. Therefore,

number of base stations can be replaced by a single base station and a number of radio access

points. RoF is a viable technology to interconnect the radio access points of these micro/pico

cells cost effectively.

1.0.2 RoF to Support Broadband Wireless

Wireless is also at the edge of a significant revolution. It is moving from voice centric

communications multimedia services. Currently over 81.4% of wireless subscribers in Japan

has 3G wireless Internet capability. Data rates of these service continue to increase and the

bit-rate capability of the wireless network must follow it. Furthermore, reliability and the

quality of service is much more essential for wireless data services than for voice services.

To catch up with the need, network operators keep increasing their bit rates. With High

Speed Downlink Packet Access (HSDPA) in 3.5G, up to 14 Mbps is supported over 5 MHz

bandwidth.
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There is an inherent inverse relationship between the length of the wireless link and

its bandwidth. An additional advantage of the micro cellular arrangement is the short air

interface. Short air interface reduces the multi path delay spread that results in low inter

symbol interference. In addition, often a strong line of sight path is available between the

transmitter and the receiver in microcells and the path loss is less. As a result, high-speed

multimedia services are easily accommodated in microcells.

1.0.3 RoF for 4G Networks

The 4G networks promise, whopping 100 Mbps to 1 Gbps over 100 MHz bandwidth to

address the huge expected demand. This poses a big challenge for wireless communication

engineers. At extremely high bit rates, over 1 Gbps, the air has to be significantly shorter,

because the RF power need to be transmitted is extremely high. This is going to be a major

deign challenge for 4G network planners.

1.1 Scope of the thesis

In this thesis, we are going to discuss and outline several parameters and propose an archi-

tecture for an indoor communication system. The scope is to discuss the basic principles, to

investigate and to evaluate the performance of the proposed architecture.

The goal of this thesis work is to analyze the COFDM-RoF communication system with

multimode fibre profile index α and different impairments on both channels . In this thesis,

the most important RF impairments are reviewed and a joint analysis of these impairments

is presented. The performance is evaluated through a theoretical analysis and simulation.

1.2 Problem statement

Although RoF technology reduces the cost of the base station units, deployment of fibers

still increases the cost of the system. Up to now, most of the proposed systems operate

with expensive single-mode fibres. In this proposal, we present the effect of COFDM to the

graded index multimode fibre response, and propose an effective usage of cost efficient GI
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multimode fibre. GI multimode fibre can also be allocated for COFDM-RoF systems with

reasonable fibre distances.

Therefore, in order to investigate the feasibility of the COFDM-RoF systems, we analyze

the performance of wireless local area networks (WLANs) under multipath fading and optical

imperfections. We chose IEEE 802.11a standard as our basis model for the wireless system.

1.3 Major contribution of the thesis

The major contribution of this thesis are:

• The downlink and uplink analysis of a coded orthogonal frequency divisional multiplex-

ing based optical fibre based wireless access architecture that is designed to support the

WLAN system. The analysis includes mathematical derivations and numerical results

that quantify the performance of the architecture.

• The performance of COFDM for a multimode fibre profile including graded index α

profile is assessed.

• The cyclic prefix (CP) for the COFDM symbols is shown to combat the dispersion of

the multipath fibre as well as the multipath delay of the wireless channel.

Also, the COFDM-RoF model has been proposed as solution for bandwidth demand.

The combination of two different types of modulation has been performed to provide high

bit rate data and bandwidth in WLAN in particular control station and base station.

The uplink involves with the signal first propagated through the air interface and then

the RoF link. The downlink involves with signal first propagated through the RoF link then

the air interface. The air interface introduces linear impairments such as additive white

gaussian noise, and multipath fading, while the RoF link introduces nonlinear impairments

such as intermodulation product distortion, optical noises and optical fibre nonlinearities.

The analysis accounts for the cumulative effects of all the impairments.
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1.4 Organization of the thesis

This thesis is organized as follows:

In Chapter 2, literature review of OFDM based multimode radio-over-fibre system and

an overview of OFDM system are given. The signal model and problems associated with

OFDM transmission are discussed. Also, it provides a brief summary of losses in commu-

nication channel. In the wireless channel, path loss, multipath fading, and shadowing effect

are different aspects of signal propagation in air. The cause and effect of each aspect is

investigated.

Chapter 3 covers the basic optical fibre communication link, RF/Optical signal genera-

tion, transportation methods and optical noise. The optical channel which is the RoF link

has several mechanisms that affect the performance of the proposal architecture. The mech-

anisms can be categorized as the nonlinear and noise mechanisms. The nonlinear mechanism

includes the intermodulation product and α profile in optical fiber. The relative intensity

noise, shot noise and thermal noise are the noise mechanisms. All the mechanisms are

investigated in this chapter. The power loss involves the optical-to-electrical conversion,

electrical-to-optical conversion and general fiber attenuation of the radio over fiber link is

also discussed.

Chapter 4 presents the fiber based radio access architecture that supports the WLAN

systems using COFDM technique in the optical channel. Using this technique, the WLAN

signal transmits through a fiber-optic cable, is known as the RoF link. The downlink and

uplink analysis are presented with mathematical derivations of the system performance.

The analysis is completed with the numerical results presented in Chapter 5. The results

are graphical description of the performance of the proposed architectures. The results also

leads to a discussion in this chapter.

Finally, conclusions and possible future research directions are discussed in Chapter 6.



Chapter 2

Literature Review and Basics

2.1 Radio-over-Fiber for Fi-Wi Systems

There is significant work done in the wireless access using the RoF link by many authors.

Dixon et al. [4] has investigated the performance of different profile of multimode fibre over

coded orthogonal frequency division multiplexing. They did comprehensive link-budget anal-

ysis and results shown that OFDM provide good protection against the frequency selectivity

of a dispersive multimode fibre. Also, multimode fibre performed well over 10 km with op-

timum value. Fernando and Anpalagan [5] also studied the RoF link, and they have derived

the cumulative SNR for the combination of the RoF link and the air interface. They also

studied the relationship between the cumulative SNR and the SNR after the optical link.

Matarneh et al. [6] carried out an experimental downlink work in time and frequency domain

and investigated the performance of COFDM over multimode fibre in radio-over-fibre com-

munication system. Moreover, measured the response of different segments of graded index

MMF and many parameters were assessed in detail such as the effect of the fibre lengths,

RMS delay spread, link gain, noise figure and AM-AM/AM-PM to investigated the link

performance. Lee et al. [7] discussed the use of OFDM to counter the problem of multipath

propagation in multimode fibres (MMF) and the simultaneous use of spectrally efficient mod-

ulation schemes such as quadrature amplitude modulation to increase the capacity of MMF

transmission links. Also, experimentally showed that the potential of OFDM over MMF

optical fibres. In the paper of Pizzinat, Urvoas, and Charbonnier [8] demonstrated the feasi-

6
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bility of using low bandwidth MMF with MB-OFDM transmission for indoor radio-over-fibre

communication system. They experimentally demonstrated the possibility of deploying very

high data rates, UWB based multi-user home wireless network using low cast VCSEL and

MMF. In the paper of Tabatabai and Al-Raweshidy [9] studied the performance of WLAN

and ultra wide band (UWB) signals for indoor Rof system by using MMF with Mach Zehnder

Interferometer (MZI) and concluded that RoF is able to support multiple services using low

cost laser and MMF. In the invited paper, Armstrong [10] presented the introduction and

feasibility of OFDM for optical communication system specially, for radio-over-fibre system.

He highlighted the some aspects that are important in optical communication. Also, he

described limitation which imposed by optical fibre nonlinearities and a new form of opti-

cal OFDM. In [11] Das et al., demonstrated experimentally the performance of MMF over

RoF as low-cost alternative. They investigated performance of UMTS and WLAN signals

through bi-directional link budget analysis and predicted ranges of such systems. The anal-

ysis indicated that good performance and signal coverage is possible with optimum design

of indoor fibre-fed wireless systems, even when using such inexpensive components. In this

paper [12] Gomes et al., used the pre-installed MMF and laser and described that better

link performance is achievable with careful design when considering wireless path, and Mac

protocol for WLAN. Because Mac protocol is affected by the fibre delay. Carlsson et al. [13]

analyzed the single and multimode laser with SMF and MMF for RoF system. Moreover,

compared the performance (dynamic range, link gain, noise figure (NF), and misalignment

tolerance) of links with standard and high-bandwidth graded-index multimode fibres, with

lengths up to 500 m, using directly modulated VCSELs as light sources. Also, analyzed

the measured link gain, NF, and dynamic range in order to pinpoint major limitations and

suggested modifications for improved link performance. The relative intensity noise in the

RoF link is further improved by Fernando in [14] and this improved expression gives a more

accurate model for the RoF link. In the paper by Kim and Chung [15], they had investigated

several passive optical networks that support narrow band signal in microcellular communi-

cation system and they derived the carrier to noise and distortion ratio for the network. Fan



8
et al. [16] investigated the employment of RoF link in microcellular personal communication

system. They have included the fading and the co-channel interference of the air interface

to improve their model. They had also compared the performance between the uplink and

the downlink.

2.2 Introduction

Efficient spectrum allocation, which is the primary goal in the design of communication

systems, has been achieved through the use of source coding and modulation techniques.

Modulation refers to the process that transforms a baseband signal to a passband signal by

employing a modulating signal. The main goal of a modulation scheme is to transfer the

message signal through a radio channel while minimizing the effects of channel impairments

and the use of the radio spectrum.

Thus, the utilization of a modulation technique that contributes to efficient use of the

available bandwidth under hostile channel conditions is very important in communication

systems. Different modulation techniques, which meet the stringent demands for protocols

that are bandwidth efficient with minimal distortion and interference, have been suggested

for the 4th generation (4G) standard. Orthogonal Frequency Division Multiplexing (OFDM)

is a one of the candidates for modulation technique used in 4G protocol. Although OFDM

has been around for more than 40 years, its popularity has increased recently. OFDM,

also named as multi-carrier or discrete multitone modulation, is gaining importance since it

supports efficient use of the radio spectrum while combating intercarrier interference (ICI)

and intersymbol interference (ISI).

Efficient utilization of radio spectrum includes minimizing the space between the modu-

lated signals while avoiding ICI. In practice, guard bands, which contribute to an inefficient

use of radio spectrum, are placed between adjacent carriers. OFDM based systems over-

come ICI by allowing the bandwidth of the modulated carriers to overlap without making

the system subject to ICI. Moreover, high data rate transmission which requires small sym-

bol periods contribute to ISI in a multipath environment. OFDM based systems support
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high data rates with a long symbol duration which effectively eliminates ISI.

2.2.1 OFDM for Mobile Communications

Orthogonal Frequency Division Multiplexing (OFDM) is a communication technique which

allows the communication channel to be divided into a number of equally spaced frequency

bands. The orthogonal sub-carriers carry the transmitted information in specified bands.

OFDM is a combination of modulation and multiple-access scheme which enables many

users to utilize the same frequency band.

As a modulation technique, OFDM modulates the data onto the sub-channels by varying

the sub-channel’s phase and/or amplitude accordingly. Since the sub-channels are orthogo-

nal in an OFDM based system, the spectrum of the sub-channels overlap without causing

interference. An OFDM system splits the data stream into N parallel data streams, each at

a rate 1/N of the original rate. Consequently, each symbol is mapped to a carrier at a unique

frequency and combined together using the Inverse Fast Fourier Transform to produce the

required time domain waveform.

OFDM can also be considered as a multiple-access technique since a single sub-channel

or a group of sub-channels can be assigned to various users. The assignment of sub-channels

to individual subscribers is controlled by the media access control (MAC) layer.

OFDM based wireless systems have been designed to transfer wideband data at data

rates comparable to those of wired services. OFDM based systems support efficient data

and voice transmission. In addition, these systems provide acceptable performance under

wireless channels that are highly susceptible to interference.

Currently, OFDM is used in a number of commercial wired applications such as digital

subscriber line (DSL). OFDM based systems have also been utilized in wireless applications

such as television and radio broadcast. In addition, several fixed wireless systems and wireless

local area networks have witnessed the employment of OFDM.
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2.2.2 OFDM transmission on multimode fiber

Although the bandpass region of the multimode fibre is relatively flat with amplitude of 6

to 10 dB below the amplitude at zero frequency, it may not be possible to use this passband

region to transmit a signal with large bit rate compared to 3-dB modal bandwidth. The deep

nulls and variation of the amplitude of the frequency response of the multimode fibre within

the transmission frequency can significantly degrade the output signal of the multimode

fibre. Thus, leading to high BER at the receiver. It is seen from [3] that the probability

density function of the amplitude response of the multimode fibre in the high frequency

range is Rayleigh distributed and does not depend on the frequency. This property of the

bandpass region of the multimode fibre is similar to the property of the channel in a wireless

communications system, i.e., the fibre is a wideband frequency-selective channel.

The effect of having a wideband frequency selective channel for data transmission can

be overcome by using orthogonal frequency division multiplexing (OFDM). This technique

has been proposed and analyzed by many groups of researchers [26, 31]. In OFDM, the

high data rate signal is divided into many small data rate signals. These small data rate

signals are then transmitted via different subcarrier frequencies. By doing this the wide-

band frequency-selective channel is separated into a series of many narrowband frequency-

nonselective channels. The main requirement of doing OFDM is the orthogonality between

all OFDM signals in the frequency domain. That is, the spectrum of each OFDM signal

should not interfere with the spectra of neighbouring OFDM signals. To have completely

non-overlapping spectra, the required bandwidth of the system will then be large, i.e., less

spectral efficiency.

To increase the spectral efficiency of the system, the signal spectra must be packed tightly.

By doing this, very sharp filtering (which is very difficult to implement) is needed. Thus,

more system complexity is required [25]. It is seen that using sharp filtering is not a good

way to increase the spectral efficiency of an OFDM system.

Another technique is to make the individual spectra to be sinc functions. The subcarriers

are put at the nulls of the neighbouring spectra. It is seen that the OFDM spectra are not
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bandlimited but they can be separated by the baseband processing using discrete-Fourier

transform (DFT) techniques [25, 30]. The detailed analysis of using DFT for OFDM system

is given in [28, 29]. The applications of using OFDM with fiber optic transmissions have

been shown in [30, 31]. OFDM was used in the subcarrier multiplexed fiber-optic video

transmission as a digital transmission scheme of the hybrid AM/OFDM system [30].

Another example of using OFDM with a fiber-optic system is shown in [31]. The mul-

timode fibre is used as an inexpensive cell feed in broad-band 60-GHz indoor picocellular

systems. To overcome the effect of multipath fading in a wireless environment, OFDM is

chosen to be the modulation scheme for the wireless transmission. However, to reduce the

complexity required by the remote site, the signal modulation should be done at the central

base office and sent from the central base office to the remote site via an optical fiber system.

Using multimode fibre as the medium instead of singlemode fibre can reduce the cost

of implementing the optical fibre system. However, the problem of using multimode fibre

as the medium is the effect of the modal dispersion in multimode fibre. OFDM is used

to overcome the multipath problems in wireless systems. It might also be able to reduce

the effect of frequency selectivity in the dispersive multimode fibre. It was shown in [31]

that OFDM can offer good protection against the frequency selectivity of the dispersive

multimode fibre. Thus, the seamless transition between the fiber and radio parts of the

system with an inexpensive cost for the fibre part is possible.

It is seen that the key point for combating a wideband frequency-selective channel, similar

to what occurs for high frequencies in multimode fibee, is to divide a high bit rate signal into

many small bit rate signals and transmit these signals with different subcarriers. By doing

this, the wideband frequency-selective channel is transformed into a series of narrowband

non-selective channels. OFDM is applicable in the multimode fibre transmission in the high

frequency region.
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2.2.3 OFDM basic principle

OFDM is a multiplexing technique which divides the bandwidth into multiple frequency

subcarriers. In OFDM, a high-bit-rate data stream is divided into N parallel lower bit rate

streams. Then those streams are modulated and transmitted in separate subcarriers. The

symbol duration on each subcarrier increases to T = NTs . If N is large enough to ensure

that the symbol duration time exceeds the channel delay spread, T >> 0, then it reduces

the inter symbol interference.

In the OFDM system, all subcarriers are orthogonal to each other. OFDM allows the

spectrum of each subcarrier to overlap, and by selecting a special set of orthogonal carrier

frequencies, high spectral efficiency can be achieved because the mutual influence among the

orthogonal subcarriers can be avoided. The orthogonality also greatly simplifies the design

of both transmitter and receiver.

Figure 2.1 describes four orthogonal carriers in the time domain. In this example, all the

subcarriers have the same amplitude and same initial phase [48]. However, in practice, the

subcarriers are modulated in different amplitude and phase. As can be seen from Figure 2.1,

the orthogonality in the time domain means within an OFDM symbol period, all subcarriers

have integer cycles and the numbers of the cycles between the channels differ by integer

numbers.

In OFDM, a high-bit-rate data stream is divided into N parallel lower bit rate streams.

Then those streams are modulated and transmitted in separate subcarriers. The symbol

duration on each subcarrier increases to T = NTs . If N is large enough to ensure that the

symbol duration time exceeds the channel delay spread, T >> 0, then it reduces the inter

symbol interference [49].

2.3 Characteristics of OFDM Signal

The followings are the basic characteristics employed in the operation of OFDM:



13

Figure 2.1: Orthogonal subcarriers in time domain

2.3.1 Orthogonality

The sub-carrier frequencies are chosen so that they are orthogonal to each other. This means

that cross-talk between the sub-carriers is not possible and hence inter-carrier guard bands

are not required. This orthogonality allows:

• Simultaneous transmission on numerous sub-carriers in a tight frequency band without

interference from each other,

• High spectral efficiency, near the Nyquist rate,

• Simpler transmitter and receiver design,

• Efficient modulator and demodulator implementation using the FFT algorithm,
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• Low complexity multiple access schemes such as coded orthogonal frequency division

multiple access,

However, in order to maintain orthogonality, very accurate frequency synchronization is

required between the receiver and the transmitter. If the frequency deviates, the sub-carriers

would not remain orthogonal causing inter-carrier interference [64].

2.3.2 Guard Interval

OFDM transmits a number of low-rate streams in parallel instead of a single high-rate

stream. Lower symbol rate modulation means the symbol duration is comparatively longer

and it is feasible to insert a guard interval between OFDM symbols. The presence of this

guard interval makes the system resilient to multi-path components and helps eliminate inter-

symbol interference (ISI). The guard interval also eliminates the need for a pulse-shaping

filter and reduces the sensitivity to time synchronization problems [65].

2.3.3 Cyclic Prefix

The cyclic prefix is transmitted during the guard interval and it consists of the end of the

OFDM symbol copied into the guard interval. The cyclic prefix is transmitted followed by

the OFDM symbol. Cyclic Prefix insertion is shown in Figure 2.2 [65]. The reason for the

cyclic prefix being a copy of the OFDM symbols tail is so that the receiver will integrate

over an integer number of sinusoid cycles for each of the multi-path components when it

performs OFDM demodulation with the FFT.

2.3.4 Channel Coding and Interleaving

OFDM is invariably used in conjunction with channel coding (forward error correction), and

almost always uses frequency and/or time interleaving. Frequency interleaving ensures that

bit errors resulting from those sub-carriers that are selectively fading are spread out in the

bit stream rather than being concentrated. This increases resistance to frequency-selective

channel conditions. Similarly time interleaving ensures that bits close together in the bit
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Figure 2.2: Insertion of Cyclic Prefix

stream are transmitted further apart in time, thus mitigating against severe fading, as would

happen at high speeds. Common types of error correction coding used with OFDM-based

systems are convolutional coding, Reed-Solomon coding and turbo coding. Error correction

coding is employed in the receiver to correct any errors that result from environmental

effects [65].

2.4 Coded OFDM

By using time and frequency diversity OFDM provides a means to transmit data in a fre-

quency selective channel. However, it does not suppress fading itself. Depending on their

position in the frequency domain, individual subchannels could be affected by fading. This

requires the use of channel coding to further protect transmitted data. Among those chan-

nel coding techniques, convolution coding combined with frequency and time interleaving is

considered the most effective means for a frequency selective fading channel.

Coded OFDM (COFDM) is OFDM that makes use of interleaving and forward error cor-

rection (FEC) coding for protection of data against errors. Error correction coding provides

redundancy to the signal in order for the receiver to be able to correct any bits that are

received in error. The error correction decoder in COFDM is the Viterbi algorithm which

tries to decode what bits were sent based on the received sampled values.

COFDM also allows different groups of bits to be protected with a different strength code



16
rate. This is done in cases where some bits are more important for the correct reproduction

of the signal than other bits, such as the filter parameters in MPEG audio streams. This

allows the Viterbi error correction decoder a higher chance of correcting any errors [22].

It should be mentioned that one of the advantages of OFDM is that it can convert a

wideband frequency selective fading channel into a series of narrowband and frequency non-

selective fading subchannels by using parallel and multicarrier transmission. Coding OFDM

subcarriers sequentially by using specially designed codes for frequency non-selective fading

channel is the major reason for using COFDM for terrestrial broadcasting.

In general, transmission errors have a strong time/frequency correlation. Interleaving

plays an essential role in channel coding by providing diversity in the time domain. Inter-

leaving breaks the correlation and enables the decoder to eliminate or reduce local fading

throughout the band and over the whole depth of the time interleaving. Interleaving depth

should be large enough to break long straight errors.

Coded OFDM, or COFDM, is a term used for a system in which the error control coding

and OFDM modulation processes work closely together. An important step in a COFDM

system is to interleave and code the bits prior to the IFFT. This step serves the purpose of

taking adjacent bits in the source data and spreading them out across multiple subcarriers.

One or more subcarriers may be lost or impaired due to a frequency null, and this loss

would cause a continuous stream of bit errors. Such a burst of errors would typically be

hard to correct. The interleaving at the transmitter spreads out the continuous bits such

that the bit errors become spaced far apart in time. This spacing makes it easier for the

decoder to correct the errors. Another important step in a COFDM system is to use channel

information from the equalizer to determine the reliability of the received bits. The values of

the equalizer response are used to infer the strength of the received subcarriers. For example,

if the equalizer response had a large value at a certain frequency, it would correspond to a

frequency null at that point in the channel. The equalizer response would have a large value

at that point because it is trying to compensate for the weak received signal. This reliability

information is passed on to the decoding blocks so that they can properly weight the bits
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when making decoding decisions. In the case of frequency null, the bits would be marked as

”low confidence”.

2.5 COFDM Performance Expectation

2.5.1 Multipath/fading

It is believed that with properly designed guard interval, interleaving and channel coding,

COFDM is capable of handling very strong echoes. The BER improvement resulted from

multiple echoes was indicated by the computer simulations. With the assumption of with-

standing strong multipath propagation, COFDM might allow the use of omni-directional

antenna in urban areas and mobile reception where C/N is sufficiently high. In addition to

channel fading, time-variant signals caused by transmitter tower swaying, airplane fluttering

and even tree swaying generate dynamic ghosts and consequently produce errors in digital

transmission. With its parallel transmission structure as well as the use of trellis coding,

COFDM systems might present advantages in fading and time-variant channel environment.

2.5.2 Impulse Interference

COFDM is more immune to impulse noise than a single carrier system because a COFDM

signal is integrated over a long symbol period and the impact of impulse noise is much less

than that for single carrier systems. As a matter of fact, the immunity of impulse noise

was one of the original motivations for MCM. Studies indicated that the best approach of

impulse noise reduction for OFDM involves a combination of soft and hard error protection.

2.5.3 Peak-to-average Power Ratio

The peak-to-average power ratio for a single carrier system depends on the signal constel-

lation and the roll-off factor of pulse shaping filter (Gibbs’ phenomenon). Theoretically,

the difference of the peak-to-average power ratio between a multicarrier system and a single

carrier system is an function of the number of carriers as:

∆(dB) = 10 log10 N



18
where, N is the number of carriers. When N = 1000, the difference could be 30dB.

However, this theoretical value can rarely occur. Since the input data is well scrambled, the

chances of reaching its maximum value are very low, especially when the signal constellation

size is large.

Since COFDM signal can be treated as a series of independent and identically distributed

carriers, the Central Limit theorem implies that the COFDM signal distribution should tend

to be Gaussian when the number of carriers, N, is large. Generally, when N > 20, which

is the case for most of the COFDM systems, the distribution is very close to Gaussian. Its

probability of above three times (9.6 dB peak-to- average power ratio) of its variance, or

average power, is about 0.1%. For four times of variance, or 12 dB peak-to-average power

ratio, it is less than 0.01%.

It should be pointed out that, for each COFDM subchannel, there is usually no pulse

shaping implemented. The peak-to-average power ratio for each subchannel depends only

on the signal constellation. In common practice, signals could be clipped because of limited

quantization levels, rounding and truncation during the FFT computation as well as other

distributed parameters after D/A conversion. It is safe to say that the Gaussian model can

be used as the upper bound for COFDM signals.

2.5.4 Nonlinear Distortion

Since the broadcast transmitter is a nonlinear device, clipping will always happen for COFDM

signal. However, clipping of a COFDM signal is similar to the impulse interference on which

COFDM systems have strong immunity.

2.6 Losses in Communication Channel

2.6.1 Communication Channel

Channel in the communications refers to the medium through which information is trans-

mitted from a sender or transmitter to a receiver. In practice, this can mean many different

methods of facilitating communication, including:
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• A connection between initiating and terminating needs of a circuit,

• A path for conveying RF signals, usually distinguished from other parallel paths,

• In a communication system, the part that connects a data source to a data sink.

2.6.2 Path Loss

The RF power loss in air is expressed as a function of distance between MSs and the RAP.

It is modeled as a large-scale propagation model. The expression for a received signal power

in [42] is given as follows:

Pr = S Pt

(
λ

4π r

)γ

(2.1)

where, Pr is the received signal power, Pt is the transmitted signal power, S is the parameter

that reflects the shadowing effect, λ is the wavelength of the transmitted signal, r is the

distance from the MS to the base station, and γ is the path loss exponent. The expression is

modified to express as a function of a received RF power loss to a 90% confidence coverage

radius. This expression gives the statistical signal attenuation for a distance between the

MS and the base station. The distance is said to be 90% confidence coverage radius which

means the attenuation at that distance does not exceed the calculated value for 90% of the

time. The modified expression is given as follows:

Lwl(R90) =
1

S

(
4πR90

λ 10 (
−0.13σ

γ )

)γ

(2.2)

where, R90 is the 90% confidence coverage radius. The term 10 (
−0.13σ

γ ) comes from the

relationship between the 90% confidence coverage radius R90 and the average coverage radius

r [52], where, σ and γ are the standard deviation of the channel loss and the path loss

exponent respectively.
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2.6.3 Noise

In communication systems, the unwanted signal that corrupts the transmitted signal is

referred to as noise. The undesirable effects imposed by noise on the transmitted message

bits results in limiting the rate at which the data is transmitted. Thermal noise is referred

to as the prominent noise source in communication systems. Thermal noise is described as

a zero mean Gaussian random process. A Gaussian process n(t) is a random function whose

value n at any arbitrary time t is identified by the Gaussian probability density function.

Gaussian Noise is a theoretical frequency distribution for a set of variable data [50].

2.6.4 Additive White Gaussian Noise

In communication systems, thermal noise is modeled as Additive White Gaussian noise

(AWGN). White noise is characterized of having a frequency spectrum that is continuous

and uniform over a specified frequency band. Since white noise has a uniform spectral, it

has the same power density for all frequencies [54]. The autocorrelation function of white

noise, which is indicated in the following equation, is determined by using the inverse Fourier

transform of the noise power spectral density.

Rn(τ) = F−1{Gn(f)} =
No

2
δ(τ) (2.3)

According to the above equation, samples of white noise for a given noise signal n(t) is

uncorrelated from its time-shifted versions. The autocorrelation of white noise, which is a

delta function, is indicated in Figure 2.3. Since white noise consists of uncorrelated samples,

the noise samples are random.

Hence, a channel that is characterized with AWGN corrupts the transmitted symbols in a

random manner. The only impairment in AWGN channel is the linear addition of wideband

gaussian noise with a constant spectral density. Consequently, these channels does not

impose fading, frequency selectivity, nonlinearity or dispersion.
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Figure 2.3: Autocorrelation of white noise

2.7 Multipath Fading

Multipath fading occurs when two or more delayed version of the transmitted signal creates

interference due to reflection and scattering. As shown in Figure 2.4, the effect is significant

because over a small travel distance or time interval the signal strength can change rapidly.

At the receiver where the received signal is the summation of the delayed version of the signal,

time dispersion or inter-symbol interference (ISI) is created. The ISI reduces the data rate

that can be transmitted. Whenever surrounding objects or the mobile station are moving at

a fast pace, the received signal would appear to have random frequency modulation. This

effect is known as Doppler shift.

Figure 2.4: Multipath fading signals
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Due to the random nature of the wireless channel, a statistic model of the channel can

be obtained with an ensemble of many measurements took from a local area. A baseband

equivalent of the multipath fading channel is given in [55] as follows:

hb(t, τ) =
L∑
i=1

ai(t) exp (− jθi(t)) δ(t− τi(t)) (2.4)

where, L is the number of resolvable signal path, ai(t) is the amplitude, θi(t) is the amplitude

or phase shift, and τi(t) is the time delay of individual path. It can be seen from the fading

channel expression that the signal envelop is time variant, but angle and time delay are

dependent on time.

In the context of this thesis, it is expected that the mobility within the cell is lower which

means the Doppler spread profile of the channel is quite relaxed. The assumption for such a

wireless channel is a frequency selective and a slow fading one. With slow fading, the channel

can be assumed to remain invariant for at least few symbol periods. The impulse response

of the fading channel (2.4) can be rewritten as follows:

hb(τ) =
L∑
i=1

ai exp (− jθi) δ(t− τi) (2.5)

A frequency selective channel is related to the delay spread profile of the channel and the

transmitted bandwidth. When a transmitted bandwidth is much greater than the coherent

bandwidth, the signal is said to experience frequency selective fading. It has been reported

in [56] that for the 2 GHz spectrum the delay spread in urban propagation environment have

an average of 1.1 µs for 90% of time and a maximum delay spread of 11 µs. These delay

spread parameters translate to a coherent bandwidth in kHz range. The bandwidth of the

two systems is in the MHz range.
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2.8 Summary

In this chapter, we have described the literature review of multimode fibre over radio-over-

fibre communication system , basic of OFDM and its characteristics. OFDM is one of the

candidates for future modulation technique and will be used in 4G network because of higher

transmission rate with minimal distortion and interference. Also, this chapter discussed the

losses in the air and explained important modeled as a large and small scale propagation

model.



Chapter 3

Optical Link, Transmission methods
and Nonlinearities

3.1 Introduction

Wireless networks based on RoF technologies have been proposed as a promising cost-

effective solution to meet ever increasing user bandwidth and wireless demands. Since it

was first demonstrated for cordless or mobile telephone service in 1990 [5], a lot of research

has been carried out to investigate its limitation and develop new and high performance

RoF technologies. In this network a central base station (CBS) is connected to numerous

functionally simple radio access points (RAPs) via an optic fiber. The main function of

RAP is to convert optical signal to wireless one and vice versa. Almost all processing steps

including modulation, demodulation, coding, routing is performed at the CBS. That means,

RoF networks use highly linear optic fiber links to distribute RF signals between the CBS

and RAPs.

Figure 3.1 shows a general RoF architecture. At a minimum, an RoF link consists of

all the hardware required to impose an RF signal on an optical carrier, the fibre-optic link,

and the hardware required to recover the RF signal from the carrier. The optical carrier’s

wavelength is usually selected to coincide with either the 1.3 µm window, at which standard

single-mode fibre has minimum dispersion, or the 1.55 µm window, at which its attenuation

is minimum.

24
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Figure 3.1: Basic RoF system

This chapter, constituting three major parts, briefly covers basic optical fibre transmission

link, basic RF/Optical signal generation, transportation methods and optical noises. The

first part is dedicated to a description of general optical transmission link, where digital

signal transmission is assumed as current optical networks. The second part explains the

radio and optical signal generation and transportation methods. The third part describes

the most important noises in optical link.

3.2 Optical Transmission Link

In the first part of this section, a general optical transmission link , shown in Figure 3.2, is

briefly described for which we assume that a digital pulse signal is transmitted over optical

fibre unless otherwise specified. The optical link consists of an optical fibre, transmitter,

receiver and amplifier, each of which is dealt with in the subsequent subsections.
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Figure 3.2: Optical transmission link

3.2.1 Optical Fibre

Optical fibre is a dielectric medium for carrying information from one point to another in

the form of light. Unlike the copper form of transmission, the optical fibre is not electrical

in nature. To be more specific, fibre is essentially a thin filament of glass that acts as

a waveguide. A waveguide is a physical medium or path that allows the propagation of

electromagnetic waves, such as light. Due to the physical phenomenon of total internal

reflection, light can propagate following the length of a fibre with little loss (Figure 3.4).

Optical fibre has two low-attenuation regions [35]. Centered at approximately 1300 nm is

a range of 200 nm in which attenuation is less than 0.5 dB/km. The total bandwidth in this

region is about 25 THz. Centered at 1550 nm is a region of similar size with attenuation as

low as 0.2 dB/km. Combined, these two regions provide a theoretical upper bound of 50 THz

of bandwidth. By using these large low-attenuation areas for data transmission, the signal

loss for a set of one or more wavelengths can be made very small, thus reducing the number

of amplifiers and repeaters actually needed. In single channel long-distance experiments,

optical signals have been sent over hundreds of kilometers without amplification. Besides its

enormous bandwidth and low attenuation, fibre also offers low error rates. Communication

systems using an optical fibre typically operate at BER’s of less than 10−11. The small

size and thickness of fibre allow more fiber to occupy the same physical space as copper,
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a property that is desirable when installing local networks in buildings. Fiber is flexible,

reliable in corrosive environments, and deployable at short notice. Also, fiber transmission

is immune to electromagnetic interference and does not cause interference.

3.2.2 Optical Transmission in Fibre

Light can travel through any transparent material, but the speed of light will be slower in the

material than in a vacuum. The ratio of the speed of light in a vacuum to that in a material

is known as the material’s refractive index (n) and is given by n = c/v, where c is the speed

in a vacuum and v is the speed in the material. When light travels from one material of a

given refractive index to another material of a different refractive index (i.e., when refraction

occurs), the angle at which the light is transmitted in the second material depends on the

refractive indices of the two materials as well as the angle at which light strikes the interface

between the two materials. According to Snell’s law, we have na sinθa = nb sinθb, where na

and nb are the refractive indices of the first substance and the second substance, respectively;

and θa and θb are the angles from the normal of the incident and refracted lights, respectively.

From Figure 3.3, we see that the fiber consists of a core completely surrounded by a

cladding (both of which consist of glass of different refractive indices). Let us first consider

a step-index fibre, in which the change of refractive index at the core-cladding boundary is

a step function. If the refractive index of the cladding is less than that of the core, then the

total internal reflection can occur in the core and light can propagate through the fibre as

shown in Figure 3.4. The angle above which total internal reflection will take place is known

as the critical angle and is given by θc,

sin θc =
nclad

ncore

,

where, nclad and ncore are the refractive indices of cladding and core, respectively. Thus, for

a light to travel down a fiber, the light must be incident on the core-cladding surface at an

angle greater than θc.

For the light to enter a fibre, the incoming light should be at an angle such that the

refraction at the air-core boundary results in the transmitted light’s being at an angle for
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which total internal reflection can take place at the core-cladding boundary. The maximum

value of θair can be derived from,

nair sin θair = ncore sin(90
o − θc).

We can rewrite it as,

nair sin θair =
√
n2
core − n2

clad .

The quantity nair sin θair is referred to as the numerical aperture (NA) of the fibre and

θair is the maximum angle with respect to the normal at the air-core boundary, so that the

incident light that enters the core will experience total internal reflection inside the fibre.

Figure 3.3: Multimode (a) and single-mode (b) optical fibres

3.2.3 Multi-mode versus Single-Mode Fibre

A mode in an optical fibre corresponds to one of the possible multiple ways in which a wave

may propagate through the fibre. It can also be viewed as a standing wave in the transverse

plane of the fibre. More formally, a mode corresponds to a solution of the wave equation

that is derived from Maxwell’s equations and subject to boundary conditions imposed by

the optical fibre waveguide.
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Figure 3.4: Light traveling via total internal reflection within an optical fibre

Although total internal reflection may occur for any angle θ that is greater than θc, light

will not necessarily propagate for all of these angles. For some of these angles, light will not

propagate due to destructive interference between the incident light and the reflected light

at the core-cladding interface within the fibre. For other angles of incidence, the incident

wave and the reflected wave at the core-cladding interface constructively interfere in order to

maintain the propagation of the wave. The angles for which waves do propagate correspond

to modes in a fibre. If more than one mode propagates through a fibre, then the fibre is

called multi-mode. In general, a larger core diameter or high operating frequency allows a

greater number of modes to propagate.

The advantage of multi-mode fibre is that, its core diameter is relatively large; as a

result, injection of light into the fibre with low coupling loss can be accomplished by using

inexpensive, large-area light sources, such as light-emitting diodes (LED’s). It’s less sensitive

for microbending and macrobending , and used for data center wiring specially for LAN

installation. Multi-mode optical cable has a larger diameter and can be used to carry signal

over short distances. Therefore, high-speed networking standards like Gigabit Ethernet,

Fibre Channel and 10 Gigabit Ethernet all include the MMF as a transmission media.

Single-mode fibre allows only one mode and usually has a core size of about 10 µm, while
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multi-mode fiber typically has a core size of 50-100 µm. It eliminates intermodal dispersion

and hence can support transmission over much longer distances. However, it introduces

the problem of concentrating enough power into a very small core. LED’s cannot couple

enough light into a single-mode fibre to facilitate long-distance communications. Such a

high concentration of light energy may be provided by a semiconductor laser, which can

generate a narrow beam of light. Single-mode fibre optic components and devices are also

more expensive than their counterparts multi-mode fibre. Multi-mode fibre is widely used

in systems where low cost connections and distances and transmission speeds must be taken

are used modestly.

There are many advantages in using fibre optic cable instead of copper cable. One

advantage is that fibre cables support longer cable runs than copper. In addition, data is

transmitted at greater speeds and higher bandwidths than over copper cables.

3.3 Core refractive index profile (α) in GI multimode

fibre

When the light is coupled into a fibre link, depending on the refractive index, the size of the

fiber, and the angle of coupling, a number of different modes exists. Each mode in the fiber

travels with a different velocity. As a result, pulse broadening occurs analogous to the delay

spread in the wireless channels [57].

For some specific design parameters, only single mode of light is transmitted through the

fiber core. Hence, resulting in single mode fibers, which do not have modal dispersion (or

multi-mode pulse broadening). Although single mode fiber comes with high performance

and much less pulse spread, it is both expensive and fragile. For a network-wide usage it

will increase the cost to unreasonably high levels (still more than 99.5 per cent of all fibers

deployed in the U.S. are multi-mode fibers) [58]. In this thesis, we investigate the system

performance over multimode fibers as a low cost alternative.

Multimode fibers are cheap, easy to handle and widely deployed in the field. There

are mainly two important kinds of dispersion mechanisms in fibers: material and modal
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dispersion [57].

1) Material Dispersion: The index of refraction of a material is dependent on the wave-

length, so each frequency component of light actually travels at a slightly different speed. As

the distance increases, the pulse becomes broader, resulting material dispersion. In multi-

mode fibers, material dispersion is very small compared to modal dispersion [59], so we will

neglect this effect in our work.

2) Modal Dispersion: There are mainly two types of multimode fibers: step index and

graded-core index [57]. The graded core index is the second generation optical fibers, devel-

oped for canceling most of the pulse spread with gradually changing the core index of the

fiber according to a profile, the most popular one being α-profile [59].

An optical impulse having a delta function waveform is launched into the fiber at the

transmitting end. This impulse arrives at the receiving end after being widened by the

multimode dispersion. In [59] more information about α-profile multimode fibers is given

and the impulse response is formulated. In our simulations, the fiber impulse response given

in [60] is derived as:

hMMF (t) =

{α+2
α

| α+2
∆(α−2)

|(2/α)+1|t|2/α except for α ̸= 2

2
∆2 for α ≈ 2

}
(3.1)

Time t changes for 0 to T ;

T =

{α−2
α+2

∆ except for α ̸= 2

∆2/2 for α ≈ 2

}
(3.2)

where, T is the delay difference between modes or multimode dispersion or intermodal delay

dispersion.
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3.4 Radio-over-Fiber Transportation Methods

Connecting relatively large numbers of RAPs to the Central Office is an issue that needs to

be addressed. Optical fibre is the best medium because of its abundant bandwidth and low

distortion properties. The optical signal is inherently immune to electromagnetic interfer-

ence. Furthermore, in contrast to co-axial cables, every additional kilometer length of fibre

increases the loss by only about one dB. These factors make the fibre the most attractive

solution in interconnecting these wideband pico cells.

There are several advantages with radio-over-fibre transmission. Most importantly, high-

speed A/D and D/A conversion requirements are eliminated because the RF signal can be

used as it is. Besides, analog optical fibre links have the ability to transmit radio waves up

to tens of GHz without any format conversion. Furthermore, when there are multiple RF

carriers, they all can simply be summed and used to modulate a single optical carrier. In

this way, all the RF carriers can be simultaneously transmitted via the fibre in a subcarrier

multiplexed way.

In addition, microwave signals can even be optically processed. New techniques such as

Fibre Bragg gratings enable RF signals to be filtered and tuned optically. This makes the

RoF approach more attractive and opens new possibilities.

Essentially, three different methods exist for the transmission of RF signal over optical

links with intensity modulation: (i) direct intensity modulation, (ii) External modulation,

and (iii) remote heterodyning. In direct intensity modulation an electrical parameter of the

light source is modulated by the information-bearing RF signal. In practical links, this is

the current of the laser diode, serving as the optical transmitter. The second method applies

an unmodulated light source and an external light intensity modulator. This technique is

called an external modulation. In a third method, RF signals are optically generated via

remote heterodyning, i.e., a method in which more than one optical signal is generated by

the light source, one of which is modulated by the information-bearing signal and these are

mixed or heterodyned by the photodetector or by an external mixer to form the output RF

signal. In this thesis, we consider only direct intensity modulation.
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Direct intensity modulation is the simplest of the three solutions. So it is used everywhere

that it can be used. When it is combined with direct detection using PD, it is frequently

referred to as intensity-modulation direct-detection (IMDD) (Fig. 3.5). A direct modulation

link is so named because a semiconductor laser directly converts a small-signal modulation

(around a bias point set by a dc current) into a corresponding small-signal modulation of

the intensity of photons emitted (around the average intensity at the bias point). Thus, a

single device serves as both the optical source and the RF/optical modulator (Fig. 3.5). One

limiting phenomenon to its use is the modulation bandwidth of the laser. Relatively simple

lasers can be modulated to frequencies of several GHz.

Figure 3.5: Intensity-modulation direct-detection (IMDD) optical link

3.5 RoF Link Configurations

In this section we discuss a typical RoF link configuration, which is classified based on the

kinds of frequency bands transmitted over an optical fibre link. Representative RoF link

configurations are schematically shown in Fig. 3.6.

Without light source for uplink transmission. In each configuration of the figure, RAPs do
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Figure 3.6: Representative RoF link configurations: (a) EOM, RF modulated signal.(b) EOM,
IF modulated signal
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not have any equipment for modulation and demodulation, only the CBS has such equipment.

In the downlink from the CBS to the RAPs, the information signal from the Internet,

or other CBS is fed into the modem in the CBS. The signal that is either RF, IF or BB

bands modulates optical signal from LD. As described earlier, if the RF band is low, we

can modulate the LD signal by the signal of the RF band directly. If the RF band is high,

such as the mm-wave band, we sometimes need to use external optical modulators (EOMs),

like electroabsorption ones. The modulated optical signal is transmitted to the RAPs via

optical fibre. At the RAPs, the RF/IF/BB band signal is recovered to detect the modulated

optical signal by using a PD. The recovered signal, which needs to be upconverted to RF

band if IF or BB signal is transmitted, is transmitted to the MHs via the antennas of the

RAPs. In the configuration shown in Fig. 3.6 (a), the modulated signal is generated at

the CBS in an RF band and directly transmitted to the RAPs by an EOM, which is called

RF-over-Fibre. At each RAP, the modulated signal is recovered by detecting the modulated

optical signal with a PD and directly transmitted to the MHs. Signal distribution as RF-

over-Fibre has the advantage of a simplified RAP design but is susceptible to fibre chromatic

dispersion that severely limits the transmission distance. In the configuration shown in Fig.

3.6 (b), the modulated signal is generated at the CBS in an IF band and transmitted to

the RAPs by an EOM, which is called IF-over-Fibre. At each RAP, the modulated signal is

recovered by detecting the modulated optical signal with a PD, upconverted to an RF band,

and transmitted to the MHs. In this scheme, the effect of fibre chromatic dispersion on the

distribution of IF signals is much reduced, although antenna RAPs implemented for RoF

system incorporating IF-over- Fibre transport require additional electronic hardware such as

a mm-wave frequency LO for frequency up- and down conversion.

In the configuration (c) of the Fig. 3.7, the modulated signal is generated at the CBS in

baseband and transmitted to the RAPs by an EOM, which is referred to as BB-over- Fibre.

At each RAP, the modulated signal is recovered by detecting the modulated optical signal

with a PD, upconverted to an RF band through an IF band or directly, and transmitted to

the MHs. In the baseband transmission, influence of the fibre dispersion effect is negligible,
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Figure 3.7: Representative RoF link configurations. (c) EOM, baseband modulated signal. (d)
Direct modulation.
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but the RAP configuration is the most complex. Since, without a subcarrier frequency, it

has no choice but to adopt time-division or code division multiplexing. In the configuration

shown in Fig. 3.7 (d), the modulated signal is generated at the CBS in a baseband or

an IF band and transmitted to the RAPs by modulating a LD directly. At each RAP,

the modulated signal is recovered by detecting the modulated optical signal with a PD,

upconverted to an RF band, and transmitted to the MHs. This is feasible for relatively

low frequencies, say, less than 10 GHz. By reducing the frequency band used to generate

the modulated signal at the CBS such as IF over- Fibre or BB-over-Fibre, the bandwidth

required for optical modulation can greatly be reduced. This is especially important when

RoF at mmwave bands is combined with dense wavelength division multiplexing (DWDM).

However, this increases the amount of equipment at the RAPs because an up converter

for the downlink and a down converter for the uplink are required. In the RF subcarrier

transmission, the RAP configuration can be simplified only if a mm-wave optical external

modulator and a high-frequency PD are respectively applied to the electric-to-optic (E/O)

and the optic-to-electric (O/E) converters. For the uplink from an MH to the CBS, the

reverse process is performed.

In the configuration shown in Fig. 3.6 (a), the signals received at a RAP are amplified

and directly transmitted to the CBS by modulating an optical signal from a LD by using an

EOM. In the configuration (b) and (c), the signals received at a RAP are amplified and down

converted to an IF or a baseband frequency and transmitted to the CBS by modulating an

optical signal from a LD by using an EOM. In the configuration (d), the signals received at

a RAP are amplified and down converted to an IF or a baseband frequency and transmitted

to the CBS by directly modulating an optical signal from a LD.

3.6 Optical Noises

3.6.1 Quantum Noises

The shot or quantum noise arises from the random nature of the photons emitted from a

laser diode and collected at a photodiode. The noise power of the shot noise is proportional
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to the average received photocurrent Ip= RP◦ and the bandwidth B of the modulated signal;

it is given as [61]:

⟨i2sh⟩ = σ2
sh = 2qIpB (3.3)

where, q is the electron charge. For the average received photocurrent Ip, ℜ is the responsivity

of the photodiode, and Po is the average optical power at the photodiode.

3.6.2 Relative Intensity Noise

The relative intensity noise (RIN) arises from the random nature of stimulated emission of

a laser diode that results in fluctuation of the optical intensity. It is widely accepted that

the power of this noise is proportional to the square of the received photocurrent, Ip = ℜPo,

and the RIN parameter. In [61], the RIN power is given as:

⟨i2RIN⟩ = σ2
RIN = RIN I2p B (3.4)

where, RIN is the RIN parameter, and B is the bandwidth of the modulated signal. For

the average received photocurrent Ip, ℜ is the responsivity of the photodiode, and Po is the

average optical power at the photodiode.

The RIN parameter is defined as the ratio between the mean-square intensity fluctuation

of a laser diode output optical power ⟨∆P 2(t)⟩ to the square of the mean optical power.

It is measured in dB/Hz. This parameter depends on the temperature and the threshold

current [24], but for commercial optical transmitter package the two factors are optimized.

Therefore, the RIN parameter can simply be read off from a data sheet. Now, if we substitute

the RIN parameter with the ratio, the square of the mean optical power is cancelled and the

power of the RIN expression becomes:

σ2
RIN = ⟨∆P 2(t)⟩ℜ2B (3.5)

This expression shows the power of the RIN is independent from the mean optical power.

The RIN also increases with the light reflection back to the laser diode [61]. However,
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this reflection effect can be easily reduced by inserting an optical isolator in the optical

transmitter.

The expressions (3.4) and (3.5) are also known as the intrinsic RIN which is accurate

for a small optical modulation index (m < 0.3). However, for a large optical modulation

index (m > 0.3), there is a sudden jump in RIN level. This additional RIN mechanism was

investigated by Way in [62], and it is labeled as the dynamic RIN.

From experimental studies, it is clear that the dynamic RIN increases with the RF power

of modulating signals to a laser diode. In [14], Fernando had derived an expression for

the dynamic RIN that is independent of device parameters, and the expression agreed with

Way’s observation. He derived the expression with the following assumption. First, the

optical power reaches the photodiode is given as:

P (t) = [1 +ms(t)][Po +∆P (t)] (3.6)

where, m is the optical modulation index, s(t) is the modulated signal, and ∆P (t) is the

intensity fluctuation of a laser diode output optical power that reaches the photodiode. Then,

the output photocurrent is assumed to go through an ideal bandpass filter with impulse

response h(t). The RIN power term is among the variance of the current, ⟨I2h(t)⟩, after the

bandpass filter; and it is expressed as:

⟨I2h(t)⟩ = I2p m
2⟨ s2(t)⟩+ σ2

sh + σ2
RIN (3.7)

By removing the contribution of the modulated signal power and the shot noise, the RIN

power is given as:

σ2
RIN = E

[{
ℜ
∫ ∞

−∞
[1 +ms(τ)]∆P (τ)h(t− τ) dτ

}2
]

(3.8)

From the above expression, we can see that the RIN power is independent of the average

optical power Po and convolution is performed to determine the current output from the

bandpass filter. After evaluating the expectation, the final RIN power expression is given as:
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⟨i2RIN⟩ = σ2
RIN = RIN I2p B (1 + µ2) (3.9)

where, µ is the RMS optical modulation index. The RMS optical modulation index is

proportional to the RF power of the modulated signal. Using the earlier assumptions, the

RMS optical modulation index is
√
m2⟨s2(t)⟩.

3.6.3 Thermal Noise

The mean square value of the thermal noise is given by [61]:

⟨i2th⟩ = σ2
th =

4 kB F To

RL

(3.10)

where, kB is Boltzmann’s constant, To is the absolute temperature, F is the amplifier noise

figure and RL is the receiver resistance.

3.7 Summary

In this chapter a brief description of conventional optical transmission link, radio/optical

signal generation, transportation methods, and basic optical components was given. Due to

its potential to support broadband service with little infrastructure and many advantages

such as cost-effectiveness, easy deployment, maintenance RoF networks will be a promis-

ing alternative to future wireless networks. Multi-mode fibre has higher ”light-gathering”

capacity than single-mode optical fibre. In practical terms, the larger core size simplifies

connections and also allows the use of lower-cost electronics such as light-emitting diodes

(LEDs) and vertical-cavity surface-emitting lasers (VCSELs) which operate at the 850 nm

and 1300 nm wavelength (single-mode fibres used in telecommunications operate at 1310 or

1550 nm and require more expensive laser sources. Single mode fibres exist for nearly all

visible wavelengths of light). The major impairments of the RoF link that limit the signal

quality are the nonlinear distortion and various noise mechanisms were described in this

chapter.



Chapter 4

Novel design of a Fibre-Wireless
System Employing a COFDM
Concept

In this chapter, we investigate the performance of coded orthogonal division multiplexing

scheme that deploy the Fibre-Wireless link to provide wireless access to multiple users.

The focus of this chapter is to study the downlink/uplink performance of COFDM Fibre-

Wireless system and derived the general equations, to investigate the effect of various noise

mechanisms of the Fibre-Wireless link, mainly the quantum (shot), thermal and relative

intensity noise (RIN) mechanisms, to assess the α profile graded index fibre on COFDM,

and the effect of cyclic prefix to the multimode fibre dispersion, in the OSNR performance,

in addition to interference. Note that, of these noise mechanisms, quantum noise is function

of the mean optical power while the RIN is a function of the instantaneous optical power.

Therefore, the RIN increases with the modulating RF signal, while the shot noise relatively

decreases with the modulation depth m. In addition to the above are the wireless channel

additive noise, and multipath fading. Furthermore, the higher the RF signals bandwidth, the

higher the noise power. However, the higher bandwidth is better at suppressing multiuser

interference. All these factors introduce a quite complex situation that is investigated in this

chapter.

41
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4.1 Specifications of the Wireless LAN RoF System

The desired Fibre-Wireless system is required to be:

• Cost effective,

• Capable of operating within GIMMF modal bandwidth,

• Capable of transmitting BPSK modulated signals in multi-carrier systems such as in

OFDM multiplexing,

• Easily upgradeable to operate at higher frequencies (mm-waves),

• Fulfil other requirements defined in the wireless LAN standard concerned.

Figure 4.1: Proposed architecture of COFDM Fibre-Wireless communication system

The COFDM based RoF architecture supporting Wireless Local Area Networks (WLAN)

is shown in Figure 4.1. In the downlink senario, the signal is transmitted from the central

base station and first goes through the OFDM source, the radio-over-fibre link and then
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through the air interface. In the uplink senario, the signal first propagated through the air

interface and then the RoF link. The COFDM-RoF architecture consists of a OFDM source,

directly modulated single longitudinal mode laser, graded index multi-mode fibre, and PIN

photodiode optical receiver followed by an amplifier and an antenna.

Figure 4.2: Simulated fibre-radio system block diagram

4.2 Downlink Analysis

In this section, we derive expressions for downlink, mainly the generation of OFDM signal,

modulated laser optical signal, fibre nonlinearity with optimized impulse response, and the

variances of optical link noise processes. These expressions are needed to evaluate the optical

signal to noise ratio and cumulative signal to noise ratio that is done in the next section.

According to the Figure 4.3, the binary data is combined into symbols in accordance to the

number of bits/symbol after protected by forward error correction (FEC) and interleaving.

The type of error correction coding that is used here is convolutional coding. Error correction

coding adds redundancy to the signal in order for the receiver to be able to correct any
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bits that are received in error. Following, the serial symbol stream is converted into parallel

segments according to the number of carriers. After that, the data is mapped through Binary

Phase Shift Keying (BPSK) modulation scheme. Subsequent to application of modulation,

an IFFT is performed to generate one symbol period in the time domain. Since OFDM

modulation is applied in frequency domain, the IFFT of the signal is taken to change the

signal to time domain. The size of the IFFT imposes a limit on the maximum number of

carriers used by OFDM. OFDM carriers are defined in complex conjugate pairs to produce

a real valued time signal. Consequently, the maximum number of carrier is equal to half the

size of IFFT. After the IFFT, cyclic prefix is appended. Following, the parallel segments are

converted back to the serial symbol stream before sent to the laser (also, as shown in Figure

4.2).

Figure 4.3: OFDM Transceiver block diagram
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4.2.1 Optical Link Analysis

Lets assume that OFDM signal consists of N subcarriers which are modulated by ak,i data

symbol that are created by using BPSK modulation. For ith OFDM symbol, the signal is

expressed as:

bn,i =
1

N

N−1∑
k=0

ak,i(t) expj2πk
(n−Ng)

N
(4.1)

Here, ak,i is the input data, k = 0, 1, 2, 3, ....N − 1, bn,i is the output data, N is the

number of data samples and Ng is the cyclic prefix samples. This OFDM signal is directly

modulated by the laser and converted into the optical signal. The laser output signal is given

as:

s(t) =
1

N

N−1∑
k=0

√
2Po,i ak,i(t− τ) expj2πk

(n−Ng)

N
cos(ωαt− ϕ) (4.2)

=
1

N

N−1∑
k=0

Ai ak,i(t− τ) expj2πk
(n−Ng)

N
cos(ωαt− ϕ) (4.3)

where, Ai is the optical signal power and equal to
√
2Po,i, ωα is the laser carrier frequency, τ is

the delay, ϕ is the phase, and exp(j2πk (n−Ng)
N

) is the complex valued orthogonal subcarriers.

This optical signal is assumed noiseless because it is originated from the base station.

Moreover, the optical signal is considered constant because the optical channel experiences

no fading. Therefore, the RMS optical modulation index can be determined from the above

expression and given by:

µ =
√

m2

2
.

Then, the optical signal that comes from the laser, propagates through an optical fibre

and experiences fiber attenuation. In the architecture under discussion in this thesis, we used

multi-mode fibre for low cost and less fiber dispersion. For GI multi-mode fibre (MMF), the

impulse response is derived by:
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hMMF (t) =

{α+2
α

| α+2
∆(α−2)

|(2/α)+1|t|2/α except for α ̸= 2

2
∆2 for α ≈ 2

}
(4.4)

Time t changes for 0 to T ;

T =

{α−2
α+2

∆ except for α ̸= 2

∆2/2 for α ≈ 2

}
(4.5)

where, ∆ is a function of refractive indexes of the core and the cladding mediums of the fiber

and where T is the delay difference between modes or multi-mode dispersion or intermodal

delay dispersion. For all different α values, the total delay of the channel is normalized by

the delay of the central mode. So, when α < 2, the delay spread is shown negative since

higher order modes arrive earlier than the central mode [60].

The optical signal that propagate through fibre from the base station to the radio access

point experiences signal attenuation, optical noise and nonlinear distortion. These effects

on the signal can be seen from the photocurrent output. At the end of RoF link, the

photocurrent output can be expressed as:

iD(t) =
1

N

N−1∑
k=0

Ai ak,i(t− τ) expj2πk
(n−Ng)

N
cos(ωαt− ϕ) ∗ hMMF (t) + nopt(t) (4.6)

In the above equation, we didn’t consider the laser nonlinearity. The signal experiences

fiber attenuation and optical noises, where, nopt(t) is the optical noise. The nopt(t) is the

time domain noise term in the RoF link. This noise consists of shot noise, RIN noise and

thermal noise. The ’RIN’ originates from the laser and it depends on the square of the photo

diode current.

Therefore, < n2
opt > = Shot noise + Thermal noise + RIN noise .
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4.2.2 Optical Link Loss

The input RF signal not only undergoes electrical-to-optical-to-electrical (e-o-e) conversion,

but also experiences other system losses such as optical connector loss, splitter loss, and

splicing loss. These losses will add into a signal and referred to as total fibre loss or Floss,dB.

Therefore, the total loss due to the RoF link, can be defined as:

Floss,dB = Fe/o + Fo/e + Fmisc ,

where, Fe/o, Fo/e, and Fmisc are losses due to electrical-to-optical conversion, optical-to-

electrical conversion, connectors, splitters, and splices respectively.

Therefore, we can define the total loss:

Floss,dB = 10 log[
Zin

G2
m

] + 10 log[
ℜ2

Zout

] + nclc (4.7)

or in another words, Floss,dB = 10(Floss,dB/10).

where, Zin is the input impedance of the laser transmitter (typically 50Ω), Zout is the

impedance of photodiode (typically 50Ω), G2
m is the laser modulation gain (mW/mA), ℜ

is the responsivity of photodiode, nc is the number of connectors, and lc is the connector

loss.

Thus, the output of the photo diode produces a photo current that is proportional to the

received optical power. Total detected current iD(t) is the sum of the mean (DC) current

ID(t) and the ac component id(t).

4.2.3 The Optical Signal to Noise Ratio

The complete optical signal to noise ratio (OSNR) of the RoF link considering the all dom-

inant noise processes is given below:
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OSNR =
m2 I2D E[s2(t)]Floss,dB

⟨n2
opt(t)⟩

. (4.8)

The detected current ID is typically in milli-Amps range since the optical power in this

application is in mW range and the responsivity ℜ lies between zero and one mA/mW .

Hence, the optical signal to noise ratio due to optical link noises is given by,

OSNR =
m2 I2D E[s2(t)]Floss,dB

RIN I2p B (1 + µ2) + 2qIpB + 4 kB To

RL

. (4.9)

Typically, a RIN value is specified for a given laser diode in dBm/Hz, for example

−155dBm/Hz.

4.2.4 Path Loss and Air Interference

Further analysis on the noise term n(t) is necessary for a quantitative understanding of each

noise mechanism. n(t) consists of optical link noise terms nopt(t) as well as wireless link noise

term nwl(t). The detected electrical signal at the optical receiver is weak and distorted by

optical noise and needs to be amplified before radiated to the air. nopt(t) is amplified by

optical post amplifier and undergoes wireless channel loss Lwl. Again, at the receiver,nwl(t)

is added to the signal.

Therefore, the total noise including the noise in the air will be:

n(t) =
nopt(t)Gopt

Lwl

+ nwl(t) (4.10)

where, Gopt is the optical post amplifier gain, nwl(t) is the wireless channel noise and Lwl is

the wireless channel loss.

From eqn.(4.10), wireless or optical link noise, may dominate the overall SNR. The optical

link noise is composed of relative intensity noise (RIN), quantum noise and thermal noise.

The wireless link noise composed of man made noise plus thermal noise.
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According to the downlink communication, the signal that reaches the radio access point

is then transmitted through air and received by users within the cell. The signal that

propagates through air experiences path loss, fading and additive noise.

The path loss in air is modeled as a large scale propagation model. The model provides

the average signal attenuation with a given distance away from the radio access point. The

distance is said to be 90% confidence coverage radius which means that attenuation at that

distance does not exceed the calculated value for 90% of the time.

4.2.5 Cumulative Signal to Noise Ratio

Assume, r(t) is the received signal from the wireless channel. It is assumed the signal and

noise are uncorrelated.

Therefore, the average power of received signal which is:

⟨r2(t)⟩ = ⟨r2s(t)⟩ + ⟨r2n(t)⟩

where, ⟨r2s(t)⟩= signal power and ⟨r2n(t)⟩= noise power

The cumulative SNR that accounts for path loss in the downlink is evaluated at the

mobile station (MS). Therefore, with the assumption that the wireless and optical noises are

uncorrelated, we can get the SNRc as given below:

SNRc =
m2I2D Floss,dB (

G2
opt

L2
wl
)

⟨n2
opt(t)⟩ (

G2
opt

L2
wl
) + ⟨n2

wl(t)⟩
, (4.11)

or in other words,

SNRc, (dB) = OSNR− 10 log(1 +
L2
wl

G2
opt

). (4.12)
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4.3 Uplink Analysis

In the uplink of the architecture, RF signals are transmitted from multiple MSs and then

they are received at the RAP. Let a subscript β be an indication for the MS signal that

belongs to the WLAN system.

ss,i(t) =
1

N

N−1∑
k=0

√
2Po,i ak,i(t− τ) expj2πk

(n−Ng)

N
cos(ωβ t) (4.13)

ss,i(t) =
1

N

N−1∑
k=0

Bβ ak,i(t− τ) expj2πk
(n−Ng)

N
cos(ωβ t) (4.14)

where, Po,i is the received symbol power at the RAP, and Bβ is the Rayleigh distributed

random variable of signal amplitude which Bβ =
√
2Po,i , and the carrier frequency. Ex-

pression (4.13) illustrates the design of the WLAN system that only one MS can access the

radio medium at a time. The WLAN system uses the 2.4 GHz band and occupies a larger

bandwidth of 22 MHz. At the RAP, the received signal that consists of WLAN signals is

given as:

sRAP (t) = ss,i(t− τβ) + nup,wl(t), (4.15)

= Bβ
1

N

N−1∑
k=0

Bβ ak,i(t− τβ) expj2πk
(n−Ng)

N
cos(ωβt− ϕβ) + nup,wl(t), (4.16)

where, τβ is the time delay, and ϕβ = ωβ τβ is the phase of signal which is related to the

time delay, and nup,wl(t) is the additive white Gaussian noise in air. Due to cell coverage

requirements, the WLAN signal experiences Rician fading in air. Rician fading has a line of

sight component. In the analysis, system is assumed to be in a harsh wireless environment

where it has no line of sight path. The multipath fading in the wireless environment is



51
described in section 2.5. The effect of path loss in the wireless environment is embedded in

the signal amplitudes. The path loss has been discussed in section 2.4.2.

The delay τβ is the combination of an access time to the system and a propagation delay.

The propagation delay has a shorter duration than the access time. The delay is assumed

to have a uniform distribution over [π,−π].

At the RAP, the signal has already experienced fading, path loss and additive noise in

the air interface. This signal goes through a bandpass filter that suppresses out of band noise

and separates it into corresponding systems. Then, separate amplifiers boost the separated

signals to compensate attenuation in air. Finally, the signal directly modulates the laser.

The quality of the signals is indicated by the SNR. The following information is used

to evaluate the ratios: i) the received power of WLAN signal is Po,i, ii) each amplifier is

assumed to have a noise figure of F , and iii) the bandpass filter has bandwidth of Bwlan for

WLAN signal.

The SNR for the WLAN signal can be written as follows:

SNRup =
Po

Nup,wl Bwlan F
. (4.17)

The WLAN system does not have interference because only one user is transmitting for

all successful transmission.

The actual signal that modulates the laser expressed in the time domain can be written

as follows:

slaser(t) =
√
Gup [swlan(t− τβ) + nup(t)] (4.18)

Both signal and noise are amplified by the power amplifiers with gain of Gup. Then, the

bandpass filters at the RAP filter out of band noise. Assuming bandpass filters are ideal,

the PSD of the noise signal nup(t) can be expressed as follows:

Φup(ω) =
Nup F

2

[
rect

(
ω − ωβ

ωwlan

)
+ rect

(
ω + ωβ

ωwlan

)]
. (4.19)
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Also, the RF power of the noise can be expressed as follows:

⟨n2
up⟩ = Nup F Bwlan. (4.20)

In the RoF link, the RF power of a modulated signal is indicated by its optical modulation

index. The power is proportional to the square of the optical modulation index. The optical

modulation index of a WLAN signal, mwlan, is defined as Bβ

√
Gup. The optical modulation

index is also Rayleigh distributed. The reasons are: first Bβ is Rayleigh distributed, second

the power amplifier has fixed gain Gup. Another optical modulation index, which is known

as the cumulative RMS optical modulation index, is defined as the square root of the total

RF power that modulates the laser. The cumulative RMS optical modulation index µ is

given as:

µ =
√
Gup,wlan

(
B2

β

2

)
=

√
m2

wlan

2
. (4.21)

This RMS optical modulation index is a random process that is dependent on the square

of the Rayleigh distributed random variable mwlan that expressed in the latter part of the

expression (4.21).

Using the defined optical modulation index, the signal (4.18) that modulates the laser

can be rewritten as follows:

slaser(t) = mwlan
1

N

N−1∑
k=0

Bβ ak,i(t− τβ) expj2πk
(n−Ng)

N
cos(ωβt− ϕβ) + nup,air(t), (4.22)

nup,air(t) =
√
Gup nup(t). (4.23)

Knowing the optical modulation index, we can determine the required RF power gain

for signals received at the RAP. The gain is first calculated with a pre-selected optical

modulation index that has been optimized for performance in the RoF link, it can then be

worked out from the two expressions that are as followed. For the WLAN system the gain

is expressed as:

Gup =
m2

wlan

B2
β

(4.24)
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where, Bβ are the average values for signal amplitude.

Graded index multimode fibre plays an important role here and propagates optical signal

from photo diode. The impulse response of α profile multi-mode fibre can be expressed:

hMMF (t) =

{α+2
α

| α+2
∆(α−2)

|(2/α)+1|t|2/α except for α ̸= 2

2
∆2 for α ≈ 2

}
(4.25)

The quality impairment in the RoF link is due to optical noise. The time domain noise

term in the RoF link is written as nopt(t) and it is assumed to be an additive white Gaussian

noise process. The noise is categorized into shot noise, thermal noise, and relative intensity

noise [57].

The relative intensity noise originates from the laser and it is depended on both the

square of the photocurrent and the cumulative RMS optical modulation index µ [57].

However, the shot noise and the thermal noise are independent of the modulation index

µ.

The general power expression is given as follows:

⟨n2
opt⟩ = RIN I2p B (1 + µ2) + 2qIpB +

4 kB To

RL

(4.26)

The RoF link noise power for the WLAN system is ⟨n2
opt⟩ when B = Bwlan.

Applying the model, the photocurrent is expressed as follows:

iD(t) =
1√

Floss,dB

[slaser(t) ∗ hMMF (t)] + nopt(t) (4.27)

≈ 1√
Floss,dB

[
slaser(t) ∗ hMMF (t)− nup,air(t)

]
+ nopt(t) (4.28)

where, Floss,dB is the total RF power loss in the RoF link that is defined in expression 4.7,

slaser is the input signal to the laser that is defined in (4.22), and nopt(t) is the noise in the

link. The total RF power loss in the RoF link is dependent on the distance of its link. The
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DC component of the photocurrent is omitted because it will be removed by the bandpass

filter. The noise induced from the air interface is part of the signal, slaser, that modulated

the laser.

The cumulative OSNR of a WLAN signal is given as:

OSNRup =
m2 I2D E[s2(t)]Floss,dB

(Gup) ⟨n2
up⟩+ ⟨n2

opt⟩
. (4.29)

where, the noise power from air ⟨n2
up⟩ are given in (4.20), and ⟨n2

opt⟩ is the optical noise power

for the WLAN system when B = Bwlan in (4.26).

4.4 The Bit Error Rate

The basic statistical model in optical communication is the Poisson process because of the

discrete photons. Despite this, the Gaussian density is often used to obtain probability of

error expressions. Furthermore, when noise depends on the RF signal, which is Gaussian

distributed, the optical noise is also Gaussian. Therefore, η is modeled as a zero mean

Gaussian process.

The component ζ in the expression for Z1 represents the contribution of MAI in the

decision statistic. ζ is the summation of K − 1 terms of Ik.

ζ =
K∑
k=2

Ik (4.30)

According to the central limit theorem, ζ is a zero mean Gaussian random variable as

K − 1 gets large. Therefore, the variance of ζ is given by,

σ2
ς =

N T 2

6

K∑
k=2

Pk (4.31)

where, N is the length of the code and T is the time. Now, the decision statistic Z1 is

modeled as a Gaussian random variable with mean I0 and variance σ2
ς + σ2

η,

σ2
ς + σ2

η =
N T 2

6

K∑
k=2

Pk +
N0Tb

4
(4.32)
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Because of the Gaussian assumption, the average bit error rate (BER) probability is given

by:

BER = Q


√

P0

2
Tb√

N T 2

6

K∑
k=2

Pk +
N0Tb

4

 (4.33)

BER = Q

1/
√√√√ 1

3N

K∑
k=2

Pk

P0

+
N0

2TbP0

 (4.34)

Assuming perfect power control, where, Pk = Po ∀ k = 1, 2, 3, ....K, the BER is,

BER = Q

(√
3N

K − 1
+

N0

2TbP0

)
(4.35)

In this expression, the BER is evaluated assuming the average value for the variance of

MAI. Typically, the above Gaussian approximation is very close to the values obtained by

simulation when the number of users are above 15. When it is less than 15, then the BER

is little more pessimistic.

4.5 Summary

In this chapter, a detailed analysis of COFDM-RoF are described and feasibility of using

Graded index multi-mode fibre for indoor communication system was investigated. We used

optimized equation of impulse response of Graded index fibre and considered all optical

noises, splicings, and connectors losses for estimating optical signal to noise ratio and cu-

mulative signal to noise ratio in RoF link. Also, we investigated the BER performance of a

coded orthogonal frequency division multiplexing (COFDM) scheme that deploy the ROF

link to provide wireless access to multiple users.



Chapter 5

Numerical Results and Discussions

This section describes the numerical results generated to evaluate the cumulative SNR,

OSNR, and BER using various system parameters. The parameters and constant used in

the simulation are listed in Table 5.1, and Table 5.2. These parameters are obtained from

the values typically specified in the manufacturer’s data sheets, technical specifications, or

experimental values in previous publications. Note that the simulation is intended to get the

tentative behavior. Nevertheless, the overall trend of the relative performance will remain

the same and our objective is to study only the relative performance.

5.1 Downlink Results

In the downlink, the signal first goes through the RoF link then the air interface. The

cumulative SNR is evaluated at the mobile station. The ratio includes the cumulative im-

pairments from the air interface and the RoF link and the nonlinear distortion from the RoF

link. Figures 5.1 to 5.6 are the results generated for the downlink. The OSNR of a WLAN

OFDM symbol duration 102.4µ sec

FFT size 256

Number of subcarrier 200

Cyclic prefix 64

Cyclic prefix duration 800 nsec

Modulation BPSK

Table 5.1: Wireless system parameters for the numerical results

56
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Gwlan RF power gain for WLAN signal 20 dB

F RAP/Receiver amplifier noise factor 1 dB

B Bandwidth of signal 22 MHz

Po Laser mean optical power 1 mW

Gm Laser modulation gain 0.12 W/A

ℜ Photo diode responsivity 0.75 A/W

nc Number of optical connectors 2

lc Optical connector loss 1 dB

RIN Relative intensity noise parameter −155 dB/Hz

To Optical receiver temperature 275 K

RL Receiver load resistance 50 Ω

∆ Refractive index difference 0.02

α Core refractive index parameter 4

Table 5.2: Optical system parameters for the numerical results

signal is referred to expression (4.9). The major system parameters used in the plots are:

the cumulative RMS optical modulation index µ, the length of the radio over fiber link, the

distance between a MS and the RAP, and the distance between a WLAN MS and the RAP.

The rest of the parameters and constants are listed in the table 5.2.

Figure 5.1: Impulse response of multi-mode fibre with α profile

Figure 5.1 shows the effect of change in the α to the impulse response of the channel for 10

km of multimode fibers can be seen. Although there is a very high performance improvement
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when the optimum profile is achieved, a slight shift from the optimum profile may result in

critical performance loss. It should also be noted that as α goes to ∞, the impulse spread

T is largest and the waveform of the impulse is flat-tapped and the fibre becomes a classical

step index fibre.

As the α decreases, the impulse response becomes narrower, until at α = 2, where it

becomes the narrowest. When α < 2, higher order modes arrive earlier than the lowest

mode (X = 0). This value suggests that the multi-mode dispersion could be reduced by

shaping the core refractive index profile properly.

Figure 5.2: OSNR versus α profile

In Figure 5.2, it is observable that the OSNR decreases as α increases, resulting from

either an increase in the fibre length or an increase of the α parameter of the fibre, are

compensated by the cyclic prefix up until some point. When α reaches its optimal value we

get the maximum OSNR.

Figure 5.3 illustrates the relationship between the system performance in terms of the

cumulative SNR and the distance between a mobile station and the radio access point. A

downward trend in the performance versus the distance is observed. This means that the

optical noise is dominant but also the nonlinear distortion played an important role in RoF

link. However, when the RoF is operated at the optimal value, the cumulative SNR is better
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Figure 5.3: Cumulative SNR versus distance

than the rest even for a 10 km RoF link.

Figure 5.4: OSNR versus Optical modulation index

As depicted in Figure 5.4, and observed from the Eqn.(5.9) that the OSNR is the function

of optical modulation index. The optical modulation index must be selected to avoid the

over-modulation. Figure 5.4 illustrates that at low modulation index, optical device noise is

dominant and the OSNR increases with modulation index up to 0.3. At high modulation

index, the nonlinear effect becomes larger and OSNR increases slowly with modulation index.
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Within the range from 0.05 to 0.3, the maximal OSNR is more than 15 dB.

Figure 5.5: Distance between a MS and the RAP

Figure 5.5 illustrates the relationship between the system performance and the distance

between a MS and the RAP in a different way. Figure shows the different curves with various

lengths of RoF link with an optimal µ used. It is very interesting to see that for small index

µ, the cumulative SNR improves inversely with the distance. While at large index value, the

performance is almost independent of distance between mobile station and the radio access

point. The reason is that the nonlinear distortion is much larger than the noise in the air

interface.

Figure 5.6 illustrates the same trend as Figure 5.5 but different index µ. When µ is

small, the performance deteriorates with the distance. When µ is large, the performance is

independent of the distance.

Figure 5.7 shows the BER performance for coded orthogonal frequency division multiplex-

ing radio-over-fibre communication system. Figure illustrates how the BER varies with SNR

values, where the transmission channel is added with optical noises, and air impairments.

Here the BER values are reduced with increment of SNR values.
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Figure 5.6: Distance between a MS and the RAP
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Figure 5.7: BER performance for COFDM-RoF system
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5.2 Uplink Results

For the uplink, the numerical results generated are the SNR and OSNR ratios versus various

system parameters. Figures 5.7, 5.8 and 5.9 are the results generated for the uplink. In the

uplink, the signal first goes through the air interface then the RoF link. The cumulative

OSNR is evaluated at the end of the RoF link where the central base station is. The ratios

include cumulative impairments from the air interface and the RoF link including the additive

noise in both interfaces and the nonlinear distortion from the RoF link. We assumed that

signal is experienced the same noise spectrum in the air interface.

The cumulative OSNR of a WLAN signal is referred to expression (4.29). The major

system parameters used in the plots are: the cumulative RMS optical modulation index µ

(4.21), the length of the RoF link, and the SNR for a WLAN signal at the RAP SNRup. The

rest of the parameters and constants are listed in the table 5.2. Notice that the cumulative

RMS optical modulation index µ has the same expression for both uplink and downlink, but

each expression has slight difference in meaning and, thus, should not treat them as they are

equal.

In Figure 5.7, the OSNR of a WLAN signal versus the index µ is plotted. The nonlinear

distortion comes into effect for large µ, and the optical noise comes into effect for very small

µ. Actually, for small µ the effect of optical noise can be observed from this plot where longer

RoF link has lower OSNR ratio. However, for the useful range of the index µ (0.01-0.6) the

OSNR does not change with the length of the ROF link.

A conclusion can be drawn that in the useful range of µ the quality of the signal is not

affected by the length of the RoF link. In addition, the cumulative OSNR ratios remain very

much constant for the useful range. That means smaller power (smaller µ) can achieve the

similar performance. We know that the square of the cumulative RMS optical modulation

index is equivalent to the total RF power that modulates the laser.

The cumulative OSNR of a WLAN signal versus the SNRup is plotted in Figure 5.8. The

SNRup is the SNR for a WLAN signal at the RAP. It is used as a reference for the signal

quality that enters the RoF link. The signal quality concerns here is the noise spectrum of
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Figure 5.8: OSNR vs Cumulative RMS optical modulation index µ

the air interface, so the SNRup is really to reflect the amount of noise from the air interface.

Also, the WLAN system has a stronger dependency on the SNR at the RAP. In the figure,

it can be observed that the cumulative OSNR improved far beyond 20 dB of SNR at the

RAP. It shows that in the range of SNR from 1 dB to 45 dB the cumulative OSNR increases

with the SNR. It is seemed that the quality of the systems is independent of the length of

the RoF. However, the independency is true for the value of µ when µ is 0.5.
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Figure 5.9: The OSNR vs the SNR at the RAP
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Figure 5.9 shows the three curves generated for the three different values of µ. In this

figure, the trend of dependency on the SNR at the RAP is observed. The WLAN system has

stronger dependency on the SNR. Furthermore, the SNR reduces as the cumulative optical

modulation index µ increases. This figure shows that the OSNR does not improve when

SNR is larger 20 dB for small µ, and then for a larger µ the OSNR saturates beyond 10 dB

of SNR. This can be explained that larger µ causes more nonlinear distortion in the RoF

that limits the overall performance of the system.
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Figure 5.10: The OSNR of a WLAN signal vs the SNR at the RAP

Figure 5.11 shows the BER curves in the noise limited region. The effect of combined

noise is seen in the BER performance with two or three users. As the number of users

increases, the BER curve flattens because, with filter detectors, a COFDM system when the

interference power exceeds the noise power. Here, the overall BER performance is very good

because of large N , coded OFDM, and few users.

Figure 5.12 shows the bit error probability curve for COFDM-RoF system. We can

observe form the curve that the BER is very reasonable for SNR because of coded OFDM

signal and a low dispersive MMF. The result show that using COFDM with MMF allows

the BER to be improved in a noisy channel. Using BPSK the COFDM transmission can

tolerate a SNR of > 8− 10 dB.
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Figure 5.12: Bit error probability curve for COFDM-RoF system
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5.3 Summary

This chapter presented and explained the numerical results of proposed architecture. We

evaluated the approximate equations for the purpose of justifying the proposed derivation

method. This chapter divided into two parts: In the first part we presented downlink results

and second part described uplink results. In the downlink, the signal first goes through the

Fiber-Wireless link then the air interface. The system performance is limited by the nonlinear

distortion of Fibre-Wireless link when the cumulative RMS optical modulation index is large.

The results have shown that the length of the Fibre-Wireless link does matter. The optical

noise was the dominant source of impairments in this case. In the uplink, the system should

operate µ in the range of 0.01 to 0.1. In this range of µ, the system performance was not

dependent on the fiber length. As shown in our simulations, as long as the fiber length is

reasonable, graded index multi-mode fibres, even step index multi-mode fibres can be used

for Fibre-Wireless systems.



Chapter 6

Conclusions and Future Work

In this thesis, the COFDM-RoF architecture is investigated and then the fibre based radio

access mechanisms for the air interface and the RoF link are evaluated. In the air interface,

the signals experience path loss and multipath fading. These impairments are linear. In

the RoF link, the signals experience both linear and nonlinear impairments. The linear

impairments are the RIN, shot noise, thermal noise, and the power loss. Finally, the downlink

and uplink analysis that accounts for the cumulative effects for all the impairment is carried

out.

In the numerical results, the performance of both proposed systems are evaluated in terms

of cumulative SNR, OSNR, and BER using various system parameters. In the downlink, the

signal first goes through the RoF link then the air interface. The cumulative SNR is evaluated

at the mobile station. The ratio includes the cumulative impairments from the air interface

and the RoF link and the nonlinear distortion from the RoF link. The system performance is

limited by the nonlinear distortion of RoF link when the cumulative RMS optical modulation

index is large. Large µ means large RF power modulates the laser. When µ is larger than

the optimal range, excessive nonlinear distortion deteriorates the system performance. The

results have shown that the length of the RoF link does matter. The optical noise is the

dominant source of impairments in this case. In the uplink, the system should operate µ in

the range of 0.01 to 0.1. In this range of µ, the system performance is not dependent on the

fiber length.
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As shown in our simulations, as long as the fibre length is reasonable, graded index

multi-mode fibres, even step index multi-mode fibres can be used for RoF systems. For

those systems, the dispersion is compensated by the CP.

The combined performance evaluation and investigation of the imperfections jointly for

wireless and fibre systems appear as a promising area of research. Although the work pre-

sented in this thesis is a first step in that direction, it already achieved some important

conclusions. I believe the collaborative view of optical and wireless systems will continue to

help solving problems which is harder to solve when the two systems are isolated from each

other.

6.1 Research Contributions

The major contributions we achieved are:

• Investigates the downlink and uplink in terms of optical signal to noise, and cumulative

signal to noise ratios considering both optical and wireless channel impairments,

• The finding of this thesis will be helpful for the system designers to determine the RF

power and to predict cell sizes, OSNR, SNR, and BER performances of the system,

• The low installation and maintenance costs associated with using Graded index multi-

mode fibre,

• The limitation in multi-mode fibre bandwidth caused by dispersion is overcome by

employing cyclic prefix,

• Optimized impulse response of Graded index fibre and can be used for reasonable fibre

length.

6.1.1 Major Observations

The detailed analysis reveals some interesting information. The major observations are:
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• Within the linear, optical noise limited region, increasing the cumulative modulation

index µ improves the performance of the system. However, too large µ drives both

system into nonlinear region severely affecting performance,

• There is an inverse relationship between the fiber length and the radio cell size. This

is due to cumulating losses, distortion and noise in both optical and wireless channels,

• The optical and wireless SNRs depend on the fibre length, optical to electrical and

electrical to optical conversion losses, radio cell sizes and the relative RF power of

both systems.

We evaluated the approximate equations for the purpose of justifying the proposed deriva-

tion method. The parameters used for the link performance are obtained from the values

typically specified in the manufacturer’s data sheets, technical specifications, or experimen-

tal values in previous publications. Note that the simulation is intended to get the tentative

behaviour; we do not strictly rely on the simulation parameters which may vary. Neverthe-

less, the overall trend of the relative performance will remain the same and our objective is

to study only the relative performance.

Overall, our analysis helps to find better system parameters for the system and interre-

lationship between the fibre length, the radio cell size and the signal to noise ratio. Never-

theless, better design and low noise, and linearized fiber optic transceivers will improve the

performance.

6.2 Future Works

For possible future work, alternative architectures in both directions (uplink & downlink)

that simultaneously support 4G network standards should be investigated. A possible archi-

tecture is to transmit WLAN signal over fibre systems operating at 60 GHz. The architecture

can use mostly off the shelf components and cost saving is possible. The WLAN signals are

in the baseband digital format from the core network, which will make it easy to transmit.
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The effectiveness of such architecture requires similar analysis that is done in this thesis.

Also, for the same architectures one may use Polymer optical fiber (POF) and evaluate the

performance for indoor environment.
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