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ABSTRACT 

Combined deployment of optical fiber technology and wireless networks provides great 

potential for increasing the capacity and the Quality of Service. By using Wireless on Fiber 

technology, the capacity of optical networks can be combined with the flexibility and 

mobility of wireless access networks without significant cost increment. The Wireless on 

Fiber concept means to transport information over optical fiber by modulating the light 

with the radio signal. This thesis discusses the effects of using fiber in conjunction with 

wireless local area network standard 802.11a (WLAN) to distribute RF signal. To achieve 

high throughput, the 802.11a L A N uses Orthogonal Frequency Division Multiplexing 

(OFDM) based multi-carrier wideband modulation technique. The OFDM is one of the 

most favored modulation techniques in W L A N scenario due to its efficient implementation 

and robustness against multi-path and narrowband interference. One of the biggest 

drawbacks of the OFDM is its high peak to average power ratio (PAPR). High PAPR of 

OFDM makes it unusable in non-linear systems. To transport wireless signal over a fiber, 

OFDM based radio signal is modulated on to an optical carrier using a Mach-Zehnder (MZ) 

electro-optic modulator. Mach-Zehnder modulator has a sinusoidal electrical to optical 

power transfer characteristic, which restricts OFDM signal to occupy a narrow dynamic 

range in the most linear region of its power transfer characteristic. To overcome this 

limitation, OFDM signal predistortion methods have been proposed which makes OFDM 

more suitable for transmission over an optical system. For better system performance 

Mach-Zehnder modulator has to be biased at a desired point on the power transfer 

characteristic of Mach-Zehnder modulator. However, the desired bias point of Mach-

Zehnder modulator drifts over time which deteriorates overall system performance. A novel 

bias drift tracking and controlling mechanism has been investigated and proposed in this 

thesis. This method has no adverse effects on system performance. We then discuss ways 

of transporting wireless signal using multimode fibers. Different multi mode fibers have 

been investigated and a suitable model has been proposed to mitigate multimode fiber 

dispersion in carrying wireless signals. 
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CHAPTER ONE 

Background and Motivation 

1.1 Overview of Wireless Networks 

The field of wireless communication has experienced tremendous growth since 1895 when 

Sir Jagadis Chandra Bose demonstrated that wireless communication was possible. Though 

it is popularly believed that Guglielmo Marconi demonstrated the first wireless 

transmission in 1896. However, recently IEEE has established that Sir Jagadis Chandra 

Bose was the first person to demonstrate radio communication. In 1895 J.C. Bose gave his 

first public demonstration of electromagnetic waves, using them to ring a bell remotely and 

to explode some gunpowder. J.C. Bose described to the Royal Institution in London his 

research carried out in Calcutta, India at millimeter wavelengths. He used waveguides, horn 

antennas, dielectric lenses, various polarizers and even semiconductors at frequencies as 

high as 60 GHz [l]-[2]; much of his original equipment is still in existence, now at the 

Bose Institute in Calcutta, India. The greatest leaps however may have probably taken place 

in the last two decades or so with the deployment of cellular communication networks. This 

can be mostly attributed to the development of highly reliable solid state radio frequency 

hardware in the same time span. The early application of mobile radio services was in the 

field of emergency services such as police communication and fire service departments. 

Application in transportation services such as taxis and transportation fleets followed next. 

The utilization of these services however was limited to just a few thousand users. 

The subsequent extension of mobile radio services to the public in Europe and the United 

States and the increased demand for mobile radio services led a number of 

telecommunication companies in the United States and the rest of the world to develop the 

theory and techniques for cellular radio communications. Hitherto, the networks were 

operated with single radio masts placed at very high locations such as on top of hills with 

the transmitters operating with high power (200 to 250 watts) assuring a large coverage 

area (in the region of 25 mile radius) [3]. The concept of breaking the coverage area into 

Chapter One. Background and Motivation 



Wireless on Fiber 2 

smaller units and the reuse of some portions of the frequency in transmission led the way in 

the deployment of more efficient mobile radio services. As the years went by, 

developments in technology meant better systems being put into use. This led to the 

classification of the mobile radio networks into different generations. A closer look at these 

generations of wireless networks will be presented next. 

1.1.1 First Generation Wireless Networks 

First generation (IG) wireless networks were generally deployed in different areas of the 

world as different systems in the early 1980's. They, however, shared the fact that they 

were all analog and circuit switched systems. They include: 

• The Advanced Mobile Phone System (AMPS), 

• Total Access Communication System (TACS) 

• Nordic Mobile Telephony (NMT). 

The F C C s allocation of 40 MHz in the 800 MHz band in 1983 made room for the 

deployment of the AMPS in United States. It was introduced as the original standard for 

analog cellular phone service and was deployed primarily in North America and later 

gained prominence in Latin America, Australia and parts of Russia and Asia. AMPS uses 

frequency modulation (FM) and frequency division duplex (FDD) for radio transmission 

with a peak data rate of 9.6 kbps. A channel bandwidth of 30 kHz was used and it was 

aimed primarily for voice applications though very limited data services were subsequently 

offered. 

TACS was introduced in the United Kingdom in the early 1980's in the 900 MHz band and 

proved to be quite successful. It was an analog system with a peak data rate of 9.6 kbps and 

also basically aimed at voice applications. It was also F M based and FDD was used for 

radio transmission. The operating channel bandwidth was 25 kHz. 

NMT, the common Nordic standard for analog mobile telephony was established by the 

telecommunications administrations in Sweden, Norway, Finland and Denmark in the early 

1980's. During the following decade it was installed in some European countries, including 
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parts of Russia, and in the Middle East and Asia. The first version to be deployed in 1981 

was the NMT450 operating in the 450 MHz band. A second version of the NMT900 

operating in the 900 MHz band was introduced in 1986. The channel bandwidth for 

NMT450 was 25 MHz and 12.5 MHz for NMT900. 

Due to the national specification of the different IG networks, they were highly 

incompatible with each other. They thus provided basic mobility and basic services specific 

to the countries where they were developed and deployed. 

1.1.2 Second Generation Wireless Networks 

Within a decade of the introduction of I G networks, digital encoding and modulation 

schemes which promised large improvements in capacity and system performance became 

available. This coupled with a growing need towards a global network and data services 

gave birth to the next generation of wireless networks known as the second generation (2G) 

networks. The aim of second generation networks included advanced mobility (ability to 

roam at least within a region - say the whole of Europe), provision of more services which 

brought about data presence in the networks and a gradual gravitation towards a truly 

global wireless network solution. Introduced in the early 1990's, some of the common 

versions include: 

• Interim standard 54/136 (IS-54/136) 

• Global System for Mobile Communications (GSM) 

• Interim Standard 95 (IS-95) 

• Pacific or Personal Digital Cellular (PDC). 

Some characteristics of 2G networks include greatly increased data rates over 1G networks, 

digital voice (which often resulted in a lower quality voice quality but used less precious 

spectrum), availability of enhanced telephony features such as caller-id, text messaging, 

downloads of still images amongst other features. 
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GSM is a second generation cellular system that employs digital transmission techniques 

and has been widely adopted in Europe and supported in North America. It was developed 

to solve the problem of different cellular standards that were in use in Europe. It was 

introduced into the European market in 1991 and by the mid 1990's had found wide 

deployment in South America, Asia, Australia and several countries in Africa. GSM 

employs a TDMA/ FDD system. With a channel spacing of 200 kHz it can achieve channel 

rates of up to 270 kbps. It uses a transmission frequency of 900 MHz and 1800 MHz in 

Europe, Asia and Africa. In North America, GSM is deployed with a transmission 

frequency of 1900 MHz. 

IS-95 is the first Code Division Multiple Access (CDMA) cellular standard that was 

deployed commercially. With its roots in military applications, it was standardized for use 

in the United States by TIAEIA in 1993. Just like the IS-136, it was designed to be 

compatible with the existing AMPS frequency band. One of its key advantages is the 

elimination of the need for frequency planning. Simplified system planning resulted 

through the use of the same frequency in every sector of every cell. Other advantages 

included capacity increases of 8 to 10 times that of the AMPS analog system, improved call 

quality with better and more consistent sound as compared to AMPS systems. It employs a 

channel spacing of 1.25 MHz with an FDD transmission method. The maximum data user 

rate is 9.6 kbps and is spread to a channel chip rate of 1.2288 Mchip/s. In addition to voice 

services, many IS-95 operators provide circuit-switched data connections at 14.4 kbps. 

1.1.3 Third Generation Wireless Networks 

IG and 2G networks failed in terms of compatibility and thus the availability of a truly 

worldwide uniform standard. 3G is the term used to describe next generation mobile 

services which were aimed at providing improved services over the earlier generations of 

wireless network. They provide better quality voice, high-speed Internet and multimedia 

services. The key requirements for 3G networks among other capabilities include [5]: 

• Delivery of improved/higher system capacity over previous generations. 

• Symmetrical and asymmetrical data transmission 
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• Voice quality comparable to wire-line quality 

• Simultaneous multimedia services to end-users 

• True global roaming, i.e., international roaming between different operational 

environments 

• Open global standards 

• Improved spectrum efficiency over the 2G systems 

• Support data services at minimum transmission rates of 144 kbps in mobile 

(outdoor) and 2 Mbps in fixed (indoor) environments. 

Based on these requirements, in 1999 ITU approved five radio interfaces for IMT-2000 

standards otherwise referred to as 3 G networks namely [6]: 

• IMT-2000 CDMA Direct Spread ( WCDMA - UMTS) 

• IMT-2000 CDMA Multi-Carrier ( CDMA2000 3X and IxEV) 

• PMT-2000 CDMA Time Division duplex ,TDD ( UTRA TDD and TD-SCDMA) 

• IMT-2000 TDMA Single Carrier (UWC-136/EDGE) 

• IMT-2000 FDMA/TDMA (DECT) 

The IMT-2000 CDMA Direct Spread standard is also referred to as Wideband CDMA -

Universal Mobile Telephone System (WCDMA-UMTS). It was initially standardized by 

the European Telecommunications Standards Institute (ETSI). However now the 3rd 

Generation Partnership Project (3GPP) continues the technical specification work. UMTS 

offers a number of services both tele-services (standard 2G mobile phone services such as 

voice and short message services, SMS) and bearer services for other information transfer 

(e.g., streaming media, web pages, etc.). 

1.1.4 Future Generation Wireless Networks 

If 3G wireless networks achieve expected market success, it is not quite clear what the 

characteristics of future generation wireless networks will be. It is however undisputed that 

the goal will be towards ubiquitous service, i.e., provision of services to anyone, anywhere, 
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anytime. There have been a number of suggestions in literature of what features these next 

generation networks will be based on and thus what they might deliver [7]-[10] and these 

are summarized next: 

• The growth of demand and increase in multimedia and mobile internet based 

applications will require data rates higher than what is offered by 3G for indoor, 

pedestrian and vehicular traffic. 

• Unrestricted seamless roaming and true global mobility for all traffic types. 

• Interoperability between all generations of networks i.e. between 1G, 2G, 3G and 

future G 

• Since higher data rates are expected for future networks, power consumption of 

terminals is expected to increase. However, terminals designed to operate at reduced 

power levels will be desirable. 

One thing however is clear - future generation wireless networks will build on 3G and 

evolved 3G standards and there will be a drive for yet a greater integration of existing 

standards. 

1.1.5 Wireless Network Challenges 

The fast growth rate of Internet adoption and the desire for a wide range of multimedia 

services have created a unique demand for communication services. When this is combined 

with the demand for ubiquitous access, the challenges facing wireless networks take a 

different form from its traditional voice and low bit rate data implementation. Packet 

switching evolved in the early 1970's as an architecture for long distance data 

communications [11]. Hitherto, long-haul traffic for existing traffic was circuit switched 

due to the fact that majority of received traffic was voice. As the need for access to 

resources (mainly data) beyond a single system increased, the inefficiency of such networks 

became apparent and this led to the development and implementation of packet switched 

networks. 

The integration of different services from different networks however presented a fresh set 

of challenges, that of interconnectivity of the different systems which prompted 
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introduction of Internet protocols (IP). These set of protocols were designed to provide a 

uniform platform for such diverse networks to exchange information. The IP protocol 

views the interconnection of the different networks as an implementation of virtual links 

without concerning itself with the characteristics of the links. The only facilitating 

assumption is that these links are capable of transporting packets up to a maximum size 

[12]. 

It follows readily that with the trend in wireless traffic growth, an IP based network will 

provide a much needed quick and necessary bridge to the required services. The emergence 

of wireless IP networks, however, has not been without its own hiccups. The following 

factors which are unique to wireless networks have set them apart from fixed networks: 

• Unpredictable channel interference and congestion 

• Lower network capacity (in terms of range, power, spectrum size) 

• Mobility induced variations 

• Security issues 

• Higher loss rates due to interference or network dynamics 

• Higher delays and jitter due to lower transmission rates. 

These, coupled with the fact that IP was designed for fixed networks, have presented a new 

set of challenges. A number of strategies are being used to tackle these challenges. One of 

them is the proposal of Mobile IP [13] which allows mobile nodes to have static home 

addresses and care-of IP address which changes with each change in the point of 

attachment in a network. Since the resources available in wireless networks have not grown 

at a rate corresponding to demand, efficient management of the available resources is 

another key strategy in optimizing wireless networks. 

1.2 Wireless Networks on Fiber 

In today's modern world, the interconnection and interfacing of differing technologies are 

becoming common place. The deployment of numerous wireless base stations along with 

their associated backhaul infrastructure is an expensive proposition. However, it has been 
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shown that it is feasible to use existing fiber infrastructure to avoid the installation of full 

Micro- or Pico cell base station hardware at each antenna site. Instead, it would only be 

necessary to install full base station hardware at a central office. Existing fiber cables could 

be used to transmit the radio frequency (PvF) signal from the central office to a relatively 

simple and inexpensive remote antenna unit (RAU) located close to the subscribers it 

serves. In addition to an antenna, a minimal R A U would consist only of electro-optic (E/O) 

and opto-electric (O/E) converters and perhaps some limited RF power control 

mechanisms. Since existing fibers reach close to, but not into, the premises of most 

potential customers in many areas of the world, a service provider with access to such a 

fiber infrastructure could install a Radio on Fiber (RoF) based network at a fraction of the 

cost of deploying full base stations in the field. 

This thesis discusses the use of fiber optics in conjunction with the wireless local area 

network (WLAN) standard 802.1 la to distribute RF signals. Such a system is an attractive 

option for high data rate, short-range links, where deploying optical fibers all the way to the 

customer premises is too expensive or otherwise impractical. The primary objective of this 

thesis is to investigate the technical feasibility of using an integrated optical and wireless 

infrastructure capable of delivering broadband multimedia traffic to subscribers in remote 

areas. 

1.2.1 Merits of Wireless Networks on Fiber 

In this scheme, the fiber is used to route the broadband modulated optical signals to base 

stations where the RF signals are detected and transmitted to client stations. The use of RF 

over fiber allows a significant reduction in the complexity and costs of remote base 

stations. It also provides an inexpensive method for system upgrades, since most of the 

signal processing functions would be done at the central office and not at each individual 

base station. 

The advantages of Wireless over wired L A N include fast flexible radio deployment. 

Combining fiber distribution and a W L A N multiplies the capacity of the system by a large 

factor, and also solves several problems related to deploying WLANs in outdoor 
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environments in economical and flexible ways. The maintenance and upgrades of the 

system are simplified since the processing units for many cells are gathered under one roof. 

1.2.2 Difficulties in Wireless Networks on Fiber 

The use of fiber optics to transport digital signals is quite common. However, the 

transmission of analog RF signals has been limited by the linearity constraints in 

modulating/demodulating devices, and by the distortion effects created by the optical link. 

In this thesis we will describe wireless networks on fiber in 802.11a W L A N over fiber 

context. This type of W L A N signal has high peak to average power ratio which makes it 

more prone towards fiber non-linearities. The problem is compounded with different drift 

effects of optical modulating/demodulating devices. 

1.2.3 Present Scenario 

W L A N 802.11a on fiber has been experimentally tested in different labs and is on the way 

towards commercial deployment. Utilizing optical devices that operate at high frequency to 

carry W L A N 802.11a signals could enable delivery of broadband multimedia traffic to 

subscribers in many wireless scenarios [14]-[18]. W L A N 802.1 la systems can provide very 

high-speed Internet access (up to 54 Mbps) [19]-[21] for indoor environments such as 

public buildings, shopping malls, and airports. 

1.3 Thesis Objectives and Contributions 

1.3.1 Problem Statement and Motivation 

One technology that can be used to increase the efficiency of bandwidth utilization is 

combined deployment of Wireless and Optical system. Wireless on fiber system essentially 

uses a two step modulation. First, several low bandwidth RF channels carrying analog or 

digital signals are combined together and they are very close to each other in the frequency 

domain. Then this composite signal is further modulated onto a higher frequency optical 

carrier and transmitted through optical media. Because of its simple and low-cost 

implementation, high-speed optical data transmission using analog technology attracted the 
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attention of many researchers. The most significant advantage of wireless on optical fiber is 

its ability to place different radio carriers together closely. This is because microwave and 

RF devices are much more mature than optical devices. The stability of a microwave 

oscillator is much better than an optical oscillator (laser diode) and the frequency selectivity 

of a microwave filter is much better than an optical filter. Therefore, the efficiency of 

bandwidth utilization of wireless on fiber is expected to be much better than conventional 

optical WDM. However, some of the performance issues of analog signals in the optical 

domain are yet to be solved. This is the main motivation for the work presented in this 

thesis. Three different aspects of wireless on fiber systems have been studied: 

• For high frequency analog optical link, external electro-optic modulators are used to 

intensity modulate the Laser with a composite microwave signal. For high modulation 

frequency, direct intensity modulation of Laser is not preferred due to high relative 

intensity noise (RIN) of Laser at high modulation frequency. For our research we have 

only considered Lithium Niobate based Mach-Zehnder electro-optic modulator which is 

the most efficient and widely used modulator in optical link. However, the modulator 

has a dynamic range problem. It has a narrow linear range of operation. So a signal with 

high peak power suffers severe non-linear distortion. The first part of this research is 

concentrated on wireless signal pre-distortion methods to address this problem. The 

objective of this part of the research is to pre-distort the wireless signal in such a way 

that it suffers minimum non-linear distortion when transported through an optical 

system. 

• For analog modulation, Mach-Zehnder electro-optic modulator has to be biased in the 

linear portion of its power transfer characteristics. Due to changes in temperature and 

time, power transfer characteristics drifts. A drift in the power transfer characteristics 

has adverse effects on system performance in terms of increase in BER and out of band 

noise power. We have to track this drift and adjust the bias voltage so that we operate at 

the desired point at all times. In the second part of this research we proposed a novel 

bias tracking and adjustment mechanism for 802.11a W L A N on fiber. The proposed 
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method is specific to 802.1 la W L A N but can be applied in other wireless networks on 

fiber as well. 

• Wireless signals can be distributed using multimode optical fibers instead of costly 

single mode fibers. Already there are plenty of multimode optical fibers buried in the 

ground and in buildings. We can even use very cheap multimode plastic fibers to carry 

wireless signals. However, due to dispersion, multimode fibers can not be used for long 

fiber optic links. This prompted us to investigate multimode fiber for wireless 

applications. Different multimode fibers have been investigated and a suitable model 

has been proposed to mitigate multimode fiber dispersion in carrying wireless signals. 

1.3.2 Summary of Contributions 

This thesis mainly contributes in three parts. The first part proposes baseband wireless 

signal pre-distortion methods. This shows that baseband pre-distorted wireless signal is 

more suitable in optical system and it makes wireless signal more robust against optical 

system non-linearities. 

Second part proposes Mach-Zehnder electro-optical modulator bias drift tracking and 

adjustment method. This is a novel method, proposed for the first time by the author of this 

document. Compared to other methods practiced in present systems, this technique has no 

detrimental effects on over all system performance. 

We can use very cost effective multimode fibers to carry wireless signals. However, due to 

dispersion, multimode fibers can't be used for long fiber optic links. The third part of this 

thesis proposes a model for using cheap multimode fibers in distributing wireless signal 

which has a promise of carrying wireless signal to different parts of a location or a building 

in a cost effective manner. 
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1.4 Thesis Outline 

The remainder of this thesis is organized as follows: Chapter Two describes OFDM based 

wireless L A N . We take a closer look at the OFDM signal generation process and describe 

merits and demerits of OFDM system. It describes the 802.11a L A N transceiver as well as 

implementation challenges. 

Chapter Three describes wireless L A N on fiber. It discusses different optical link 

components and summarizes their limitation in the analog optical link. Then a detailed 

description of an external modulation based analog optical link is given. 

Chapter Four discusses the non-linear effects of the optical system on the wireless signal. 

We address the issue of the dynamic range problem of Mach-Zehnder electro-optical 

modulator. Signal pre-distortion methods are proposed to overcome this limited dynamic 

range problem. 

Chapter Five addresses the bias drift problem of Mach-Zehnder electro-optical modulators. 

We discuss the bias drift problem and its effects on the overall system performance. We 

will discuss current bias tracking methods and point out their merits and demerits. Then we 

describe the proposed bias tracking method in detail. 

Chapter Six discusses the use of cheap multimode fibers in transporting wireless signals. 

We describe different multimode fibers and their dispersion effects. Then we propose a 

model to use multimode fibers in carrying wireless signals. 

Chapter Seven provides conclusions and suggestions for future work. 
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CHAPTER TWO 

OFDM Based Wireless LAN 

2.1 Introduction 

The Institute of Electrical and Electronics Engineers (IEEE) has developed 802.1 la, a new 

specification that represents the next generation of enterprise-class wireless LANs. Among 

its advantages over current technologies are greater scalability, better interference 

immunity, and significantly higher speed, up to 54 Mbps and beyond, which 

simultaneously allows for higher bandwidth applications and more users. This chapter 

provides an overview of the 802.1 la specifications and its corresponding benefits. We also 

describe the 802.1 la based Software Radio developed for this research. 

2.2 802.11a LAN Transceiver 

802.11a utilizes 300 MHz of bandwidth in the 5 GHz Unlicensed National Information 

Infrastructure (U-NII) band. Though the lower 200 MHz is physically contiguous, the FCC 

has divided the total 300 MHz into three distinct 100 MHz domains, each with a different 

legal maximum power output. The "low" band operates from 5.15 - 5.25 GHz, and has a 

maximum of 50 mW. The "middle" band is located from 5.25 - 5.35 GHz, with a 

maximum of 250 mW. The "high" band utilizes 5.725 - 5.825 GHz, with a maximum of 1 

W. Because of the high power output, devices transmitting in the high band will tend to be 

building-to-building products. The low and medium bands are more suited to in-building 

wireless products. One requirement specific to the low band is that all devices must use 

integrated antennas. 

Different regions of the world have allocated different amounts of spectrum, so geographic 

location will determine how much of the 5 GHz band is available. In the United States, the 

FCC has allocated all bands for unlicensed transmissions. In Europe, however, only the low 

and middle bands are free. Though 802.11a is not yet certifiable in Europe, efforts are 
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currently underway between IEEE and the European Telecommunications Standards 

Institute (ETSI) to rectify this. In Japan, only the low band may be used. This will result in 

more contention for signal, but will still allow for very high performance. The frequency 

range used currently for most enterprise-class unlicensed transmissions, including 802.1 lb, 

is the 2.4 GHz Industrial, Scientific & Medical (ISM) band. This highly populated band 

offers only 83 MHz of spectrum for all wireless traffic, including cordless phones, 

building-to-building transmissions, and micro-wave ovens. In comparison, the 300 MHz 

offered in the LJ-NII band represents a nearly four-fold increase in spectrum; all the more 

impressive when considering there is limited wireless traffic in the band today. 

2.2.1 802.11a LAN Transmitter 

FEC 
Coder 

Fig. 2.1. 802.1 la LAN Transmitter 

802.11a L A N Transmitter is shown in Fig. 2.1. Baseband data is up-converted to RP 

domain and then amplified and transmitted through the channel. Different blocks of 

802.11 a L A N are described below. 

Data Source: Transmission is frame-based. Each frame contains a preamble, SIGNAL 

Field and data. Preamble is used for frame synchronization, timing acquisition, automatic 

gain control, etc. SIGNAL Field indicates the data rate and length of data present in the 

frame. 802.11 a L A N data frame is shown below: 
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Fig. 2.2. 802.Ila L A N DataFrame 
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Scrambling: Data field is scrambled with a length-127 frame-synchronous scrambler. The 

same scrambler is used to scramble transmit data and to de-scramble receive data. 

FEC Coding: Punctured Convolution Coding is used as forward error correction method 

in 802. I la L A N . 

Interleaving: Al l encoded data bits shall be interleaved by a block interleaver with a block 

size corresponding to the number of bits in a single OFDM symbol. The interleaver is 

defined by a two-step permutation. The first permutation ensures that adjacent coded bits 

are mapped onto nonadjacent sub-carriers. The second ensures that adjacent coded bits are 

mapped alternately onto less and more significant bits of the constellation and, there by, 

long runs of low reliability (LSB) bits are avoided. 

Mapping: Raw bits are mapped according to BPSK/QPSK/16QAM/64QAM depending 

upon data rate. 

Pilot Insertion: Pilot tones are known subcarriers. They are modulated and sent to the 

receiver. Because the pilot tone is known, the receiver can make the appropriate offset to 

correct the transmitted signal for channel induced distortions. 

Inverse Fast Fourier Transform (IFFT): Subcarriers are modulated with mapped data 

using IFFT. That means it converts mapped data from frequency domain to time domain to 

form OFDM symbol. 

Guard Interval: Cyclically adding end portion of symbol in front of the symbol. It is 

meant for mitigating multipath distortion. As long as the delays are shorter than guard 

interval duration, multipath distortion is eliminated. 

Windowing: Sideband of the signal spectrum does not have zero energy, which 

contaminates adjacent symbols. Windowing smoothly shapes the spectrum sideband close 

to zero energy. 

Digital to Analog Converter (DAC): For any practical transmission, it is always analog 

format, so information is required to switch into the analog mode before it gets sent into the 

air. 

Up-Converter: 802.Ila application operates at 5 GFIz band, so the baseband signal is up-

converted to 5 GFIz band for transmission. 

Power Amplifier: Signal requires sufficient power to reach the receiver successfully, so 

signal at the transmitter is required to get amplified. 

Chapter Two: OFDM Based Wireless L A N 



Wireless on Fiber 16 

Major 802.11a L A N parameters are shown in Table 2.1. For further detail information 

regarding physical layer of 802. I l a L A N see [21]-[22]. 

TABLE 2 1 
Major Parameters for 802.1 la L A N 

Parameter Value 
Data Rate 6, 9, 12, 18, 24,36, 48, 54 Mbps 
Modulation BPSK , QPSK , 16QAM64QAM 
Coding Rate 1/2, 2/3, 3/4 
Number of Subcarriers 52 
OFDM Symbol duration 4.0 LIS 
Guard Interval 0.8 us 
Occupied Bandwidth 16.6 MHz 

2.2.2 802.11a LAN Receiver 

•> Demappmg+ fer FEC 

-> Deinterieaving Decoder 

Fig. 2.3. 802. Ila L A N Receiver 

The receiver performs reverse operations of transmitter. The received signal is down 

converted to baseband and Fourier transformed to convert the baseband time domain signal 

to frequency domain. After de-mapping and de-interleaving, the transmitted data is 

retrieved using Viterbi decoding. For detail information regarding 802.11a L A N receiver 

see [21]-[22], 

2.3 OFDM Theory 

802.11a uses Orthogonal Frequency Division Multiplexing (OFDM), a new encoding 

scheme that offers benefits over spread spectrum in channel availability and data rate. 

Channel availability is significant because the more independent channels that are 
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available, the more scalable the wireless network becomes. The high data rate is 

accomplished by combining many lower-speed subcarriers to create one high-speed 

channel. 802.11a uses OFDM to define a total of 8 non-overlapping 20 MHz channels 

across the 2 lower bands; each of these channels is divided into 52 subcarriers, each 

approximately 300 kHz wide. By comparison, 802.11b uses 3 non-overlapping channels. A 

large (wide) channel can transport more information per transmission than a small (narrow) 

one. As described above, 802.11a utilizes channels that are 20 MHz wide, with 52 

subcarriers contained within. 

The subcarriers are transmitted in "parallel", meaning they are sent and received 

simultaneously. The receiving device processes these individual signals, each one 

representing a fraction of the total data, which together, make up the actual signal. With this 

many subcarriers comprising each channel, a tremendous amount of information can be 

sent at once. 

In the 1980s, OFDM was used in high speed modem and digital mobile communication. 

Various fast modems were developed for telephone networks. In the 1990s, OFDM was 

further exploited in wideband data communication over mobile radio F M channels: high 

speed digital subscriber lines (HDSL, 1.6 Mb/s), very high-speed digital subscriber lines 

(VHDSL, 100 Mb/s), asymmetric digital subscriber lines (ADSL, 1536 Mb/s), digital audio 

broadcasting (DAB) and HDTV terrestrial broadcasting. 

2.3.1 OFDM Signal Generation 

The idea of applying frequency division multiplexing goes back to the 60s, and the early 

development of OFDM was found in the 50s. The initial application was in military 

communication. The idea of OFDM is to use overlapping sub-channels for data 

transmission. This approach reduces the effects of impulse noise and multi-path 

distortions. Moreover, each subcarrier is orthogonal to each other, which fully uses the 

available bandwidth. OFDM is an optimal version of multi-carrier modulation shown in 

Fig. 2.4. 
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Cotivaitional Frequency Division Multiplex (FDM) multicarrier modulation technique 

frequency 
> 

Orthogonal Frequency Division Multiplex (OFDM) ratilticarrier modulation technique 

Fig. 2.4. Multi-carrier Modulation 

Sinusoidal generators were used as sub-carriers. For large number of sub-carriers, the 

system turned out to be very expensive and complex in purchasing and installing sinusoidal 

generators. OFDM at that time was unattractive. Weinstein and Ebert later applied 

Discrete Fourier Transform to parallel data transmission system. As high technology 

emerged into the field of telecommunication, VLSI technology created high speed chip that 

can perform large size Fourier Transform at an affordable price. This large size Fourier 

Transform also refers to what designers often call today, the Fast Fourier Transform (FFT). 

With the use of Fourier Transform, we have achieved subcarrier orthogonality and 

maximum subcarrier compaction. 

Orthogonality has a precise mathematic relationship between frequency and carrier spacing. 

In a typical F D M system, receiver uses normal filters to capture the required signal. It is 

embedded with both data and guard bands, which reduces bandwidth efficiency. However, 

OFDM states that it is possible of getting carrier's sideband to overlap onto other carriers 

and does not introduce inter-carrier interference. In order to do so, each carrier must be 

orthogonal to each other. The receiver then acts like a bank of demodulators; the signal is 

being integrated over a symbol period to recapture the raw data. Suppose we have a set of 

signals cp, where opp is the p-th element in the set. The signals are orthogonal if 
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K K for p = q 

0 for p^q 
J <Pp(t)<Pq(t)dt (2.1) 

-K 

The set of signals in * indicates complex conjugate of the original set of signals and the 

interval is one symbol period. In short, subcarriers are selected carefully in OFDM. 

Subcarriers are linearly independent (orthogonal) to each other when the subcarrier spacing 

equals the reciprocal of the symbol period. 

The OFDM baseband signal for N subcarriers is formed as: 

The a„ and b n are the in-phase and quadrature modulating symbols. This operation is 

performed using IFFT which guarantees that all the subcarriers are orthogonal over the 

symbol interval. 

2.3.2 Advantages of OFDM 

In the conventional single carrier data transmission system, data needs to be transmitted 

sequentially. For high data rate, the bandwidth required for transmission is huge. OFDM 

divides transmission bandwidth into a number of narrow bands. This lengthens the symbol 

period. At the receiver, the sensitivity to inter-symbol interference is reduced with low data 

rate and fading is not as big an issue as in single carrier modulation. Since some 

subcarriers may suffer from fading, so data on those subcarriers are lost at the receiver. 

However, the majority of the signal can still be received due to many carriers are not 

affected by fading. 

Equalization is implemented at the receiver for counteracting the channel noise. Since data 

are only occupied in narrow bandwidths, the corresponding frequency response of 

equalization is relatively flat. Thus, equalization is easy to implement compared to multi-

carrier modulation. 

N 
(2.2) 
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In addition, the wireless channel also contains multipath distortion. This distortion creates 

multiple copies of the transmitted signal in a delayed manner when reaching the receiver. 

The way OFDM combats multipath distortion is to insert guard intervals in front of each 

symbol, so the sensitivity of delay spread is reduced. Moreover, multi-path is beneficial in 

OFDM system. It increases signal to noise ratio. If the maximum path delay is less than the 

guard interval, then all these multi-path components sum up to increase SNR. 

2.3.3 Design Challenges of OFDM 

Although OFDM can bring high data rate and has a lot of advantages over single carrier 

system, there are some drawbacks in the system, which reduces its attractiveness. The 

major drawbacks include frequency offset, phase noise and high peak to average power 

ratio. 

Frequency Offset 

Frequency Offset occurs when the voltage controlled oscillator (VCO) at the receiver runs 

at a different carrier frequency to the VCO at the transmitter. As offset occurs in the 

system, the bit error rate is increased. The OFDM system is particularly sensitive to this 

offset, because the receiver filters are implemented by FFT. The energy from adjacent 

subcarriers would slip into the desired subcarrier, which introduces inter-carrier 

interference (ICI). 

Phase Noise 

In addition to frequency offset, frequency that the VCO generates tends to jitter over time. 

This frequency variation appears like noise at the phase of the received signal which is 

called phase noise. The receiver usually tracks and removes the phase noise by using a 

Phase Lock Loop (PLL). 
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Peak to Average Power Ratio (PAPR) 

Due to summation of large number of randomly modulated subcarriers, OFDM is prone to 

possess a large dynamic range. This means that there is a large variation between the 

maximum and average signal power. Since the sub-carriers are independent, they can add 

constructively or destructively to create a large variation of output power. This problem 

prohibits the use of OFDM in any non-linear system. A signal with a large amplitude falls 

into the non-linear region and results in distortion. To reduce distortion and out of band 

energy, an OFDM signal needs to operate in the linear region, which means that its average 

signal power must be kept well below the non-linear region. However, lowering the 

average signal power undermines the efficiency of the system by reducing the majority of 

the output power to accommodate the occasional peaks. This makes an OFDM based 

wireless L A N unsuitable for a highly non-linear system like optical fiber. Considering the 

802.11a specification, there are 52 sub-carriers. In the worst case, all 52 sub-carriers add 

constructively which creates the huge peak of the signal, IOlog (52) = 17.2 dB. 

Fortunately, this does not happen frequently. 

2.4 802.11a LAN Software Radio 

2.4.1 What is Software Radio? 

As communications technology continues its rapid transition from analog to digital, more 

functions of contemporary radio systems are implemented in software - leading toward the 

software radio. A software radio is a radio whose channel modulation waveforms are 

defined in software. That is, waveforms are generated as sampled digital signals, converted 

from digital to analog via a wideband DAC and then possibly upconverted from IF to RF. 

The receiver, similarly, employs a wideband Analog to Digital Converter (ADC) that 

captures all of the channels of the software radio node. The receiver then extracts, 

downconverts and demodulates the channel waveform using software on a general purpose 

processor. Software radios employ a combination of techniques that include multi-band 

antennas and RF conversion; wideband ADC and Digital to Analog conversion (DAC); and 

the implementation of IF, baseband and bit stream processing functions in general purpose 
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programmable processors. The resulting software-defined radio (or "software radio") in 

part extends the evolution of programmable hardware, increasing flexibility via increased 

programmability. 

2.4.2 Why Software Radios? 

Radio network architectures have evolved from early point-to-point and relatively chaotic 

peer networks (e.g. push-to-talk mobile military radio networks) toward more hierarchical 

structures with improved service quality (Cellular and PCS networks). In addition, channel 

data rates continue to increase through multiplexing and spectrum spreading. In a multiple-

hierarchy application, a single radio unit, typically a mobile terminal, participates in more 

than one network hierarchy. A software radio terminal could, for example, operate in a 

GSM based PCS network, an AMPS network, and a future satellite mobile network. 

The complexity of functions, components and design rules of radio architectures continues 

to increase with each subsequent generation of radio network. In particular, future seamless 

multimode networks will require radio terminals and base stations with agile RF bands, 

channel access modes, data rates, equalization, Bit Error Rates (BER), radiated power and 

applications functionality. Software radios have emerged to increase quality of service 

through such agility. At the same time, software radio architectures simplify hardware 

component tradeoffs and provide new ways of managing the complexity of rapidly 

emerging standards. Therefore, software radios are needed by those who must have "future 

proof infrastructure", radio access points, cell sites and wireless data network hubs that can 

be reprogrammed to meet changing standards rather than torn out and replaced or 

maintained in parallel with newer infrastructure. 

In general, the more diverse the infrastructure, the more you need software radios. As a 

result, the military has been the historical developer of this technology, and some key US 

commercial telephone service providers have begun to express strong interest in its long 

term economic benefits. Some believe that future radio services will provide seamless 

access across cordless telephone, wireless local loop, PCS, mobile cellular and satellite 

mobile modes of communication, including integrated data and paging. Anyone who needs 
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to access even half that many radio modes at once clearly will have to move to software 

radio based infrastructure. 

For our present research work, we had to implement a wireless communication system to 

evaluate its performance on optical systems. We implemented fully compliance 802.11a 

L A N software Radio. We only implemented physical layer of 802.11a L A N [22] for our 

research. We had purposefully selected OFDM based 802.1 la L A N as our probe wireless 

system. The purpose of our present research is to evaluate impacts of optical systems on 

wireless signal. To accomplish that goal, we needed a complex wireless signal which is 

susceptible to non-linear effects. OFDM based 802. l i a L A N is ideal for that purpose. 

2.4.3 802.11a LAN Software Radio: Transmitter 

An 802.1 la L A N software radio has been developed in MatLab for this Research. It has a 

re-configurable architecture and supports all data rate and modulation of 802.11a L A N as 

mentioned in Table 2.1. 

Data 
Source 

Data Rate Request 
from Upper Layer 

Adjust 
Modulation : B P S K / Q P S K / Q A M 
CodmgRate :1/2, 2/3, 3/4 

Software Radio Initialization 
and Information Sharing 

802.11a 
Transmitter 

— f r i 

V 
Optical 

— • 
Link 

Fig. 2.5 802.1 la L A N on Fiber Software Radio Architecture 
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Fig. 2.5 gives a general overview of the software radio developed for this research. 

Depending upon the requested data rate the software radio re-configures itself and 

initializes the wireless signal transmission process over the fiber. In this chapter we only 

discuss the transmitter and receiver of the 802.1 la L A N and in the next chapter we discuss 

the optical link. 

The transmission operation has been broken down into four sub operations: Preamble Field 

OFDM Symbol Generation, SIGNAL Field OFDM Symbol Generation, Data Field OFDM 

Symbol Generation and Upconversion of baseband signal to RF domain. The Software 

Radio for the 802.1 la L A N transmitter is shown in Fig. 2.6. 

Preamble Field OFDM 
Symbol Generation 

SIGNAL Field OFDM 
Symbol Generation 

Data Field OFDM 
Symbol Generation 

^+^—> Optical System 

Fig. 2.6. 802.1 la L A N Software Radio: Transmitter 

The transmitter software radio has been developed according to the 802.1 la Standard [22]. 

The 802.1 la L A N timing related parameters are given in Table 2.2 [22]. 
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TABLE 2.2 
802.11 a L A N Timing Related Parameters 

Parameter Value 

NSD: Number of Data Subcarriers 48 

Nsp: Number of Pilot Subcarriers 4 

NST: Total Number of Subcarriers 52(NS D+Nsp) 

A F : Subcarrier Frequency Spacing 0.3125 MHz (20MHz/64) 

T f f t : IFFT/FFT Period 3.2us ( I M F ) 

TPREAMBLE: Preamble Duration 16us (TSHORT+ TLONG) 

TSIGNAL: Duration of the SIGNAL Field 4us ( T F F T + TQI) 

TGL Guard Interval 0.8us (TF F T/4) 

T G K : Training Sequence Guard Interval 1.6us (2TGI) 

TSYM : Symbol Duration 4us(TF F T + TQI) 

TSHORT : Short Training Sequence Duration 8us(IOx T F F T/4) 

TLONG :Long Training Sequence Duration 8us (2xTF F T+ TQI) 

A. Preamble Field OFDM Symbol Generation 

S • 8 tò us 

2x0.8 + 2 K 3.2 = 8.0 us 

I I l l l I l I I "N| 
1I l2 *3 l4 l5 tO l7 l& ^ tI 

J I I I I I I i I 
G I 2 I I T 

Simial Detect, Cmrse Freq. Chatinel and Vino, Frequency 
A G C 1 Diversitv Offset Lstimatioti 
Selection Timing Synchronize 

Fig. 2.7. 802. I l a L A N Data Frame Preamble 

ofisei Lstimaiion 

The Data frame of 802.1 la L A N consists of two different preambles: the Short Sequence 

and the Long Sequence. Each of them serves special purposes. 
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Short Sequence 

The initial 10 symbols (denoted by h to t i 0 in the Fig. 2.7) are called Short Sequences. They 

are used mainly for Frame Detection, Automatic Gain Control, Diversity Selection and 

Coarse Frequency Offset estimation. A short OFDM training symbol consists of 12 

subcarriers, which are modulated by the elements of the sequence S, given by 

S-26,26 = V(13/6)x{0, 0, 1+j, 0, 0, 0, -1-j , 0, 0, 0, 1+j, 0, 0, 0, -1-j, 0, 0, 0, -1-j, 0, 0, 0, 1+j, 
0, 0, 0, 0,0, 0, 0, -1-j , 0, 0, 0, -1-j , 0, 0, 0, 1+j, 0, 0, 0, 1+j, 0, 0, 0, 1+j, 0, 0, 0, 1+j, 0,0} 

The fact that only spectral lines of S_26:26 with indices that are a multiple of 4 have nonzero 

amplitude results in a periodicity of T FFT/4 = 0.8 us. The interval TSHORT is equal to ten 0.8 

ps periods (i.e., 8 us). w(t) is the time domain window function. The time domain Short 

Sequence symbol is generated using IFFT as shown in the Eq. 2.3. As all OFDM symbols 

in 802.11a L A N are comprised of 64 subcarriers, we append zeros to the sequence S to 

extend its length to 64. The time domain OFDM symbol is formed by using FFT. A guard 

interval is appended to the time domain OFDM symbol and two such extended OFDM 

symbols are concatenated together to form a short sequence OFDM symbols. The guard 

interval is a section of the end portion of original OFDM symbol which is cyclically 

appended to the original symbol. 

Long Sequence 

The next two symbols after the 10 short sequences are called Long Sequences. A long 

OFDM training symbol consists of 53 subcarriers (including a zero value at dc), which are 

modulated by the elements of the sequence L, given by 

L-26,26 = {1, L - 1 , - 1 , 1, 1,-1, 1,-1, 1, 1, 1, 1, 1, L - 1 , - 1 , 1, 1,-1, 1,-1, 1, 1, 1, 1,0, 

1,-1,-1, 1, 1,-1, 1,-1, 1,-1,-1,-1,-1,-1, 1, 1,-1,-1, 1,-1, 1,-1, 1, 1, 1, 1} 

The signal is generated according to the following equation: 
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^LONG ( 0 = = wLONG (0 X Lkexp(j2^kAFt) (2.4) 
k=-NST 12 

Two periods of the long sequence are transmitted for improved channel estimation 

accuracy, yielding T L ONG = 1.6 + 2 x 3.2 = 8 us. Zero padding is performed to the sequence 

L to extend its length to 64. The time domain OFDM symbol is formed by using FFT and 

two such OFDM symbols are concatenated together and one guard interval is appended to 

the time domain OFDM symbol to form long sequence OFDM symbols. Short and Long 

sequence symbols are concatenated together to form the Preamble Field. 

B. SIGNAL Field OFDM Symbol Generation 

The OFDM training symbols are followed by the SIGNAL field symbol, which contains 

the RATE and the LENGTH fields of transmitted data packet. The RATE field conveys 

information about the type of modulation and the coding rate as used in the rest of the 

packet. The SIGNAL field is composed of 24 bits, as illustrated in Fig. 2.8. The four bits 0 

to 3 is for RATE information. Bit 4 is reserved for future use. Bits 5-16 encode the 

LENGTH field, with the least significant bit (LSB) being transmitted first. 

R f f l L L E N G T H S I G N A L I A l l . 
(4 bits) (12 bits) (6 bits) 

R R2 R3 R4 R L S B M S B P ••O" ' i r ' "0"- i )"" i )""0" 
0 I 1 I 2 I 3 4 5 I 6 I 7 I 8 I 9 110 J11 I 12 |13 |14 |!5 |16 17 18 119 [20 |2I |22 |23 

Transmit Order 
• 

Fig. 2.8. 802.11 a L A N SIGNAL Field 

The encoding of the SIGNAL field single OFDM symbol is performed with BPSK 

modulation of the subcarriers using convoiutional coding at R = 1/2. The encoding 

procedure, which includes convolutional encoding, interleaving, modulation mapping 

processes, pilot insertion, and OFDM modulation, follows the steps in [22]. The contents of 

the SIGNAL field are not scrambled. As shown in the Fig. 2.9, time domain SIGNAL field 

Chapter Two. OFDM Based Wireless L A N 



Wireless on Fiber 28 

is generated using IFFT (after Serial to Parallel (S/P) conversion) and guard interval is 

appended to form SIGNAL field OFDM symbol after Parallel to Serial (P/S) conversion. 

S I G N A L 
Field Bits 

S IGNAL Field 
O F D M Symbol 

Fig. 2.9. Baseband SIGNAL Field OFDM Symbol Generation 

C Data Field OFDM Symbol Generation 

As shown in Fig. 2.10 raw data is first scrambled, convolution encoded and interleaved. 

Depending on desired data rate puncturing is performed after convolution encoding. The 

OFDM subcarriers are modulated using BPSK, QPSK, 16-QAM, or 64-QAM modulation, 

depending on the RATE requested. 

Data Scrambling Encoding Encoding Puncturing 

Interleaving Mapping 
(BPSK/QPSK/QAM) 

Pilot Insertion 

S/P — > IFFT — > Guard — > P/S — > Baseband 
Interval OFDM Symbol 

Fig. 2.10. Baseband Data Field OFDM Symbol Generation 
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The encoded and interleaved binary serial input data is divided into groups of NBPSC (1,2, 

4, or 6) bits and converted into complex numbers representing BPSK, QPSK, 16-QAM, or 

64-QAM constellation points. The conversion is performed according to Gray-coded 

constellation mappings. In each OFDM symbol, four of the subcarriers are dedicated to 

pilot signals in order to make the coherent detection robust against frequency offsets and 

phase noise. The pilots are BPSK modulated by a pseudo random binary sequence. 

Subcarrier frequency allocation for Data symbol is shown in Fig. 2.11 where d- represents 

data subcarrier and p- represents pilot subcarrier. 

d 0 d 4 P„2id 5 d | 7 P 7 d l g U 2 5 D C d i 4 U 2 9 P 7 djo d G 1*21^1 

-26 0 7 
SubciiiTier Numbers 

21 26 

Fig. 2.11. Data Field Subcarrier Frequency Allocation 

After Serial to Parallel (SfP) conversion, time domain OFDM symbols are formed 

according to the Eq.2.5 where the function, M(k), defines a mapping from the logical 

subcarrier number 0 to 47 into frequency offset index -26 to 26, while skipping the pilot 

subcarrier locations and the Oth (de) subcarrier [22]. The polarity of the pilot subcarriers is 

controlled by the sequence, pn, which is a cyclic extension of the 127 elements sequence 

[22]. 

NSD-I NSJII 
YDATA,n=^SYM(0[t,dk.n^J^M(k)AF(t-rG1)) + pn+i £ Pk,„VQ{j27tkAF(t-TGI))] (2.5) 

The time domain Data field is generated using IFFT and guard interval is appended and the 

Data field OFDM symbol is formed after Parallel to Serial (P/S) conversion. Such Data 

field OFDM symbols are concatenated together and appended with Preamble and SIGNAL 

field symbols to form a data frame. 
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Preamble, SIGNAL field and Data symbols are concatenated together to form a Data 

Frame. Fig. 2.12 shows complex envelope of the Data Frame. Initial portion of which is 

preamble and SIGNAL field symbols and remaining portion is data field symbols. We can 

notice from the Fig. 2.12 that OFDM signal has high peak power as discussed in Section 

2.3.3. 

Fig. 2.13 shows baseband OFDM spectrum. From this figure we can see that maximum 

signal energy is contained within 20MHz bandwidth as specified by 802. I l a standard. 
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D. Up-conversion of Baseband Signal to RF Domain 

The baseband OFDM signal is upconverted to the RF domain through I-Q modulation of 

the baseband signal on to a high frequency carrier. This upconversion is performed in two 

stages. First, the baseband data is upconverted to some intermediate frequency (IF) band 

and then upconverted to a radio frequency band. The baseband data is pulse shaped for 

better spectral efficiency. According to the 802.Ila standard, RF channel center frequencies 

are defined at every integral multiple of 5 MHz above 5 GHz [22]. The relationship 

between center frequency and channel number is given by the following equation: 

Channel center frequency = 5000 + 5 x N c h (MHz) where N c h = 0, 1,...., 200. For our 

research we have used 1 GHz and 5 GHz band. 
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2.4.4 802.11a L A N Software Radio: Receiver 

Receiver design is not specified in the 802.1 la standard. It is an open design issue and it is 

the responsibility of the designer to design algorithms to retrieve the transmitted message. 

However, all receivers follow some steps listed below. 

• Down convert the received signal from RF domain to baseband. 

• Start of frame is detected. 

• Transition from short sequences to channel estimation sequences (Long Sequences) 

is detected, and fine timing (with one sample resolution) is established. 

• Coarse and fine frequency offsets are estimated. 

• The packet is de-rotated according to an estimated frequency offset. 

• SIGNAL Field is decoded to obtain data rate, data length information. 

• The complex channel response coefficients are estimated for each of the subcarriers. 

• For each of the data OFDM symbols: transform the symbol into subcarrier received 

values using FFT, estimate the phase from the pilot subcarriers, derotate the 

subcarrier values according to estimated phase, and divide each subcarrier value 

with a complex estimated channel response coefficient. 

• For each data-carrying subcarrier, find the closest constellation point. 

• Perform Block De-Interleaving and De-Puncturing of received data. 

• De-coding of Convolution Coded Message Field Using Viterbi Algorithm. 

• Perform De-Scrambling to obtain transmitted message bits. 

A. Frame Detection 

The received signal is down-converted from RF domain to baseband through multiple 

stages. As discussed in Section 2.4.3, all 802.11a data frames are preceded by a preamble 

called Short Sequence. The Short Sequence has a unique correlation pattern, which enables 

us to detect it from incoming signal. 
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Fig. 2.14. a) Short Sequence in Time Domain b) Correlation of 
Short Sequence 

The Short training sequence has repetitive correlation property, which is exploited by 

transmitter and receiver to synchronize transmitted and received frames. Ten short training 

sequences are present in the preamble section of each transmitted frame. At the receiver 

end one short training sequence is correlated with incoming transmitted signal. So 10 

correlation peaks are generated one by one. The location of each correlation peak indicates 

the end of one short training sequence and the last correlation peak indicates start of next 

field (Long Sequence) inside the transmitted frame. In conventional methods correlation 

peaks are detected with a threshold. As receiver has a-priori knowledge of arrangement of 

different fields inside the data frame, we can decode the entire frame from there on. Fig. 

2.14a shows time domain Short Sequence and Fig. 2.14b shows corresponding correlation 

sequence. 

B. Automatic Gain Control 

Receiver gain is one of the very first things that need to be set. The preambles in 802.11a 

are composed of 10 short symbols. The first six are used for A G C The auto-correlation 

results used in the frame synchronization block is also used here after signal detection, the 

autocorrelations are averaged to get average signal power and the gain is determined to 
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scale the input power to 1 with some safety margin to prevent a large amount of clipping. 

This gain is used to scale all the samples afterwards within the same packet frame. 

C. Frequency Offset Estimation 

In the 802.1 la L A N data frame preamble is used to estimate subcarrier frequency offset 

and channel response. The subcarriers form an orthogonal set as long as there is no 

frequency offset between transmitter and receiver. However, in all practical systems due to 

drift in oscillators or lack of sampling frequency synchronism, this assumption does not 

remain valid. So frequency offset estimation is one of the biggest challenges in OFDM 

system. We perform two-stage frequency offset estimation. The first stage is called Coarse 

Frequency Offset Estimation and the second stage is called the Fine Frequency Offset 

Estimation. For Coarse Frequency Offset estimation 8 th and 9 t h symbol of Short Sequence is 

used. Due to the shorter length of short sequence symbols (T/4), this offset estimation is 

called coarse frequency offset estimation. 

Z[SS" •SS9] 
CoarseFrequencyOffsel = £ (2.6) 

2 N

 1SHORT 

10 

In Eq.2.6 SSs and SS9 stand for 8th and 9th short sequence symbols respectively. Fine 

Frequency Offset estimation is obtained from two long sequence symbols. 

ZiLSl1 •LS2] 
FineFrequencyOffset = - (2.7) 

2KTLONG 

where LSi and L S 2 stand for two long sequence symbols respectively. Due to the relatively 

longer length of long sequence symbols, this offset estimation is called Fine Frequency 

Offset estimation. By combining course and fine frequency offset estimation, we can arrive 

at a combined frequency offset estimation given as [23]: 
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FreqnencyOffset - ZiLSi". LS2} 
2JVT\ LONG 

+ 
¿[SSir-SS9] 

In 
TSHORT 

10 

(2.8) 

This frequency-offset estimation is used to compensate subcarrier phase rotation during the 

data de-mapping process. Fig. 2.15a shows the constellation with subcarrier phase rotation 

and Fig. 2.15b the corresponding constellation after frequency offset compensation. 
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Fig. 2.15 a) Constellation with subcarrier b) Constellation after frequency offset 
phase rotation compensation 

D. Preamble Assisted Channel Estimation 

For a burst communication system, training symbols are used at the beginning of each 

burst. Since the burst is short, the channel is assumed static over an entire burst so that once 

the channel is estimated, the inverse of the estimated channel response is used to 

compensate the signal for the whole burst. Channel estimation is performed using Long 

Sequences. The next two symbols after 10 short sequences are called Long Sequences. The 

long preamble consists of two back-to-back 64-chip periodic sequences plus two CP's 

(Cyclic Prefix) in front. Correlation between these two sequences is performed to derive a 

frequency-offset estimation that is accumulated across 64 samples. An averaging over the 

64 chips further improves the noise immunity of the estimation. These two symbols are 
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known between transmitter and receiver. So they are used to estimate the channel. At the 

receiver one long training sequence is correlated with the incoming transmitted signal and 

from the correlation sequence the exact location of the long sequences is ascertained. The 

correlation sequence of long sequence is shown in the Fig. 2.16. 

8 0 p 

70 

60 

O 200 400 600 800 1000 1200 1400 

Shift 

Fig. 2.16. CorrelationofLongSequence 

We estimate the channel response from the received Long Sequence by dividing it by the 

transmitted Long Sequence as shown in Eq. 2.9. 

Y (k) = C (Jc)X (k) +N(Jc) 

c ( k ) = m M 
X(K) 

Each sub-carrier k (sub-carriers are narrow band and in this case 312.5 kHz bandwidth), 

experiences a flat fading. In Eq. 2.9 Y is received signal, X is transmitted data, C is the 

channel response and N is the noise. The channel is assumed to be slowly varying, therefore 

does not change within a packet frame. Thus, the estimation is done with the long 

preambles at the beginning of the frame. After the estimation, we need to do one-tap 

equalization for each sub-carrier. One way to achieve that is to divide the received signal 

with estimated channel response to retrieve original transmitted signal as shown in Eq. 

2.10. 
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X(k) = £ f f i (2.10) 
C(Jt) 

Unlike other communication systems, this makes OFDM system to have a simple equalizer. 

Long sequence gives a gross estimation of the channel. One such channel response is 

shown in the Fig. 2.17. 
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Fig. 2.17. Preamble Assisted Channel Response C(k) 

E. SIGNAL Field Decoding 

As discussed earlier each 802.11a L A N data frame contains one field named SIGNAL 

Field. SIGNAL Field is one BPSK modulated OFDM symbol. Data subcarriers of SIGNAL 

Field are extracted using FFT. These data subcarriers are equalized using preamble-assisted 

equalizer. If required, SIGNAL field data subcarriers can be equalized using four pilot 

tones embedded inside the SIGNAL field OFDM symbol as well. Then, BPSK mapped 

data subcarriers are de-mapped and de-interleaved. Viterbi algorithm is used to decode the 

convolution encoded SIGNAL field data. From this SIGNAL field data, data rate and data 

length information is obtained. Depending on this information the rest of the data frame is 

decoded to retrieve the transmitted message. 
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F. Pilot Assisted Channel Estimation 

For long data frames, preamble assisted channel estimation does not remain valid for data 

symbols relatively far away from the frame preamble as the channel changes between 

preamble and data symbols. 
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Fig. 2.18. Comb Type Pilot Subcarrier Arrangement 

To estimate the channel properly, 802.11a L A N data symbols have four pilot subcarriers 

embedded inside the data symbols. This type of pilot arrangement is shown in the Fig. 2.18. 

At each pilot subcarrier location, channel response is known and the channel response for 

the data subcarriers are interpolated using pilot carriers channel responses. For this research 

we have used 'Linear', 'Cubic', 'B-Spline' interpolation methods with varied performances. 

However, during the present research, 'Cubic' interpolation method gave the best 

performance among all. 

G. Data Symbols Demodulation and Transmitted Message Retrieval 

After removing the cyclic Prefix or guard interval from the received data symbols, the 

transmitted data subcarriers are retrieved using FFT. The phase rotations of the subcarriers 

are compensated using frequency offset estimation as described earlier. These data 

subcarriers are equalized either using preamble derived equalizer for small data frames or 

equalized using pilot derived equalizer for long data frames. This equalized data subcarriers 
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(48/symbol) are quantized according to a constellation to obtain the coded message. Fig. 

2.19 shows one such received constellation. 
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Fig. 2.19. Received Data Constellation 

Then, the coded message is de-interleaved and de-punctured. Now, using the Viterbi 

algorithm, the convolution-coded message is retrieved, which is de-scrambled to obtain the 

transmitted message [22]. 

2.5 Summary 

In this chapter we have described an OFDM based wireless L A N (802.11a). First, we gave 

a brief description of OFDM signal. Then we described in detail the Software Radio 

developed for the present research. We took a close look at the transceiver of the 802.11a 

software radio. We described all the blocks of the Transmitter as well as the Receiver. In 

most of the cases the description is supported with figures generated through the software 

radio we developed. For more detailed implementation information the reader is referred to 

[22], 
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CHAPTER THREE 

Transmission of Wireless Signal over Fiber 

3.1 Introduction 
Combined deployment of optical fiber technology and wireless networks provides great 

potential for increasing the capacity and Quality of Service. By using Radio-over-Fiber 

(ROF) technology, the capacity of optical networks can be combined with the flexibility 

and mobility of wireless access networks without significant cost increment. Radio-over-

Fiber is a means for transporting information over optical fiber by modulating the light with 

the radio signal. It provides a transparent medium between wireless transmitter and receiver 

by transmitting a signal in the original RF format. Some of the advantages of using Fiber to 

carry Wireless signal are: 

• Transports signals in native RF format. 

• Simple circuitry at remote location. 

• Better Bandwidth and RF performances. 

• Low noise figure. 

• No signal egress (security). 

• EMI/RFI Immunity (interference). 

• Isolation from lightaing strikes. 

• Low loss compared to coaxial cable. The loss for fiber is 0.4-0.8 dB/km and for coaxial 

cable 1000- 1500 dB/km. 

• Thin cable size, very low cable weight. 

• FIigh frequency, low signal loss. 

• Flexible system configurations. 

These techniques can be used in various applications in an efficient and cost effective 

manner. A few such applications are listed below. 
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1. RF Antenna Remoting and Signal Routing. 

2. CATV. 

3. Wireless Repeaters and Tunnels. 

4. In-Building Coverage. 

5. Traditional IF and L/S-band transport. 

6. RF Delay Lines. 

7. WDM/DWDM Information Networks. 

8. Radio Astronomy. 

This thesis discusses the effects of using fiber in conjunction with the wireless local area 

network standard 802.11a (WLAN) to distribute RF signals. This technique enables us to 

carry W L A N to remote locations. In normal circumstances it is a costly affair to provide 

wireless connectivity to those far-flung locations. Wireless on fiber allows us to perform 

all costly signal processing operation in a central location and less expensive operations in 

remote sites, which reduces the cost of implementation and recurring maintenance cost. 

3.2 WLAN on Fiber System Overview 

Central Station 

Optical 
Source 

Wireless 
Signal 

I E / O \ (0 O/E 
i i 

I Fiber 
I 
• 

Fig. 3.1. Wireless in Fiber System Overview 
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Fig. 3.1 shows a system level overview of wireless signal carried by fiber to a remote 

location or a cell site. For our research we have only considered IM/DD link. This means 

the wireless signal is transported to a remote location by intensity modulating (IM) a 

continuous wave Laser and at the receiver end a square law photo detector (DD) is used to 

retrieve the transmitted wireless signal. From the figure we can see that all complex signal 

processing operations are performed at the central station. Remote antenna site has few 

elements like photo-detector, amplifier and antenna. This saves a lot of money in terms of 

installation cost as well as maintenance cost. All the processing is performed in a 

centralized location and optical system is only used to distribute the wireless signal. 

3.3 Major Components in Wireless over Fiber Link 

In Chapter Two, we have described in detail the OFDM based wireless signal generation 

process. In this section we discuss different optical components used to transport wireless 

signals over optical systems. 

V 

Laser 
bias 

E D F A 

Photodiode 

OSSB, <|> = TC/2 
Fig. 3.2 Major Components in Wireless in Fiber 

In Fig. 3.2 the major components of wireless on fiber are shown for an IM/DD link. Laser 

is the light source. Mach-Zehnder electro-optic modulator (MZM) is used to intensity 

modulate the light with a wireless signal. Single mode fiber is used to carry the intensity 
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modulated optical signal to the remote location. We may require optical amplifiers (Erbium 

Doped Fiber Amplifier-EDFA) to increase the optical signal strength before it is detected 

with a photo-detector. In Fig. 3.2, OSSB means optical single sideband modulation, which 

is elaborated in the following sections. 

3.3.1 Light Source 

For this research, we have only considered continuous wave (CW) Laser as our light 

source. There are other light sources used in optical communication like LED (Light 

Emitting Diode). However, due to spectral purity, the use of Laser is ubiquitous. 

COMmESHtKlN 
RBCtOX 

Fig. 3.3 Laser Power Transfer Characteristics 

However, Laser has a nonlinear power transfer characteristic as shown in Fig. 3.3. For 

digital optical link the bias point of Laser is switched between maximum and minimum 

transmission point on the power transfer characteristics to generate digital bits (Light and 

No Light). However for analog link, the Laser has to be biased in the linear region on the 

power transfer characteristic to intensity modulate the light according to the modulating 

signal. We can achieve intensity modulation by varying the bias current of the Laser in the 

lasing region with the modulating current. To obtain maximum dynamic range, the Laser 

should be biased at midway in the linear region of operation. This is called direct 
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modulation of Laser. However, direct modulation is not suitable for high-speed intensity 

modulation of Laser. The two most important parameters, which influence the selection of 

Laser in analog optical link, are the intensity fluctuation of Laser and the spectral purity of 

Laser. Ideally Laser should generate a constant intensity light. However, due to the 

statistical nature of the gain mechanism in lasing cavity, the light output from the Laser 

fluctuates [24]. This is called Relative Intensity Noise (RIN) of Laser. RIN is defined as: 

RIN = (3.1) 

where APo is the difference between the instantaneous optical intensity and the mean 

intensity Po. 
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Fig. 3.4 Laser RIN 

For direct modulation of Laser, Laser bias current fluctuates, which in turn changes the 

carrier density and the temperature of lasing cavity [24]. Hence, with direct modulation of 

Laser, RIN noise increases with modulation frequency as shown in Fig. 3.4. This prohibits 

the use of direct modulation of Laser in high-speed analog optical link. Spectral purity is 

another important Laser parameter. For high speed, long distance optical link, fiber 

dispersion increases with decrease in Laser spectral purity. This increases inter symbol 

interference and bit error rate. For higher spectral purity Distributed Feedback (DFB) or 

Distributed Bragg Reflector (DBR) Lasers are used instead of Fabry-Perot (FP) Laser [24]. 
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3.3.2 Electro-Optic Modulator 

As discussed in Section 3.3.1, direct modulation of Laser in high-speed analog optical link 

is not suitable due to high RIN. In most of the cases electro-optic modulators are used to 

intensity modulate the Laser output with the modulating signal. Here, Laser bias current is 

held constant, which in turn assures minimum RIN. This is called external modulation of 

Laser and for our research we have used external modulation only. External modulation 

also allows us to perform different signal pre-distortions as well which will be described in 

the remaining portion of this thesis. We have only considered Lithium Niobate crystal 

based Mach-Zehnder (MZ) electro-optic modulator. Electro-Optic modulators modify light 

signals such that they can be used to send data along optical transmission lines. The optical 

signal is actually modulated by an electrical signal through the use of the Lithium Niobate 

crystal (LiNbOs). The crystal's changes in indices of refraction proportionally depend on 

the strength of the electrical field being applied across the crystal. Thus, the extent to which 

the crystal modulates the phase of the light depends on the strength of the electrical signal. 

Basically, this means that any electrical signal, for any application, can be transformed into 

an optical signal simply by applying the signal across the LiNbO? crystal. A commonly 

used figure of merit for electro-optic modulators is the half-wave voltage (V 7 t), which is 

defined as the voltage required to produce an electro-optic phase shift of 180°. Even though 

the electrical field does modulate the phase of the light propagating through the crystal, a 

process is necessary to provide intensity-based modulation from the phase-based 

modulation. To do this, the light signal is separated into two waveguides inside the crystal. 

After modulation, whether conducted on one waveguide or both, the end result by joining 

them at the output is an intensity-based modulation due to the interference of the two paths 

of light. One of the major drawbacks of M Z modulator is its limited dynamic range. The 

power transfer characteristic of M Z modulator is shown in Eq. 3.2. See Appendix-A for 

derivation. 

P 0 (f)=P i n ( t )k[l+cos(;r V R F C O - V 

V 3 1 

B ias )] (3.2) 
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Fig. 3.5 Normalized M Z M Power Transfer Characteristics 

where Pc(t) is optical power output from the modulator, Pjn(t) is optical power input to the 

modulator, V r f ^ ) is passband wireless signal and Vfii a s is modulator bias voltage. For a 

digital optical link the bias point of the MZ modulator is switched between maximum and 

minimum transmission point on the power transfer characteristics to generate digital bits 

(Light and No Light). However, for an analog link, the modulator has to be biased in the 

linear region on the power transfer characteristic to intensity modulate the light according 

to the modulating signal. 

In Fig 3.5 ' X ' marks indicate quadrature bias points V Q = ± kV n/2 where k is an odd 

integer. The MZ modulator is biased at quadrature points to suppress even harmonic 

generation. From Fig. 3.5 we can see that MZ modulator has a sinusoidal power transfer 

characteristics, which restricts the analog signal to occupy a narrow linear region on the 

power transfer characteristics for distortionless operation. For OFDM based W L A N on 

fiber scenario, this is the main constraint because OFDM signal has a high dynamic range 

as discussed in the previous chapter. 
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3.3.3 Optical Fiber 

The information carrying light is carried to the receiving end by fiber. Fiber can be made of 

different materials such as glass, plastic etc. However, for long optical fiber links, only 

glass fiber is used due to its low loss compared to other materials. 

Fiber Attenuation 

Signal attenuation in fiber results from a variety of causes [26]. Signal attenuation in fiber 

depends on the wavelength of operation. For optical fiber communications, two windows or 

range of wavelengths are used. One is 1310 nm window and another one is 1500 nm 

window. 
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Fig. 3.6 Fiber Attenuation with Wavelength 

At 1310 nm fiber dispersion is zero. However, at 1550 nm fiber loss is minimum. These 

two are contradicting requirements. There are fibers, which are manufactured in such a way 

that they possess minimum dispersion at 1550 nm. They are called dispersion-shifted fiber. 

1550nm is the most popular wavelength at present. For our research we have used 1550 nm 

fiber. Typically these fibers have very low loss (0.2-0.5 dB/km) compared to coaxial cables 

(1000- 1500 dB/km). This loss is negligible in OFDM based W L A N on fiber scenario 

compared to loss in the radio channel. 

Fiber Dispersion 

Four major dispersion mechanisms are present in fiber optic transmission. The first one is 

modal dispersion where different modes inside the fiber take different time to reach the 
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receiver [26]. This problem is eliminated by selecting a single mode fiber, where only one 

mode is allowed to exist. For our research we have used single mode fibers to carry 

wireless signal unless mentioned separately. 

The second one is polarization mode dispersion (PMD) of single mode fiber. This 

dispersion is caused by velocity mismatch of two orthogonal axis of fiber. This affects the 

BER performance of very high-speed optical link [27]. This effect can be minimized by 

using polarization-maintaining fiber. For a short wireless on fiber link, this effect is not 

evident and that is why for our present research we have not considered PMD effect. 

The third and fourth ones are waveguide dispersion and material dispersion respectively. 

Waveguide dispersion is caused due to velocity mismatch of the fields traveling in the core 

and in the cladding of fiber [26]-[27]. Material dispersion is caused due to the fact that 

different wavelength travels with different velocities in the fiber [26]-[27]. Due to 

wavelength dependencies, this dispersion is also called chromatic dispersion. These two 

dispersion mechanisms cancel out one another at around 13IOnm wavelength. New fibers 

are made to coincide this phenomenon with minimum fiber attenuation at around 1550nm 

wavelength. 

Chromatic dispersion is negligible across the band in case of analog optical link due to the 

narrow bandwidth occupancy of the analog signal compared to the optical carrier 

frequency. However, this is not true across the two sidebands. The variation in group delay 

between the two sidebands of an analog double-sideband modulated signal can be 

significant, particularly if the RF carrier frequency is large. The difference in group delay 

between the two sidebands causes their phases to rotate with respect to one another. The 

resulting constructive and destructive interference between the two sidebands causes the 

power in the detected signal to vary in a fading pattern which is a function of the fiber 

length traversed. The detected power after the signal has traveled through a length L of 

fiber is [25], 
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P 0 (L ) d f i oc 101og{cos2( 
J t D L ^ f c

2 

)} (3.3) 

The fading profiles due to chromatic dispersion with X0= 1550 nm and D = 17 ps/(nm/km) 

are plotted in Fig. 3.7 for RF carrier frequencies fc of 5.5 GHz and 15 GHz respectively. 

Practical wireless on fiber applications using 802.11a would use the 5-6 GHz U-NII band 

[22]. The first null in the fading profile at this frequency occurs when the signal has 

traveled over more than 100 km of fiber. There is less than 3 dB of attenuation when the 

distance traveled is not more than 50 km. 

fc = 5.5 GHz f c = 1 5 G H z 

Distance in Km Distance in Km 

Fig. 3.7 Chromatic Dispersion Fading in Fiber 

To combat this chromatic dispersion fading in radio over fiber link, optical single side band 

modulation (OSSB) is used [25]. In OSSB optical carrier is modulated with radio signal in 

such a way that it only generates one side band across the optical carrier [25]. In our 

research we have used OSSB configuration in all our experiments. 
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3.3.4 Photo Detectors 

Photo diodes are used as photo detectors in optical communication systems. There are 

different types of photo diodes in use. Among them PIN (Positive-Intrinsic-Negative 

Diode) and APD (Avalanche Photo Diode) photo diodes are used in most applications [26]-

[27]. Due to its high responsivity, high bandwidth and low noise compared to APD, we 

have used PIN diode as our photo detector. 

Photo diodes are square law devices. That means the generated photo current is 

proportional to the square of the incident optical field. It only senses the intensity variation 

of light. In our IMDD link, the wireless signal is carried as intensity variation of light to the 

receiver where the photo diode regenerates the wireless signal in the electrical domain by 

sensing the intensity variation. The photo diode current is shown in Eq. 3.4. 

where Id(t) is the photo diode current. R p d is the PD responsivity in AAV. Pc(t) is the 

incident optical power and I„(t) is the combined noise current. The different noise processes 

present in photo detection process are Shot Noise, Dark Current Noise, Thermal Noise, 

RINNoise [26]-[27]. 

3.4 Signal Modulation Mechanism 
In wireless over fiber schemes the electrical signal is generated first and then it is 

modulated on to an optical carrier. Both these modulation processes are described in the 

following sections. 

3.4.1 Radio Carrier Modulation 

As described before, in our research 802.1 la W L A N is transported over an optical network. 

At present 802.11a L A N use 5-6 GHz U-NII band [22]. The baseband and the passband 

signals are shown in Eq. 3.5. 

Id(t) = R P D P 0 ( t ) + In(t) (3.4) 
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X B B ( t ) = E ( a n + J b n ^ t 

(3.5) 
Y(t)=Re{X B B(t)e j 2 7 t f c t} 

Here, an +Jbn is the complex raw data which are modulated on subcarriers using IFFT to 

form complex baseband OFDM signal X B B ( I ) . The complex baseband OFDM signal is 

oversampled to form X B B ( T ) for digital I-Q modulation using a RF carrier. Then X B B ( I ) is 

upconverted (Y(t)) using a RF carrier fc. The upconversion process is performed in two 

stages. The baseband signal is first upconverted to an intermediate frequency band called IF 

band then it is upconverted to a RF band, which is not shown here for simplicity. Fig. 3.8 

shows an 802.1 la Channel on 5GHz carrier. 
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Fig. 3.8 Wireless Channel on 5 GHzRF Carrier 

Multiple wireless channels are summed up in the RF domain and transported through the 

optical fiber using one optical carrier. Like the single channel case, baseband wireless 

channels are upconverted to the RF domain using different RF carriers and then these 

upconverted channels are summed up to form a composite signal. This composite signal is 
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then used to intensity modulate an optical carrier using an electro-optic modulator. This 

process is called Subcarrier Multiplexing (SCM). 

C ( t ) = ¿ R e { X ^ B ( t ) e j 2 7 t f ^ } (3.6) 
k=l 

In Eq. 3.6, C(t) is the composite signal of N channels and f0k is the RF carrier frequency of 

k-th channel. X K B B is baseband k-th channel data. The composite spectrum of three wireless 

channels in 5GHz band is shown in Fig. 3.9 where the separation between two RF channels 

is 125MHz. 
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Fig. 3.9 Multiple Wireless Channels in 5GHz Band 

3.4.2 Optical Carrier Modulation 

For our research we have used 1550nm Laser as our light source and have only 

experimented with IMDD link. Electro-Optic Mach-Zehnder modulator has been used to 
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intensity modulate the Laser with radio signal. The optical power output from the 

modulator is given as: 

P 0 (t)=Pm ( t)k[l +cos(7r V R F ^ - V B I A S } ] ( 3 ? ) 

JI 

where PQ(t) is optical power output from the modulator, P¡n(t) is optical power input to the 

modulator, V R F(t) is passband wireless signal and V B i a s is modulator bias voltage. With MZ 

modulator we can achieve Optical Double Side Band (ODSB) modulation or Optical Single 

Side Band (OSSB) modulation as shown in Fig. 3.11 [25]. 
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Fig. 3.10 Optical Double Side Band Modulation of Wireless Signal 

Fig. 3.10 shows optical double sideband modulation in an optical spectrum analyzer. We 

can observe optical carrier at 193.408 THz (1550nm) and one wireless channel 5GHz away 

from optical carrier. Here, we can see both the side bands. We can also observe a 3 r 

harmonic RF carrier, which is generated due to the non-linearity of the MZ modulator. 
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Phase Shift, <J> = nil 

a) b) 

Fig. 3.11a) M Z M ODSB Configuration b) M Z M OSSB Configuration 

Fig. 3.12 shows optical single sideband modulation in an optical spectrum analyzer. We 

can observe optical carrier at 193.42 THz (1550nm) and one wireless channel 5GHz away 

from optical carrier with one side band. 
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As we have discussed in Section 3.3.3, optical single side band modulation performs far 

better than optical double side band modulation from chromatic dispersion point of view 

[25]. For our research we have used optical single side band modulation configuration in all 

our experiments unless mentioned separately. 

3.5 Difficulties in Transmission of Wireless Signal over Fiber 

The use of fiber optics to transport digital signals is quite common. However, the 

transmission of analog PvF signals has been limited by the linearity constraints in 

modulating/demodulating devices, and by the distortion effects created by the optical link 

[29]-[33], 

• Use of direct modulation of Laser diode with high frequency wireless signal is not 

feasible beyond 3-4GHz of carrier frequency due to high relative intensity noise beyond 

that modulating frequency range [30]. It forced the use of costly external modulation 

for high speed analog optical link. 

• Mach-Zehnder electro-optic modulator is the widely used external modulator. It has the 

problem of limited dynamic range. Limited dynamic range of MZ modulator is one of 

the concerns of our present research and is dealt in detail in coming chapters. 

• Mach-Zehnder electro-optic modulator has bias drift problem, which affects system 

performances. Over the time its optimal bias point drifts, which necessitates continuous 

bias point tracking. 

• To avoid fiber multi-modal dispersion, costly single mode fiber is used to distribute RF 

signal. In this research we will investigate the use of cheap multimode fibers to 

transport W L A N signals. 

• For short analog optical link, fiber chromatic dispersion has no effect on analog signal. 

However, for long link, fiber chromatic dispersion deteriorates system performance for 

optical double side band modulation. Optical single side band modulation mitigates this 

problem to some extent [25]. 

• Bandwidth and noise processes of photo detectors are also limiting factors in 

transmitting wireless signal over fiber. 
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As discussed in this section, transmission of wireless signal over fiber is limited by various 

constraints mentioned above. These are the main motivating factors for our present research 

where we have investigated W L A N performances on fiber and proposed some methods to 

combat some constraints. 

3.6 Optical Link used in this Research 

During simulation, we have simulated a realistic optic link between wireless transmitter and 

receiver. The simulated optical link parameters are given in Table 3.1. We did some 

hardware verifications in TRLabs, Calgary as well as with the help of RSoft Ine, N Y in 

their research lab in NY. 

Table 3.1 Optical Link Parameters 

Light Source Single Mode Laser 

Laser Operating Wavelength 1550nm 

Laser Type Rate Equation Laser 

Laser Power IOdBm 

Laser RIN -140 dB/Hz 

External Modulator Type Mach-Zehnder Electro-Optic Modulator 

M Z M Extinction Voltage 5V 

M Z M Insertion Loss 3dB 

Fiber Type Single Mode Glass Fiber 

Fiber Length IOkm 

Fiber Attenuation 0.5dB/km 

Photo Detector Type PIN Diode 
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PD Responsivity 0.87 AAV 

PD Dark Current InA 

PD Load Resistance IOOkQ 

3.7 Summary 

In this chapter we have described techniques for sending wireless signal over fiber. We 

discussed different optical link components and their role in analog optical link. We have 

also talked about merits and demerits of each component. We have discussed signal 

modulation techniques using Mach-Zehnder electro-optic modulator. We have provided 

figures obtained from optical spectrum analyzer to shown optical double side band and 

optical single side band modulation. We have discussed in detail the difficulties in 

transmitting wireless signal over fiber. 
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CHAPTER FOUR 

Non-Linear Effects of Optical System on OFDM 

Signal 

4.1 Introduction 
The use of fiber optics to transport digital signals is quite common. However, the 

transmission of analog RF signals has been limited by the linearity constraints in 

modulating/demodulating devices, and by the distortion effects created by the optical link. 

To transport W L A N through fiber, OFDM based radio signal is superimposed on optical 

carrier by intensity modulation of optical carrier using Mach-Zehnder (MZ) electro-optic 

modulator. As described in previous chapters, MZ modulator has a sinusoidal electrical to 

optical power transfer characteristic which restricts OFDM signal to occupy a narrow 

dynamic range in the most linear region of the power transfer characteristic. As discussed 

in Chapter Two, an OFDM signal has high peak to average power ratio and is highly 

susceptible to nonlinear distortions when transported through fiber. In this chapter we 

evaluate the non-linear effects of optical system on OFDM based wireless signals and 

propose some signal predistortion techniques to minimize these distortion effects. 

4.2 Non-Linearities in Optical System 

For the analog optical link used in this research the Mach-Zehnder modulator is the main 

source of nonlinearity. Fiber nonlinearities are not evident in short analog optical links and 

are not be considered in evaluating nonlinear effects of optical systems on OFDM signal. 

Chromatic dispersion of optical double side band modulation is minimized using optical 

single side band modulation as described in Chapter Three of this thesis. We only consider 

non-linear effects of the Mach-Zehnder modulator. 
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4.2.1 Mach-Zehnder Modulator Nonlinear Distortion 

As discussed in Chapter Three, Mach-Zehnder modulator has a sinusoidal power transfer 

characteristics as given in Eq. 4 . 1 (See Appendix-A for derivation). 

P 0(t)=Pm(t)k[l+C0S(7l V * r W - V s i a i } ] ( 4 1 ) 

where P0(t) is optical power output from the modulator, Pi„(t) is optical power input to the 

modulator, V R F ( Í ) is passband wireless signal and Vsias is modulator bias voltage. The 

passband RF signal is given as: 

V R p ^ R e K ^ + j y ^ e J 2 ^ 1 } ( 4 . 2 ) 

where (x¡ +jy¡) is the transmitted complex baseband OFDM signal and f0 is the RF carrier 

frequency. The RF signal is modulated on to an optical carrier using a MZ modulator and 

the optical signal is transported through an optical fiber to the receiving end. The electrical 

signal V R F ( Í ) is re-generated through photo detection at the receiver. However, after going 

through the nonlinear effects according to Eq. 4 . 1 , the photo detected V R F ( Í ) possesses other 

harmonic components as can be seen in Eq. 4 . 3 . See Appendix-B for a detailed derivation 

of Eq. 4 . 3 . 

V = C [1+008(7*¾ X . c ° s 2 < ^ s m 2 . f t-V B } ] ( 4 3 ) 

C - P L M Z G R P D R And Z l = ^ % ^ ; z 2 = í % ^ 

where G R F is the gain of the RF signal, L M z is the insertion loss of MZ modulator, G is gain 

of the optical link, R p d is the photo detector responsivity and R is the load resistance. 

7tV 
For quadrature biasing of the modulator the term cos(——) in Eq. 4 . 3 is zero. For 

quadrature biasing VB=±kV7 t/2 where k-is odd integer. So unless there is bias error, Eq. 4 . 3 

becomes (See Appendix-B for a detailed derivation of Eq. 4 . 4 ) , 
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'JU QO GO 
^ ( 0 ^ 1 + ( 2 1 0 ( 2 2 ) ^ 1 ) ¾ + ! ¾ ^ / 4 4 x 

n=0 n=0 n=l K J 
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-2 J0(Z1) Y J2n+ i(z2)sin(2n+1 )2^1-4^ (-1 ) n !^(z, )cos2n(2 rfct) £ J2n+ i(z2)sin(2n+l)2rfct}sin(—£)] 
n=0 n=l n=0 V i 

We can see from Eq. 4.4 that due to Mach-Zehnder modulator nonlinearity, many more 

other higher order odd harmonics have been generated. This is called nonlinear distortion 

noise (NLD) of the MZ modulator. This is for single 802.11a channel on fiber case. For 

multiple PvF channels, there will be many more intermodulation products along with 

harmonics. Due to bias error from quadrature point, there will be other even harmonics as 

well. That is why maintaining the bias point at the quadrature point is so important for 

analog optical link. We will address Mach-Zehnder modulator bias error problem in 

Chapter Five. From the above discussion we can state that due to Mach-Zehnder modulator 

nonlinearities, there will be in-band as well as out of band NLD noise. In-band NLD noise 

will affect the BER performance of the channel and out of band NLD noise will affect the 

performances of adjacent channels. 

To take a closer look at in-band NLD noise, we select only the fundamental RF carrier and 

filter out other harmonics and DC component to get rid of out of band noise. These yields: 

VRpítKtíJo (Z2)Ji (z, ̂ Trf c I-J 0 (Z 1 )J 1 (z 2)sin2rf ct}sin(^)] (4.5) 

After downconversion to baseband, the received signal becomes (as sin( ^ B )~1 for 

quadrature biasing): 
V 7 T 

V b b (t)=C[{J0 (z 2 )J, (Z1 )+jJ0 (Z1 )J, (z2)}] 
(4.6) 

V V 

We can see from Eq. 4.6 that the in-phase and the quadrature components of baseband 

transmitted signal are coupled together due to NLD and can not be retrieved independently. 
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Hence, we can understand that even if we remove out of band NLD noise through filtering 

in case of single channel operation, the in-band NLD noise remains and there are no direct 

methods to remove in-band NLD noise. Out of band NLD noise will affect the performance 

of adjacent channels if overall system bandwidth is more than one octave. In the following 

sections we will take a closer look at NLD noise and its impact on the performance of 

OFDM signals. 

4.2.2 Effects of Nonlinear Distortion on OFDM Signal 

A. Dependence of Nonlinear Effects on Signal Dynamic Range 

Now we will evaluate the nonlinear effects of Mach-Zehnder modulator on OFDM signal. 

We know that [37], 

J 0 (z) = l ; V z « l 

J , ( z ) = | ; V z « l ( 4 ' 7 ) 

According to Eq. 4.7, for Z1 = x ( t ) « 1 and z 2 = 7 i 0 r f y ^ « 1 , Eq. 4.6 becomes 

VBBW^^^ t íxW+jy í t )} ] (4.8) 

From Eq. 4.8, we can observe that for low dynamic range, we can retrieve the in-phase (X1) 
and quadrature components (y¡) of transmitted OFDM signal correctly. However, for signal 

dynamic range beyond a certain limit incurs more bit errors as evident from Eq. 4.6 due to 

coupling of in-phase and quadrature component of transmitted signal. 

We will now try to draw a limit on the modulation index of RF signal for distortionless 

signal transmission over fiber using Mach-Zehnder modulator. The modulation index is 

defined as: 

^ m a x ( G R F X i ) 0 r m _ m a x ( G R F J l ) 

V V 
v7t v7l 
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According to Eq. 4.6 and Eq. 4.7, the modulation index should be 7tm « 1 or m « 0.3183 

for distortionless transmission. We can regard this as the upper bound of the modulation 

index for distortionless transmission of wireless signal over fiber. We will validate the 

mathematically derived upper bound of modulation index through experimental results in 

the later part of this section. 

We will now evaluate the impact of an increase in modulation index on performance of 

OFDM signal. Fig. 4.1 shows changes in RMS constellation error with increase in 

modulation index. PvMS constellation error has been calculated from 30 data frames and 

each data packet contains 40 OFDM symbols as specified by the guidelines of the 802.1 la 

L A N standard [22] for evaluating constellation error. RMS constellation error is defined as: 

where L p is the length of the packet; Nf is the number of frames for; (I0(i,j,k), Qo(i,j,k)) 

denotes the ideal symbol point of the i-th frame, j-th OFDM symbol of the frame , k-th 

subcarrier of the OFDM symbol in the complex plane; (I(i,j,k), Q(i,j,k)) denotes the 

observed point of the i-th frame, j-th OFDM symbol of the frame, k-th subcarrier of the 

OFDM symbol in the complex plane and Po is the average power of the constellation. 

From the Fig. 4.1 we can see that modulation index beyond 0.1, constellation error 

increases rapidly. This supports our previous analysis that, in-phase and out of phase 

components of transmitted data can be retrieved correctly up to a certain magnitude of 

modulation index (< 0.3183), beyond that they will be coupled together (Eq. 4.6) and will 

incur more bit error. According to the knowledge of the author, no one else has shown 

before the upper bound of modulation index for distortionless transmission of wireless 

signal over fiber with detailed experimental results. 
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Fig. 4.1. RMS Constellation Error vs. Modulation Index. Data Rate 
36Mbps. SNR = 25dB (Average SNR of the complete Wireless on Fiber 
Link) 

B. Dependence of Nonlinear Effects on Data Rate 

For all our analyses we have used 36Mbps as the probe data rate unless specified 

separately. As discussed above, the nonlinear effects depend on the dynamic range of the 

signal. For OFDM based signals, dynamic range is proportional to the number of 

subcarriers in the symbol. In 802.11a L A N all OFDM symbols possess 64 subcarriers, 

which make nonlinear effects data rate independent as can be observed from Fig. 4.2. Al l 

three date rates (36Mbps, 48Mbps and 54Mbps) generate almost equal RMS constellation 

error within usable range of modulation index (< 0.3). For higher modulation index due to 

severe nonlinear distortions there is some deviation in constellation error curves for 

different data rates. 
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Modulation Index 

Fig. 4.2. RMS Constellation Error vs. Modulation Index for different 
Data Rate 

C Nonlinear Effects and SNR 

Fig. 4.3 shows RMS constellation error for different SNR levels. Here also we can see that 

for acceptable constellation error, the modulation index should be less than 0.3. Another 

interesting thing to notice is that beyond modulation index of 0.3, SNR has little impact on 

system performances. Mach-Zehnder modulator nonlinearities dictate the system 

performances beyond this limit. 
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Modulation Index 
Fig. 4.3. PvMS Constellation Error vs. Modulation Index for different 
SNPv. DataRate 36Mbps. 

D. Causal Analysis to Reduce Nonlinear Effects 

From the discussion above, it is clear that we can use Mach-Zehnder modulator only up to 

certain RF modulation index for nonlinear distortionless transmission of RF signal over 

fiber. OFDM based wireless signal which is the probe signal for the present research 

possesses high peak power and consequently high modulation index. However, the 

occurrence of a high power peak is very low in the OFDM signal. Only few random peaks 

possess power well above average signal power. 

Fig. 4.4 shows changes in the modulation index with RF gain. We can see that the mean 

modulation index change is very low compared to conventional modulation index defined 

in Eq. 4.9. Mean Modulation index and conventional Modulation Index are defined 

respectively as: 
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MeanMI= m e a n ( G R F X L ) M 1 = ^ X ( G r f X 1 ) (4.10) 
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Fig. 4.4. Modulation Index vs. RF Gain. Data Rate 36Mbps. SNR=20dB 

We can observe from Fig. 4.4 that with the increase in signal gain, the increase in mean 

modulation index (MeanMI) is much lower compared to conventional modulation index 

(MI). Hence, we can say that mean OFDM signal power is low and only few random high 

energy peaks are responsible for high modulation index. We will now find out what 

percentages of peaks are responsible for modulation index above a certain level. In Fig. 4.5, 

x-axis denotes modulation index (MI) and y-axis denotes percentage of peaks responsible 

for MI > 0.2. From Fig. 4.5, we can see that for the modulation index of 0.2 only few peaks 

are above the threshold modulation index 0.2. For modulation index of 0.3 and 0.4 

respectively, only 0.005% and 0.02% of peaks are above the threshold MI out of 

approximately 3x106 samples. 
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MI=max(Xi)A/pi 
Fig. 4.5. Percentage of Samples above a Threshold Modulation Index. 
Data Rate 36Mbps. SNR=20dB. 

From this discussion we can conclude that if we can somehow get rid of these few high 

energy peaks, the modulation index of the OFDM signal reduces substantially and 

subsequently nonlinear distortions due to Mach-Zehnder modulator are minimized. In the 

following sections we will discuss the high peak to average power problem of OFDM 

signal and propose some methods to overcome this problem. 

4.3 High Peak to Average Power Problem of OFDM 

4.3.1 PAPR Definition and Performance Issues 

One major problem with OFDM is its large peak-to-average ratio (PAPR) which distorts 

the signal if the transmitter contains nonlinear components. The PAPR is defined as: 
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S ( t ) = X K + j b J e ^ 1 

" = 1

 2 (4.11) 
P A P R = m a x o < t < T 1^(01 

P., 

PAPR is defined over a symbol interval. In Eq. 4.11, S(t) is the OFDM signal, N is the 

number of subcarriers, (a,,+ j bn) is complex mapped data, P a v is the average signal power 

over the signal interval. 

The nonlinear effects on the transmitted OFDM symbols due to high PAPR are spectral 

spreading, intermodulation products and warping of the signal constellation. The in-band 

interference increases the BER of the received signal through warping of the signal 

constellation while the out-of-band interference causes adjacent channel interference 

through spectral spreading. The latter is what prevents the usage of OFDM in many 

systems even if the in-band interference is tolerable. Therefore, the nonlinear device 

requires a backoff, which is approximately equal to the PAPR for distortionless 

transmission. Hence, reduction of the PAPR is of high practical interest. 

In Wireless L A N on Fiber, high PAPR of OFDM signal is not desirable because the Mach-

Zehnder modulator has highly nonlinear power transfer characteristics. So before sending 

the signal over fiber, PAPR of the signal has to be reduced. 

4.3.2 High PAPR Distribution in OFDM Signal 

According to the central limit theorem, for a large value of N , the real and imaginary 

components of S(t) in Eq. 4.11 become Gaussian distributed with zero mean. So the 

complex envelope of S(t) has a Rayleigh distribution and consequently the power of the 

complex envelope of S(t) possesses a Chi-Square distribution with two degrees of freedom. 

As quadrature random processes are zero mean Gaussian processes, the power distribution 

will be a central Chi-Square distribution given by: 
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z I 
F(z) = più < z) = £ —¿e^du 

(4.12) 
F(z) = p(R< z) = J"*!* 2 d R 

where u is the complex envelope power of S(t). Hence u/o represents envelope power 

to average symbol power ratio. We will now derive the cumulative distribution function of 

peak envelope power to average symbol power ratio (PAPR) per OFDM symbol. If we 

assume that all the samples are uncorrelated then this can be written as: 

C(z) = p(max(R) <z) = F(z)N 

z „ (4.13) C(z) = [ l - e x p ( - | ) f 

However, the assumption of uncorrelated samples will not hold good for baseband 

oversampled OFDM signals. In that case if the oversampling ratio is T then among F N 

samples we can assume that PN are uncorrelated where P is greater than one [34]. So C(z) 

becomes: 

C(z) = [ l - e x p ( - | ) r (4.14) 

Fig. 4.6 shows the cumulative distribution function (cdf) of the PAPR for an oversampled 

as well as for a non-oversampled signal. Dotted lines are simulation results and solid lines 

are theoretically calculated curves. Here, the number of subcarriers per OFDM symbol is 

64 and the oversampling ratio is 4. 
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Fig. 4.6. a) cdf of non-oversampled signal b) cdf of oversampled signal 

It can be seen that for low PAPR, theoretical and simulated results closely match in both 

the cases. Another thing that can be noticed from the plots is that the probability of high 

PAPR is very low which in turn vindicates the use of some signal predistortion methods 

like clipping to reduce high PAPR. As the probability of high peak is very low, we can 

safely clip those rarely occurring random peaks of the OFDM signal before sending the 

signal over fiber. 

4.4 Reduction of High Peak to Average Power Ratio 

4.4.1 PAPR Reduction Methods 

A. Redundant Coding 

The first method we will discuss is redundant coding. In this method redundant bits are 

appended with data bits to form a message symbol. The basic premise is that among all 

possible message symbols, only those with low peak power will be chosen by coding as 
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valid codewords for transmission [35]. By doing so, we do not introduce any distortion to 

the signals. However, due to the encoding process data rate reduces. 

MuaMrac PEP Usso S E D K B M K C Y (Kb) 
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Fig. 4.7. Tabulated Figure of PAPR Reduction using Redundant Coding [35] 

The PAPR for up to 15 carriers for different bits of redundancy have been tabulated in Fig. 

4.7. In Fig. 4.7, K is number of redundant bits in a message symbol. From the table, we can 

see that with just one bit of redundancy, we can reduce the PAPR down to 4 dB and below 

for up to 15 carriers. And with just a few more bits of redundancy, we can keep the PAPR 

below 3dB. However beyond 16 subcarriers, this method becomes impractical to 

implement. For 802.11a L A N which uses 64 subcarriers per symbol, this method is not 

viable for PAPR reduction of OFDM signal. 

B. Artificial Signals and Convex Optimization 

The method uses artificial signals to reduce the PAPR [36]. When our transmitter and 

receiver use M-point FFT and IFFT, not all M frequencies carry data. Because of the 

lowpass filter at the receiver, only N < M number of carriers actually contain data. Thus, 

we have a few empty carriers per OFDM symbol. The basic premise of this technique is to 

add sine waves at these empty carrier frequencies in such a way that the composite OFDM 

symbol will have a lower PAPR. In [36], they set a desired maximum value of the 

envelope to be C and equate this to the expression for the envelope of the composite signal 
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for one or two artificial signals. The amplitudes, phases and frequencies of these artificial 

signals are found if the equation has valid roots. 

In [36], the case of two artificial signals is analyzed. Convex optimization can be used to 

find a way to utilize all the empty carriers to make the PAPR a global minimum. This turns 

out to be a second-order cone constraint problem. Using this method requires computing a 

convex optimization problem for every OFDM symbol. This is computationally very 

complex and not implementable in real time. 

C. Clipping of OFDM Signal 

Coding is a desirable method to reduce the PAPR for a small number of subcarriers since it 

does not introduce any distortion to the signal. As the number of subcarriers increases, 

coding becomes intractable since the memory needed to store the codebook and the CPU 

time needed to find the corresponding codeword grows exponentially with the number of 

subcarriers. 

10 

5 
Spectral Mask 

— Un-Clipped Signal Spectrum 
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Fig. 4.8. Spectral Leakage due to Clipping. Clipping Threshold = 
3dB. 
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The method for reducing PAPR, whose efficiency does not depend on the number of 

carriers, is clipping. However, as shown in Fig. 4.8, clipping causes significant spectral 

leak into adjacent channels. This out-of-band clipping noise must be filtered to prevent 

adjacent channel interference. However, the act of filtering causes peak regrowth. Hence, 

clipping and filtering is not a good option for PAPR reduction [34]. 

As discussed in Section 4.2.2, the occurrence of high peaks is rare. So clipping of those rare 

peaks is a better method of reducing PAPR of OFDM signal. It is a simple method and adds 

no complexities to the OFDM signal generation process. However, the clipping process 

increases inland as well as out of band clipping noise and affects system performance 

which has to be dealt with separately. 

4.4.2 Proposed Signal Pre-Distortion 

A. Envelope Clipping of Oversampled Baseband OFDM Signal 

As discussed in previous séchons, the occurrence of high PAPR is very low. Hence 

baseband envelope clipping of OFDM signal is a very effective method in reducing PAPR, 

whose efficiency does not depend on the number of subcarriers. 
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Fig. 4.9 shows the complex envelope of oversampled baseband OFDM signal. From the 

figure we can see that OFDM signal possesses random high energy peaks. High energy 

peaks are generated when subcarriers add constructively. Fig. 4.10 shows corresponding 

baseband envelope clipped signal. We can see that during the clipping process, high energy 

random peaks have been removed. The clipping threshold has been set above the RMS 

signal power level and it is defined as: 

CiipTh = IO 
ClipRatio 

20 (4.15) 

In Eq. 4.15, S(k) is the oversampled complex baseband OFDM signal and N is the length of 

the signal. Depending on this clipping threshold, the complex envelope of the baseband 

OFDM signal is clipped according to the Eq. 4.16. 

S(k) = S(Jc) ; V | S'(Jfc) |< ClipTh 
S(K) = ClipThZS(Jfc) ; V | S'(Jfc) |> ClipTh 

(4.16) 

Eq. 4.16 performs a complex envelope clipping of the baseband OFDM signal. The phase 

information remains unchanged after the clipping operation. Due to complex envelope 

clipping of the baseband OFDM signal, the PAPR of the signal reduces considerably which 

can be observed in Fig. 4.11. 
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Fig. 4.11. PAPRof ClippedandOriginal Signal. Clipping Th = 3dB 
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As discussed in Section 4.2.1, reduction of PAPR is highly desirable for OFDM signal 

transmission over fiber. Low PAPR means low modulation index and subsequently less 

non-linear effects due to Mach-Zehnder modulator electro-optic modulator. 
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Fig. 4.12. Spectrum of Clipped and Original Signal with 
clipping threshold 3dB above the RMS signal Power 

However, the clipping process generates a considerable amount of in-band as well as out of 

band clipping noise as shown in Eq. 4.17 where SciiP(t) is the clipped signal, S(t) is the 

original signal and N° l i p(t) is the clipping noise. 

Sciip «) = S(t)+ NCXnd (0 + ̂ 0ZofBand (0 Clip (4.17) 

As shown in Fig. 4.12, clipping causes significant out of band clipping noise in terms of 

spectral leakage into adjacent channels. However, in-band clipping noise is not evident in 

this figure. We have to evaluate it through some other means like BER, RMS constellation 

error etc. 
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During the clipping process we multiply the original signal with a threshold and peaks 

which are above the clipping threshold are replaced by the threshold as shown in Eq. 4.16. 

In frequency domain, the original signal spectrum is convolved with the spectrum of the 

clipping function. This process continues as more and more peaks are clipped. If M is the 

number of clipped peaks over the symbol interval, then the original signal spectrum is 

convolved with the spectrum of clipping function M times which is shown in Eq. 4.18. 

In Eq. 4.18, S(f) is the original signal in frequency domain, Sciip(f) is the clipped signal in 

frequency domain, P(f) is spectrum of clipping threshold and M is the number of peaks 

clipped over the symbol interval. In Fig. 4.13a, one OFDM symbol spectrum is shown and 

Fig. 4.13b shows the spectrum clipping function. For a hard clipping (rectangular window) 

using a threshold, the clipped peak spectrum is a sine function. 

Fig. 4.13 a) OFDM signal Spectrum S(f) b) Clipped Peak Spectrum P(f) 

The repeated convolution of P(f) with S(f), distorts the subcarrier magnitudes of S(f). This 

effect depends on the spectral width of P(f). As the spectral width of P(f) reduces and 

becomes comparable to the subcarrier separation of S(f), the subcarrier magnitude 

distortion reduces due to the convolution process. As the spectral width of P(f) increases, 

the magnitude of present subcarrier is influenced by more adjacent subcarriers and 

consequently distorts the magnitude of all the subcarriers. To minimize this effect, 

Scii P(f) = S(f)*P(f)*P(f)* *P(f) 

Sciip(f) = S(f)*P(f); P(f) = [P(f)*P(f)* *P(f)]lxM 
(4.18) 
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baseband oversampling is perfomed through zero padding of mapped data during the 

OFDM baseband signal generation process. Due to baseband oversampling, peaks are also 

oversampled. That means each peak now has a width which in turn reduces the spectral 

width of P(f) and consequently generates less in-band clipping noise after going through 

clipping process as discussed above. 

We can say from the above discussion that clipping of oversampled baseband envelope is 

an effective method to reduce signal dynamic range and consequently non-linear distortion 

due to electro-optic modulator reduces. However, clipping process introduces noise to the 

original signal and affects system performances. In-band clipping noise is reduced through 

oversampling of baseband OFDM signal. However out of band clipping noise has to be 

handled separately. 

B. Clipped Peak Windowing of Oversampled Complex Envelope of Baseband OFDM 

Signal 

Out-of-band noise can be reduced by applying windowing to the clipped peak. This process 

will remove the sharp edges of the clipped peak and subsequently reduce spectral leakage. 

We will call this oversampled clipping and windowing process Soft-Clipping. Four 

windows were investigated: Gaussian, Tukey, Chebyshev and Kaiser. Each window has its 

unique characteristic. The objective is to select the optimal window that can lower PAPR 

and keep the performance loss to a minimum amount. 

S(k) = S(k) ;V\S(k)\< ClipTh 
S(k) = W(k)ZS(k) y\S(k)\>CiipTh 

Eq. 4.19 describes the Soft-Clipping process. W(k) is the real valued window function. 

Following the discussion above, the original signal spectrum S(f) is convolved with the 

spectrum of window function (W(f)) M times after the soft-clipping process. 

S c l i p (f) = S(f)*W(f)*W(f) *W(f) 

Sciip(f) = S(f)*W(f) ; W(f) = [W(f)*W(f) * W ( f ) ] l x M 

(4.20) 
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As side lobe attenuation of W(f) is better than P(f) (rectangular window), it is expected that 

soft-clipping process will reduce out of band clipping noise. We have considered different 

window functions like Kaiser, Gaussian, Tukey, and Chebyshev for our soft-clipping 

purposes. Each of them has its merits and demerits. We have found Kaiser window as the 

best window function from minimum main lobe width and maximum side lobe attenuation 

point of view. Baseband OFDM spectra after Soft-Clipping with different Window 

Functions are shown in Fig. 4.14. 
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Fig. 4.14. Baseband OFDM spectrum after Soft-Clipping with Different 
Window Functions 

Fig. 4.14 shows spectra of un-clipped signal, clipped signal and soft-clipped signal. The 

spectral width of window function (W(f)) is more than P(f) (spectral width of rectangular 

window) for same oversampling ratio. That is why repeated convolution of W(f) with S(f) 

distorts subcarrier magnitudes of S(f) more than similar repeated convolution of P(f) with 

S(f). Consequently soft-clipping process increases in band clipping noise. Nevertheless, due 

to higher sidelobe attenuation of W(f) compare to P(f), soft-clipping has high promise to 
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reduce out of band clipping noise. From Fig. 4.15 we can observe that soft-clipping 

generates less out of band noise compared to only oversampled-clipping process. 

Clipped-Windowed 

Un-Clipped 

0.5 
x 1 0 

Fig. 4.15. Un-Chpped, Clipped (Clipping Th = 3dB) and Soft-Clipped 
(Kaiser, 5.6) OFDM signal Spectrum at Baseband. 

The performance of this soft-clipping process depends on the type of window function and 

the window parameters used to design that window. The window function used in soft-

clipping should have optimum main lobe width (comparable to the subcarrier spacing in the 

OFDM symbols) and maximum sidelobe attenuation. In an iterative method we have to 

find the best window function and window parameters of the window function so that it 

generates minimum amount of in-band as well as out-of-band clipping noise. We will 

evaluate the performance of these signal predistortion processes in the following sections. 

These are very interesting signal predistortion processes and no one else has performed 

experimentations and analysis to show their performances in mitigating nonlinear effects of 

optical system on OFDM signal. 
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6.5 Performance of Proposed Signal Pre-Distortion Methods 

In this section we evaluate the performance of the proposed signal pre-distortion methods 

in mitigating optical system nonlinearities. We have already explained that OFDM signal 

with high dynamic range is very much susceptible to nonlinear distortion (NLD). Our 

proposed signal predistortion methods are meant for mitigating nonlinear effects of the 

optical system on the OFDM signal in terms of reducing in-band as well as out-of-band 

noise due to NLD. However, signal predistortion adds extra noise to the original signal 

which diminishes the fruitfulness of signal predistortion process. That is why we have to 

strike a trade-off between nonlinear effects and the amount of signal predistortion to 

achieve best overall system performance. 

S R ® = S(t) + NcIgnd (t) + NCIIPMAND (t) + Ngjgnd (t) + N 0 ^ 8 a n d (0 + NAdditive (0 (4.21 ) 

Eq. 4.21 shows the combined noise process. S(t) is the original signal, N c l i p(t) is the noise 

due to signal predistortion, N n l d ( I ) is the residual noise due to NLD. Hence, the objective 

of the signal predistortion is to minimize combined noise due to NLD and signal 

predistortion. 

A. Reduction in Dynamic Range 

As discussed earlier the high peak to average power ratio of the OFDM signal makes it 

susceptible to nonlinear distortions. With the proposed signal predistortion methods, the 

dynamic range of the OFDM signal reduces. Fig. 4.16 shows that the predistorted signal 

has a lower dynamic range compared to the original signal. We can see that as the clipping 

threshold decreases, the dynamic range of the signal reduces. However, the clipping 

operation can not be performed beyond a certain limit. Beyond that clipping noise becomes 

unacceptable. 
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From Fig. 4.16 we can also see that apart from reduction in PAPR due to signal 

predistortion, the variation in PAPR of the predistorted signal is much less compared to the 

original signal. This eliminates the sudden occurrence of high peaks. As discussed in earlier 

sections, only a few peaks possess high amplitude and signal predistortion will prohibit 

them from occurring. Due to the lower dynamic range, predistorted signal is less affected 

by NLD. 

Wireless on fiber link is comprised of many nonlinear devices such as electro-optic 

modulator, RF High Power Amplifiers, Optical Amplifiers, Photo Detector etc. Hence, the 

lower dynamic range of the predistorted signal makes it more robust against the combined 

NLD of all of these nonlinear devices. In our present research we have not evaluated the 

performance of the predistorted signal against the combined NLD of all the nonlinear 

devices in the wireless on fiber link. We have only considered the NLD of the Mach-

Zehnder modulator. 

Chapter Four: Non-Linear Effects of Optical System on OFDM Signal 



Wireless on Fiber 82 

B. Reduction in Out of Band Power 

From Eq. 4.21, we know that out-of-band noise is generated both due to NLD 

iNOuiojBandit)) and signal Predistortion (Nou%fBand(t)). We will first evaluate out-of-

band noise due to the signal Predistortion ( ^ o „ ^ B a W i / ( 0 ) - 0 n e 802.11a channel occupies 

20MHz bandwidth. The signal predistortion operation generates a substantial amount of out 

of band noise across the RF carrier. However, soft-clipping decreases the out-of-band noise 

i ̂ jOutOfBandit)) by more than 20dB over a 1 OOMHz bandwidth as can be seen in Fig 4.17. 

This reduces cross talk between adjacent 802.1 la channels. 

X 1 0 
Fig. 4.17. Original, Clipped (Clipping Th= 3dB) and Soft-Clipped 
(Clipping Th= 3dB, Kaiser 5.6) OFDM Spectrum at Baseband. 

We will now evaluate out-of-band noise due to NLD (NouIofBandit))- With the increase in 

RF power to the electro-optic modulator, odd order RF harmonics power also increases 

(considering quadrature biasing of modulator). This severely affects system performance if 

the overall bandwidth is more than one octave. The proposed soft-clipping reduces the out-

of-band NLD noise NouIofBandit) significantly which can be seen in Fig. 4.18. 
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b) R F Gain in dB 
Fig. 4.18. a) Modulation Index vs. RF Gain b) Third Harmonic to 
Fundamental Power vs. RF Gain 

From Fig. 4.18, we can see that with our proposed signal predistortion method, depending 

upon clipping threshold, the third harmonic RF power reduces by 5 - 9dB compared to the 

original signal when the modulation index is MI > 0.1. We may therefore conclude that the 

proposed signal predistortion method reduces both out-of-band clipping noise and out-of-

band NLD noise. 

C. RMS Constellation Error Performance 

The bit error rate performance of the system depends on signal to in band noise ratio. Here, 

noise is comprised of noise due to NLD, noise due to signal predistortion and additive 

noise. NLD noise and signal predistortion noise are interrelated. As clipping level increases 

NLD reduces but clipping noise increases. 
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Fig. 4.19. RMS Constellation Error vs. Modulation Index for Original 
Signal, Oversampled Clipped Signal (Clip Th = 3dB) and Soft-Clipped 
Signal (Clip Th 3dB, Kaiser-5.6), SNR = 35dB, Data Rate = 36Mbps. 

Fig. 4.19 shows the RMS constellation error of the original signal, the baseband 

oversampled clipped signal and the soft-clipped signal. The original signal performs better 

than both signal predistortion methods below certain modulation index. This is because for 

low modulation index region, in band NLD noise is low and subsequently signal 

predistortion process in this region is not required. It adds only clipping noise without 

improving NLD performance. However, beyond a certain modulation index, increase in in-

band NLD noise surpasses in-band signal predistortion noise and predistorted signal 

performs better in that region and the performance of predistorted signal becomes 

comparable to the original signal. 

To assess the performance of the proposed predistortion method we transmit the famous 

'Lena' image using 802.11a L A N over fiber. We have considered a 10km fiber and 

36Mbps of data rate. Fig. 20a shows the transmitted image without signal predistortion and 
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Fig. 20b shows the transmitted image with signal predistortion. We have used Soft-

Clipping as signal predistortion method and a modulation index of 0.4. 

Fig. 4.20. a) Transmitted Image without Signal Predistortion. b) Transmitted 
Image with Signal Predistortion (Soft-Clipping, Kaiser-5.6, Clip Th = 3 dB). MI= 
0.4 for both the cases. 

We can see that the predistorted image transmission performs the same as the image 

transmission without signal predistortion. However, if we compare both the images in 

conjunction with other parameters like dynamic range, spectral leakage, out of band power 

generation, robustness against nonlinear distortion, the proposed signal predistortion 

methods outperform RF signal transmission over fiber without signal predistortion. The 

comparison is given in Table 4.1. 
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Table 4.1 
Comparison of Image Transmission with and without Signal Predistortion in 

W L A N on Fiber 

Image Transmission with Signal 
Predistortion 

Image Transmission without Signal 
Predistortion 

Image Qualities same as without 
predistortion 

Image Qualities same as with 
predistortion 

Peak to Average Power Ratio (PAPR) 
= 6dB 

Peak to Average Power Ratio (PAPR) 
= IldB 

Third Harmonic of RF Carrier to 
Fundamental RF Carrier Power Ratio 
(H3/H1) = - 40 dB 

Third Harmonic of RF Carrier to 
Fundamental RF Carrier Power Ratio 
(H3/Hl) = -25 dB 

Due to low dynamic range robust 
against non-linear distortions 

Due to high dynamic range vulnerable 
against non-linear distortions 

4.6 Summary 

In this chapter we have discussed nonlinear distortion of the Mach-Zehnder modulator in 

detail. We derived a mathematical upper bound of the modulation index for nonlinear 

distortionless transmission of wireless signal over fiber. We discussed the high peak to 

average power problem of OFDM signal and its adverse effects on system performance. 

We described different PAPR reduction methods. We then discussed our proposed signal 

predistortion methods with detailed experimental results. 
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CHAPTER FIVE 

Lithium Niobate Based Mach-Zehnder Modulator 

Bias Control 

5.1 Introduction 

Electro-Optic modulators modify light signals in such a way that they can be used to send 

data along optical transmission lines. The optical signal is actually modulated by an 

electrical signal through the use of the different crystals [41]. For our research we have only 

used Lithium Niobate crystal (LiNb03). The crystal's index of refraction is a linear 

function of the strength of the electrical field being applied across the crystal. Thus, the 

extent to which the crystal modulates the phase of the light depends on the strength of the 

electrical signal. Basically, this means that an electrical signal, for any application, can be 

transformed into an optical signal simply by applying the signal across the LiNb03 crystal. 

A commonly used figure of merit for electro-optic modulators is the half-wave voltage (V j c) 

which is defined as the voltage required to produce an electro-optic phase shift of 180°. 

Even though the electrical field does modulate the phase of the light propagating through 

the crystal, a process is necessary to provide intensity based modulation from the phase 

based modulation. To do this, the optical signal is separated into two waveguides inside the 

crystal. After the phase modulation, whether conducted on one waveguide or both, the end 

result by joining the light signals from two waveguides is an intensity based modulation 

due to the interference of the two paths of light. This interference based intensity modulator 

is called Mach Zehnder modulator. 

The use of optical fiber to transport digital signals is quite common. However, the 

transmission of analog RF signals has been limited by the linearity constraints in the 

modulating/demodulating devices, and by the distortion effects created by the optical link. 

In analog optical links like the 802.11a wireless L A N over fiber, the Mach Zehnder (MZ) 
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modulator is the main source of nonlinearities. To reduce nonlinear distortion (NLD), the 

MZ modulator is biased in the most linear portion of its sinusoidal power transfer 

characteristics. This point is called the quadrature bias point. Quadrature biasing is 

elaborated in the following sections. Quadrature biasing ensures maximum dynamic range 

of operation. It also ensures that no even harmonic is generated due to the modulation 

process. However, it is difficult to maintain a quadrature bias point over time due to drifts 

in the M Z M power transfer characteristics. We have to track the drift and adjust the bias 

voltage correspondingly so that the bias point remains at quadrature point on the power 

transfer characteristics for all time. 

In most favored methods of bias control in analog fiber optic links, an unmodulated pilot 

tone is injected into the modulator along with other radio channels and the drift in the bias 

point is tracked by monitoring the second harmonic component of the pilot tone at the 

modulator output. However, pilot tone based bias tracking reduces the overall 

intermodulation free dynamic range of the link. In this thesis we propose a method where 

M Z M bias drift is tracked and maintained at the desired point using the preamble of the 

802.11a wireless L A N data frames. This method is specific to the 802.11a wireless L A N . 

However, since the data frames of all present wireless communication systems possess 

preambles, the proposed tracking mechanism can be applied. 

5.2 Drift in MZ Modulator Quadrature Bias Point 

5.2.1 MZ Modulator Biasing 

The linear electro-optic effect is the change in the index of refraction which is proportional 

to the magnitude of an externally applied electric field. The effect of an applied electric 

field on the index of refraction, seen by an optical beam polarized in an arbitrary direction 

in a crystal, is described by a third rank tensor [39]. Ignoring the vector nature of the 

physical quantities, the effect of an external electric field on the index of refraction of a 

crystal has the form, 

An=n^r| (5.1) 
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where An is the change in the index of refraction, no is the unperturbed index of refraction, r 

is the appropriate element in the electro-optic tensor, and E is the applied electric field to 

the electrodes (Fig. 5.1). This effect is small even in the few crystals with large electro-

optic coefficients [41]. 

"1 1 J - - * 
T—-T—r—i—r—rzrr 

Electro-optic Crystal 

Pdanaer 
(optional) 

Phase Modulated 
Output Beam 

Signal Source 
or Oscillator 

Fig. 5.1. Electro-Optic Effect 

The optical phase shift, obtained from applying a voltage, V, between the electrodes is 

given by 

Ao?= 
Trn'rV L 

"k d 
(5.2) 

where X is free space wave length, d is separation between electrodes and L is crystal 

length. A commonly used figure of merit for electro-optic modulators is the half-wave 

voltage, V j l which is defined as the voltage required to produce an electro-optic phase shift 

of 180°. Substituting into the preceding equation yields 

Even though the electrical field does modulate the phase of the light propagating through 

the crystal, a process is necessary to provide intensity based modulation from the phase 

based modulation. To do this, the optical signal is separated into two waveguides inside the 

crystal. After the phase modulation, whether conducted on one waveguide or both, the end 

result by joining the light signals from two waveguides is an intensity based modulation 

due to the interference of the two paths of light. The optical power output from the MZ 

modulator is given in Eq. 5.4. See Appendix-A for detail derivation. 
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P 0 ( t )=P i n ( t )k [ l+cos(^ V R F C O - V 

V I I 

B ias 
•)] (5.4) 

Modulator 

QUAD+ 

Fig. 5.2. Mach-Zehnder Modulator Biasing 

In Fig. 5.2, vertical axis shows optical power output from modulator (PG(t)) and horizontal 

axis shows applied voltage to the modulator. Both from Eq. 5.4 and Fig. 5.2, we can see 

that optical power output from Mach-Zehnder modulator has sinusoidal relationship with 

the electrical voltage input to the modulator. To achieve a consistent operation, the 

modulator is biased at a particular point on the power transfer characteristic as shown in 

Fig. 5.2. For most digital applications, the bias point is switched between M A X and MIN 

point in Fig. 5.2. This switching operation generates two desired binary outputs, light and 

no light. For most of RF applications, the modulator is biased at the inflection points on the 

power transfer characteristic. These points are called quadrature bias points and denoted as 

QUAD in Fig. 5.2. These bias points allow maximum dynamic range of RF operations. 

From Eq. 5.4, we can see that quadrature bias point is V Q = kV r t/2, where k = odd integer. 

Due to the periodic nature of the power transfer characteristic, there can be an infinite 

number of QUAD points. However, to minimize the applied DC bias voltage, the first few 

QUAD points are preferred for RF applications. Due to the odd symmetry across the 

QUAD points, quadrature biasing ensures no even harmonic generation due to the RF 

modulation process. Hence, with quadrature biasing we not only achieve maximum 
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dynamic range but also minimum harmonic distortion. The quadrature bias point on the 

positive slope of the power transfer characteristic is denoted as QUAD+ and on negative 

slope of power transfer characteristic, it is denoted as QUAD-. 

5.2.2 Drift in Quadrature Bias Point 

Studies have shown that VN drifts as a result of changes of the coefficient r (Eq. 5.3), which 

is caused by pyroelectrically induced charges, strain-induced phase retardation and is 

accelerated by heightened temperatures [39]. Studies have also shown that a higher V n 

value results in a higher rate of change of VN [40]. Conversely, a lower V 7 c results in a lower 

rate of change, making it more desirable to have a modulator whose VK is near zero. Not 

only a lower V n requires less power, but it also will dampen the effect of the VK drift. It is 

also desirable to have a near-zero VK because a large drift may require more voltage than 

the available voltage from a given power source. 

Effectof MZM bias drift 

Fig. 5.3. Drift in M Z M Power Transfer Characteristics due to Drift in VK 

In order to attain maximum dynamic range and to ensure no even harmonic generation, the 

modulator should be biased at a quadrature point at all times as discussed in the previous 

section. The quadrature point is denoted in the Fig. 5.3 as 'Quad'. For quadrature biasing of 

the modulator, a constant bias voltage V b = kV r t/2, where k = odd integer, must be applied 

to it. Due to the drift of VN, the power transfer characteristic moves back and forth over a 

period of time as shown in the Fig. 5.3. However, the bias voltage remains at a constant 

value, which is no longer at quadrature point on the power transfer characteristics. This 
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causes problems because it generates even harmonic distortions and increases bit error rate 

and out of band power. 

5.2.3 Effects of Drift in Quadrature Bias Point 

As discussed in the previous section, M Z modulator should be biased at quadrature bias 

points for most linear operation. This is mandatory for wireless signal transmission over 

fiber if minimum signal distortion is desired. However, a quadrature bias point is not 

constant; it drifts with drifts of V 7 c , whereas the applied bias voltage remains constant at a 

point, which is no longer a quadrature bias point. 

QUAD Drift in Degree 
Fig. 5.4. Change in RF Signal Power with Change in VBias 

In Fig. 5.4, V Q denotes a quadrature bias point on the MZ modulator power transfer 

characteristic (MZM TF). H l denotes the fundamental RF carrier, H2 denotes the second 

harmonic of the RF carrier and H3 denotes the third harmonic of RF carrier. In Fig. 5.4, 

vertical axis denotes RF signal power and horizontal axis denotes bias drift from the 

quadrature bias point V Q We will call it QUAD drift. With no QUAD drift, the applied bias 

voltage operates at VQ. With the QUAD drift, V Q moves to a new value, however the 

applied bias voltage remains constant at the previous V Q value, which is no longer a QUAD 

point. We can see that with a QUAD drift, the fundamental RF carrier power decreases and 
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harmonic power increases. Beyond a certain bias drift, most of the power is carried by even 

harmonics. This will increase bit error rate and if the link bandwidth is more than one 

octave, it will affect adjacent radio channels. 

Due to high dynamic range, the OFDM signal is more susceptible to these effects. Hence, 

maintaining the bias point at the quadrature point is the most important issue in OFDM 

based wireless on fiber link. Fig. 5.5 shows the second harmonic PvF power variation with 

QUAD drift in the 802.1 la L A N on fiber. The vertical axis shows the ratio of the second 

harmonic power (H2) and the fundamental carrier power (HI). The power has been 

calculated over a 120MHz bandwidth across the carrier. We can see that at quadrature bias, 

we have minimum second harmonic power and for 10 degrees of QUAD drift, the second 

harmonic power increases by 20 dB. 
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Fig. 5.5. Change in Second Harmonic RF Signal Power with 
Drift in QUAD Point in 802.1 la L A N 

Analytical models and experimental measurements have both shown that for an external 

modulation link that uses a low-noise continuous-wave laser in conjunction with an M Z M 

at its quadrature bias and a detector operating at a DC photocurrent of 2.5 mA, the link's 

intermodulation-free dynamic range (IMFDR) is about 70 dB in a I-MHz instantaneous 

receiver bandwidth [42], Failing to maintain quadrature bias can substantially reduce this 

dynamic range, because the input power level at which the second-order distortion products 
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exceed the output noise can lie below the input power level at which third-order distortion 

products exceed the output noise. Fig. 5.6 shows the IMFDR reduction caused by M Z M 

bias errors of up to 45 degrees off quadrature. Note from Fig. 5.6 that a bias error of even 

1 degree reduces the IMFDR by about 3 dB [42]. 

Effect of bias error on IMFDR 
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5.6. Effects of Bias Error on IMFDR [42] 

i 

5.3 Quadrature Bias Point Drift Tracking and Bias Control 

5.3.1 Present Bias Control Mechanisms 

• Pilot Tone Assisted Bias Control: This is the most used Mach-Zehnder modulator bias 

control mechanism in the industry at present. In this method, a low frequency tone 

called the pilot tone is modulated on to an optical carrier along with the original radio 

frequency signals using a Mach-Zehnder modulator. At the transmitter a small 

percentage of modulated optical signal is tapped and photo detected to obtain an 

electrical domain signal. To track the bias drift, the second harmonic of the pilot tone is 

monitored. Then, depending on the power variation of the second harmonic of the pilot 

tone, the bias point is adjusted so that the second harmonic pilot tone power is 

minimized. This is conceptually simple and easily implementable. The problem is that 

with the injection of a pilot tone along with the original signal, the intermodulation free 

dynamic range of the link reduces [42] (see Appendix-C for impact of pilot tone on 
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IMFDR of the link). As discussed in previous chapters, OFDM based wireless signal 

has high dynamic range which makes a pilot assisted bias control not the best option. 

• Q-Factor Based Bias Control: This method is proposed by an organization called 

Actema Communications and Management Solutions [47], The optical transmitter is 

connected with a Q-factor meter which continuously monitors the dynamic range of the 

signal coming out of the modulator compared to the signal going to the modulator and 

adjusts the bias point so that the output signal obtain maximum dynamic range [47]. 

The implementation details and, more importantly, the effectiveness of the method is 

not known and is not published in the literature. For a wideband W L A N on fiber, it is 

not known how the method will work. 

• Asymmetric Arms based Modulator: Studies have shown that the optimal bias point 

drifts as a result of pyroelectrically induced charges and strain-induced phase 

retardation, and is accelerated by heightened temperatures. The latter two factors 

scarcely affect the drift of the modulator under ordinary operating temperatures [39]. 

The pyroelectric effect can be compensated, to some extent, by using an asymmetric 

arm design [39]. However, the success of this method depends heavily on the design of 

the optimal arms asymmetry level, which is a big manufacturing challenge. Probably 

because of this reason the method is not used in practice. 

Among the methods, only the pilot assisted bias control is used in the industry and various 

products are available based on this concept. However, due to the limitation of the pilot 

assisted bias control mechanism, specifically in case of wideband wireless L A N on fiber, 

the need for another alternative method is felt. This is the main motivation for the 

investigation of the proposed bias control method for the wideband wireless L A N on fiber. 
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5.3.2 Proposed Quadrature Bias Point Drift Tracking 

A. Preamble Tracking 

In our proposed method we track the QUAD drift by tracking the power variation of the 

preamble of the 802.11a L A N data frames. Each 802.11a L A N data frame possesses a 

preamble. The initial portion of the preamble is called the short sequence which is 

comprised of ten periodic symbols [22]. The received signal is correlated with the known 

short symbol at the receiver according to Eq. 5.5. 

150 

2000 
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Shift 

2000 

Fig. 5.7. a) Short Sequence in the Preamble of Received Signal b) 
Correlation Sequence 

D 

D 
(5.5) 

zZ^k+n^k+n 
A=I 

where X is the received signal, SS is the one short sequence symbol, D is the duration of 

one short sequence symbol in samples and C is the normalized correlation coefficient. Fig. 
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5.7a shows 10 short sequence symbols in the preamble of the received signal. Now, when 

one short sequence symbol is correlated with the received signal according to Eq. 5.5, it 

generates a predefined correlation sequence as and when it is correlated with the 

transmitted short sequence in the received signal. As the preamble of the transmitted signal 

has 10 such short sequences, the correlation process generates 10 correlation peaks as 

shown in Fig. 5.7b. By detecting these 10 correlation peaks, we can detect the short 

sequence from the received signal. 

The preamble is originally meant for frame detection and frequency offset estimation at the 

receiver [22]. Here we will additionally track the power variation of the short sequence to 

track MZ modulator QUAD point drift. This is a novel method of QUAD point drift 

tracking of Mach-Zehnder modulator. In this thesis we use the term preamble and short 

sequence synonymously. 

B. Overview of Bias TrackingMethod 

As discussed earlier, at quadrature biasing, no even harmonics of the PvF carrier is 

generated during the modulation process. However, over the time, the QUAD point drifts 

and the applied bias voltage no longer operates at QUAD point and subsequently even 

harmonics start to generate. 

Due to the higher power level among all even harmonics, the second harmonic power 

variation is monitored to ascertain the MZ modulator QUAD point drifts. The basic block 

diagram of the proposed MZ modulator bias control mechanism is shown in Fig. 5.8. In this 

method the preamble is extracted from the second harmonic of the RF carrier, and 

subsequently, the preamble power variation is monitored. Fig. 5.8 shows a wireless on fiber 

system with a bias stabilization loop. The details of the wireless on fiber system are 

provided in Chapter Three. The bias stabilization loop is comprised of a photo detector, a 

bandpass filter, a low noise amplifier (LNA), a downconverter, a correlation block and a 

bias voltage adjustment block. In this analysis we only consider the bias stabilization loop 

and not the main signal carrying path (Fig. 5.8). As shown in Fig. 5.8 at the transmitter, a 

small portion of the optical signal is tapped and converted to the electrical domain through 
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photo detection. The second harmonic of the RF carrier is selected with a bandpass filter 

and then amplified (LNA- Low Noise Amplifier) and downconverted to baseband. 

Ch n 
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Preamble Power Monitoring 
and Decision Block 
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Complex Correlation 
to Detect Preamble 

Fig. 5.8. Proposed MZ Modulator Bias Control Mechanism 

Then the preamble is detected from the baseband received signal using the correlation 

process described earlier in this section. Ideally, for the quadrature biasing, preamble power 

received from the second harmonic of the RF carrier should be zero. However, with the 

drift in the QUAD point, the preamble power received from the second harmonic of the RF 

carrier starts to increase. The MZ modulator bias voltage is adjusted continuously in such a 

way that the detected preamble power is minimized. This process ensures continuous 

quadrature biasing and minimum distortion in the wireless on fiber link. 

C Preamble Detection and Bias Tracking 

In the proposed bias tracking method, we have to first detect the short sequence from the 

received signal and then have to track its power variation. However, the detection of the 

short sequence is not a straight forward process. The received signal has gone through a 

second order nonlinearity as it is retrieved from second harmonic of RF carrier. Hence, 

direct correlation between a known short sequence and the received signal will not produce 

the expected pattern of correlation sequence and subsequently detection of the short 
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sequence is not possible. To accomplish this, the known short sequence has to be modified 

according to the nonlinear effect experienced by the received signal. This will once again 

generate the known pattern of correlation sequences from the correlation process and 

subsequently the short sequence detection is possible. 

We will now develop the mathematical model of the nonlinear effects experienced by the 

received signal. We have to basically model the signal generation process from the MZ 

modulator. Fortunately, the MZ modulator nonlinear distortion is predictable and stable in 

nature. Hence, we can pre-modify the known short sequence with the nonlinear 

mathematical model. The optical power at the MZ modulator output is given as (see 

Appendix-A for derivation): 

P0(t)= ? i n ( t ) L M Z [l+cos( GRF yRF(t)-V B M ( 5 6 ) 

where R n is input optical power, L M z is the M Z M insertion loss, V R F ( t ) is the RF signal, V B 

is the M Z M bias voltage and G R F is the high power amplifier (HPA) gain (Fig. 5.8). The 

composite RF signal can be written as: 

V R F ^ X E R ^ C , ^ 1 } ] (5.7) 
k i 

where C¡k is the complex envelope of the baseband OFDM signal, (OK

C is the k-th channel 

RF carrier frequency. After substitution of Eq. 5.7 into Eq. 5.6 and considering only the 

second harmonic of the RF carrier at the photo detector output (photo detector in bias 

stabilization loop. See Fig. 5.8), the output voltage can be written as (see Appendix-B for 

detailed derivation): 

V H 2 ( t)=KRe[{J 0 (z 1 )J 2 (z 2 )-J 0 (z 2 )J 2 (z 1 )- J J 1 (z 1 )J 1 (z 2 )}cos(^)e j 2 t ó ^ 

g j ^ R e j C ^ _7iGRFIm{C l k(t)} ( 5 8 ) 

V ' 2 V 

K = ( P i n L M Z C T a p R P D G L N A R L o a d ) (5.9) 
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where P ¡ N is the input optical power, Cx a p is the optical coupler tap ratio, R p d is the photo 

detector responsivity, GLNA is the low noise amplifier (LNA) gain and RLoad is the load 

resistance of the photo detector. V h (t) is the photo detected signal in the passband 

(second harmonic RF carrier). After downconversion, the baseband signal can be written as 

(see Appendix-B for detail derivation), 

V B B (t)=K[J 0 (z 1 )J 2 (z 2 )-J 0 (z 2 )J 2 (z 1 )-jJ 1 (z 1 )J 1 (z 2 )]cos(^ B -) (5.10) 

From Eq. 5.10, we can see that at quadrature biasing the cosine term produces zero (as 

VB=kVa/2) and subsequently the detected voltage is zero as well. However, with the drift in 

V 1 (QUAD point drift), V b b (t) starts to increase as the magnitude of the cosine term 

increases (see Eq. 5.11). 

V B B(t)=K[J 0(z 1)J 2(z 2)-J 0(z 2)J 2(z 1)-jJ 1(z 1)J 1(z 2)]cos(—-2-— ) (5.11) 
V R ± A V R 

We can observe that the received signal has experienced nonlinear effects according to Eq. 

5.11. Hence, to detect the correlation sequence for bias drift tracking, one known short 

sequence symbol is modified according to the Eq. 5.11. We do not need to consider K and 

the cosine term in the Eq. 5.11 as they are only scale factors. Hence, the short sequence is 

modified according to Eq. 5.12. 

SS 1 ^z 1 ,z2)=[J0(z, ^ 2(Z 2)-J 0(Z 2)J 2(Z 1)-JJ 1(Z 1)J 1(Z 2)] 

a G ^ S S ^ t ) } ,TcG^ImtSS^t)} , (5-12) 
Z l y / ' Z 2 -17/ ' V 7 t v J i x i i v I i 

V It V H 

where SS is the original known short sequence and S S m is the modified known short 

sequence. Here, in calculating z\ and z 2 from Eq. 5.12, we need to know Vk which is 

unknown due to the drift in V j c . As bias drift is a slow process, we can use the value of V j t 

corresponding to the previous quadrature point to calculate the modified short sequence. 

This modified short sequence is used in the correlation process mentioned above to detect 

the short sequence from the received signal. The correlation peaks are detected with a 
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threshold, which is a function of the maximum and the average signal power inside the 

correlation window. The first and last correlation peaks indicate (Fig. 5.7) the start and end 

of the ten short sequences. The power of the received short sequence is calculated as the 

zero-th shift auto-correlation of the received short sequence as shown in Eq. 5.13. 

where X¡ is the received signal. Ci is the first correlation peak, Cio is the tenth correlation 

peak and P s s is the short sequence power. Hence, in this method, the short sequence is first 

detected from the second harmonic RF carrier and then the power of the received short 

sequence is calculated. We call the short sequence detected from the second harmonic RF 

carrier the "second harmonic short sequence" to distinguish it from the short sequence 

detected from the fundamental RF carrier. The second harmonic short sequence power 

depends on the amount of QUAD drift. As QUAD drift increases (change in V j t), second 

harmonic short sequence power (P s s) also increases (see Fig. 5.5). Hence, we can describe 

P s s as a function of change in V j c as shown in Eq. 5.14. 

where AV j t

2 and AV7I are two different V 1 1 drifts and P s s (AV 7

2) and Pss(AV7I) are two 

corresponding second harmonic short sequence power. Hence, in our proposed method, we 

can track V 7 1 drift (QUAD drift) by tracking the second harmonic short sequence power 

variation. This tracking mechanism primarily depends on the amount of optical power 

tapped in the bias stabilization loop from the total optical power output of the MZ 

modulator. A minimum amount of optical power should be tapped in the bias stabilization 

loop to maintain an unperturbed overall system performance. In other words, bias 

stabilization loop should not affect overall system performances. However, with the 

increase in tapped power in the bias stabilization loop, the sensitivity of the tracking 

mechanism increases. 

(5.13) 

P s s=Z(AV 1); where P S S (AV 2 ) > P s s(AV 1I) jVAV 2 > AV7I (5.14) 
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Fig. 5.9 shows the second harmonic short sequence power variation with bias error. Here, 

the vertical axis denotes the ratio of the second harmonic short sequence power (H2) and 

the short sequence power derived from fundamental PvF carrier (HI). 
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Fig. 5.9. Short Sequence Power Variation with Bias Error 

From Fig. 5.9 we observe that the second harmonic short sequence power increases with 

the increase in bias error, which enables tracking of the bias error. From the figure we can 

notice that we can detect the second harmonic short sequence power variation even with 

less than 1 degree of bias error. In Fig. 5.9 bias error tracking has been shown for three 

different optical power tap ratios. As tap ratio increases the second harmonic short 

sequence power increases and consequently the efficiency of the short sequence detection 

and bias error tracking improves. We also observe that with the increase in optical power 

tap ratio, the variation of the second harmonic short sequence power with the bias error 

becomes more uniform in nature. This helps proper bias voltage adjustment process. 
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5.4 Performance of Proposed Quadrature Bias Point Drift Tracking 

Mechanism 

5.4.1 Correlation Peak Detection in Quadrature Bias Point Drift Tracking 

A. Problem of Preamble Detection from Second Harmonic RF carrier 

As discussed in the previous section we have to detect the second harmonic short sequence 

from the received signal in order to track the MZ modulator QUAD point drift. For a small 

bias drift, the short sequence power coming through second harmonic RF carrier is very 

small. It is difficult, if not impossible, to detect the correlation peaks and subsequently 

detect the short sequence from such a weak signal. With low noise and nonlinear 

distortions, correlation peaks can be detected accurately with proper selection of a 

threshold. After going through the optical system nonlineari ti es and noise processes, the 

correlation sequence obtained from the received signal shown in Fig. 5.10 no longer 

possesses the deterministic and repetitive pattern. Spurious peaks also crop up along with 

original correlation peaks and it becomes difficult to distinguish between spurious peaks 

and desired peaks. 
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B. Proposed Preamble Detection Method 

As stated in part-A, it is difficult to distinguish between spurious peaks and desired peaks. 

Our proposed correlation peak detection method can minimize this problem. The problem 

of spurious correlation peaks can be avoided if we can specify the region where the desired 

correlation peaks should appear. This can be accomplished by correlating the short 

sequences with one symbol-delayed version of itself as shown in Fig. 5.11. The empty 

boxes denote 10 short sequences while the dark portion indicates random noise at the 

beginning of the frame. The boxes on the second row indicate one symbol-delayed version 

of the frame shown on the first row and arrows indicate location of desired correlation 

peaks. The Hashed box indicates one symbol delay. 

I I 2 3 4 5 6 7 8 9 1 0 

I 2 3 4 5 6 7 8 9 1 0 

Fig. 5.11. Correlation between 10 Short Sequence Symbols and One Symbol 
Delayed Version of itself 

The correlation between short sequence and one symbol delayed version of itself creates a 

quasi-linear output, which specifies the region where those ten desired peaks should appear. 

This excludes the chances of detecting spurious peaks at both ends as desired correlation 

peaks. Thisjoint correlation peak detection process makes frame detection more robust. 

The proposed joint correlation peak detection process is summarized in the flow chart of 

Fig. 5.12. In Fig. 5.12, X is the received signal, SS is one short sequence symbol, D is the 

duration of one short sequence symbol in samples and C is the normalized Correlation 

coefficient. The region of occurrence of the correlation peaks can be determined with the 

help of the slope of the correlation between Short Sequence and one symbol delayed 

version of itself defined by Eq. 5.15. 

S(n) = -£-[abs(£XkXk+D)] 
ón t 

(5.15) 

In Eq. 5.15, X represents the received signal and D is the length of one Short Sequence 

symbol. The slope S(n) of the correlation peak-specifying region is shown in Fig. 5.13c. 
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Fig. 5.12. Flow Chat of Proposed Joint Correlation Peak 
Detection Process 

The slope (S(n)) has been evaluated at points which are separated by more than one short 

symbol length. This is because after each short symbol length there is a correlation peak. 

This constraint ensures that the slope is positive across the region where desired correlation 

peaks should occur. 

Fig. 5.13b shows the correlation between Short Sequence and one symbol delayed version 

of itself. We can observe that all desired correlation peaks (Fig. 5.13a) lie within the region 

specified by the positive linear region (Fig. 5.13b). The detected slope (S(n)) of the positive 

linear region has been shown in Fig. 5.13c. 
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Fig. 5.13. a) Correlation Peaks b) Correlation between Short Sequence 
and one symbol delayed version of itself c) Slope of Fig. 5.13b (S(n)) 

The merit of this method is that even with very low signal power, it can specify the short 

sequence region in the received signal. For a small bias error, the short sequence power 

coming through the second harmonic PvF carrier is extremely low and subsequently 

correlation peaks remain beneath the noise floor. 

1000 1200 1400 1600 1800 b) Shift 
Fig. 5.14. a) Correlation Peaks, b. Correlation 
between Short Sequence and one symbol 
delayed version of itself. Bias Error = 0.5 
degree. 

Fig. 5.15. a) Correlation Peaks, b. Correlation 
between Short Sequence and one symbol delayed 
version of itself. Bias Error = 3 degree. 

We know that the power of the short sequence derived from the second harmonic RF 

carrier depends on the amount of bias error. For relatively high bias error, the short 
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sequence detection is easy. However, for a small bias error the detection of the short 

sequence is very difficult. We know that the MZ modulator bias drift is a very slow process 

[42] and, initially, a small bias error occurs and gradually builds up. However, the bias 

control system can not wait for this accrual process to exceed a certain bias error threshold 

to detect the bias error. Otherwise, we have to continuously pay penalties for the undetected 

bias errors. From Fig. 5.14a, we can see that for a small bias error of 0.5 degree, correlation 

peaks are not at all distinguishable. Hence, in this scenario detection of short sequence with 

the conventional method is not possible and consequently detection of the bias error is also 

not possible. However, our proposed method generates a quasi-linear output (Fig. 5.14b), 

which specifies the region where those ten peaks should appear and subsequently detection 

of the short sequence is possible. This process enables us to detect very small bias errors as 

well. Al l other bias control methods have difficulties in detecting small bias errors in 

addition to other limitations [39, 42], With our proposed method, we can detect bias errors 

even less than 0.5 degree which no other bias control method has achieved so far [39, 42, 

47]. Fig. 5.15 shows detection of short sequence in case of relatively high bias error (3 

degree). Here also, our proposed short sequence detection method exactly specifies the 

region where the ten desired correlation peaks (Fig. 5.15) should occur. Hence, we can say 

that our proposed bias error detection method is very efficient and can detect very small 

bias errors as well. 

5.4.2 Performance of Quadrature Bias Point Drift Tracking with the Reduction in 

Optical Power Tap Ratio 

Ideally we should tap as little optical power as possible for bias tracking of the MZ 

modulator at the transmitter. Otherwise, it will affect the overall link performance unless 

we use an optical amplifier to boost the signal level. In our proposed method, we can tap as 

little as 0.2% optical power for our proposed bias tracking. Fig. 5.16 shows the second 

harmonic short sequence power variation with bias error for three different optical power 

tap ratios 0.2%, 0.5% and 1%. Here, the vertical axis denotes the ratio of second harmonic 

short sequence power (H2) and short sequence power derived from the fundamental RF 

carrier (HI). From Fig. 5.16, we see that even with 0.2% optical power tap, we can track 
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second harmonic short sequence power variation with bias error and subsequently the MZ 

modulator bias error can be fixed. 
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Fig. 5.16. Bias Drift Tracking with Minimum Optical Power Tap 

From the figure we can see that with increase in optical power tap ratio, the variation of 

second harmonic short sequence power with bias error becomes more linear. This helps in 

estimating exact bias error during bias voltage adjustment process. However, we have to 

make a trade off between the optical power tap ratio and the complexities of bias 

adjustment process. From earlier discussions we know that as long as we can track this 

preamble power variation, we can adjust the bias voltage so that it remains at quadrature 

point. From Fig. 5.16, we can also notice that we can detect the preamble power variation 

for very small bias errors (< 0.5 degree) even with small optical power tap ratio (we can 

detect bias errors as long as we can sense the second harmonic preamble power variation). 
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5.4.3 Performance of Quadrature Bias Point Drift Tracking With the Increase in 
Laser RIN 

Due to Laser power fluctuation, preamble tracking becomes difficult with small optical 

power tap. This is due to the fact that the preamble is retrieved from the second harmonic of 

the RF carrier. For small bias drifts the preamble power coming through the second 

harmonic of the RF carrier is very small and subsequently detecting correlation sequence is 

more difficult due to Laser RIN. 
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Fig. 5.17. Short Sequence Power Variation with RIN with 0.5% Tap 

Ideally, the laser should generate a constant intensity light. However, due to the statistical 

nature of the gain mechanism in lasing cavity, the light output from the laser fluctuates 

[24], This is called Relative Intensity Noise (RIN) of laser. RIN is defined as: 

(5.16) 

where APo is the difference between the instantaneous optical intensity and the mean 

intensity Po. Due to high RIN, the short sequence detection from the received signal 

becomes a highly delicate process. However, with a better correlation peak detection 

process we can still track the short sequence coming through the second harmonic RF 

carrier. This correlation peak detection was briefly described in the previous section. Fig. 
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5.17 shows the ratio of the short sequence power coming through the second harmonic PvF 

carrier (H2) and the short sequence power coming through the fundamental PvF carrier (HI) 

for different Laser RTN. Here, we have compared the no-RIN case with the -120dB/Hz and 

-140dB/Hz RJN cases. In all three cases, we can see almost identical increase in the second 

harmonic short sequence power with increase in bias error. From these curves it is also 

noticed that, due to correlation based bias tracking process, RIN has little effect on the 

proposed method even with 0.5% optical power Tap. 

5.4.4 Performance of Quadrature Bias Point Drift Tracking with Photo Detector 
Responsivity 

For a small optical power tap (-0.5%), short sequence detection from the second harmonic 

RF carrier is heavily influenced by photo detector noise and responsivity. Fig. 5.18 shows 

the detected short sequence power variation with bias error for different PD responsivity. 

Here, we have used PIN photo diodes with responsi vi ti es 0.7 AAV, 0.8 AAV and 0.9 AAV, 

respectively. 

From Fig. 5.18, we observe that even with low PD responsivity and low optical power tap 

(-0.5%), we can track the second harmonic short sequence power variation with bias error. 

Hence, we can conclude that a less costly PD with poor responsivity can be used in the 

proposed bias control method. 
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Fig. 5.18. Short Sequence Power Variation for Different PD 
Responsivity (AAV) with 0.5% Tap 
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5.5 Proposed Bias Adjustment Method 

5.5.1 Determining Direction of Quadrature Bias Point Drift 

1.0 «~ i i Í Iiii1—t i rrnBj—r i IIHMJ I I"U»HJ—I rmwj—rrrrrirq—i I rnw| 

•IX IfcfcAJ muj i Hiimf t t IitttlJ t . . t ! .Mi tl.ninj mmj 
W 4 to' 4 Iff i iff" 10° 10' 10? to 3 t S í 16*5 I M I £•* 

Time (hour) HctUfS 

Fig. 5.19. a) Bias voltage drift at various temperatures, 10 Gb/s, z-cut, Ti modulators, 
from Minford [7]. b) Bias voltage drift at 85 deg C, 10 Gb/s, x-cut, Ti waveguides [8]. 

The change in V J C can be positive as well as negative [43]. It varies from crystal to crystal 

and x-cut or z-cut of the crystal [43]. Fig. 5.19 shows positive and negative V J C drifts, 

respectively. Hence, as discussed earlier, due to positive or negative V J C drift, quadrature 

bias point (VQ) drift also can be positive or negative (as V q = k WJ2, k=odd integers). 

Hence, to adjust bias voltage, the direction of V Q drift has to be known. In our proposed 

method, we can track the direction of V Q drift by tracking the polarity of the real 

component of the correlation sequence of the short sequence. Originally, the modulator is 

biased at a quadrature bias point on the positive or negative slope of the Mach-Zehnder 

modulator power transfer characteristics. 

Fig. 5.20 shows detection of positive and negative V J C drifts when the original quadrature 

bias point is situated on the positive slope of the M Z M power transfer characteristics. From 

Fig. 5.20a we observe that for positive QUAD drifts, the real components of the correlation 

peaks are positive and for negative QUAD drifts, the real components of the correlation 

peaks are negative (Fig. 5.20b). 
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Fig. 5.20. a) Real component of correlation sequence with Positive 
QUAD drift, b) Real component of correlation sequence with 
Negative QUAD drift. 

The photo detected voltage in the bias control loop is once again shown in Eq. 5.17 for 

convenience. 

7cV 
V B B ( t)=K[J 0 (z 1 )J 2 (z 2 )-J 0 (z 2 )J 2 (z 1 )- J J l (z 1 )J 1 (z 2 )]cos(—) (5.17) 

In this case due to V J C drift the cosine term in Eq. 

TtV n N _ Tt . V 

5.17 

becomes cos( ——f- ) — cos—k(-
V . 2 V ± A V 

) , V B = k VJC/2, k is an odd integer and A V R C is the 

change in V 7 C . From this we see that due to positive V R C drifts, we obtain positive real 

components of the correlation sequence (positive cosine term) and for negative drifts we 

obtain negative correlation sequence (negative cosine term). For bias on the negative slope 

of the M Z M power transfer characteristics, we obtain reverse polarity of the correlation 

sequences as opposed to biasing on the positive slope. This way we can ascertain the 

direction of M Z M QUAD drift in our proposed method and subsequently we can adjust the 

bias voltage. 
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5.5.2 Bias Voltage Adjustment 

After detecting the direction of the QUAD drift, we have to adjust the bias voltage in such a 

way that it once again operates at the correct QUAD point. In the proposed method of bias 

tracking, the bias point is monitored by tracking the variation in the preamble (Short 

Sequence) power detected (Pss) from the second harmonic of RF carrier. The preamble 

power detected (Pss) from the second harmonic of RF carrier is shown in Eq. 5.18 (see 

Appendix-B for detailed derivation). 

P ^ ^ W ^ (5.18) 
I VTC 'Tt 'Jt *TC Yrt Yrt Yrt 

where P s s is the preamble power coming through the second harmonic of the RF carrier. 

From Eq. 5.18 we see that at the quadrature bias point, there is no Short Sequence power 

coming through the second harmonic RF carrier because the cosine term in the equation is 

zero at the QUAD point. As the bias point drifts from the QUAD point, the detected Short 

Sequence power starts to increase. However, there is no one to one relation between the 

QUAD point drift (basically drifts in QUAD point means drifts in V j t as QUAD point = 

kVn/2, k is an odd integer) and detected preamble power variation which can be observed 

from Eq. 5.18. Hence, we have to iteratively adjust the bias voltage in such a way that it 

once again operates at the QUAD point after the bias adjustment. The success of this 

iterative bias voltage adjustment process is ensured from detected preamble power. For 

ideal QUAD biasing this should be zero. As the proposed method is preamble assisted bias 

control, the process is accomplished in frame by frame manner. After adjusting the bias 

voltage for the present frame, we have to wait for the next frames for further bias voltage 

adjustments. Eq. 5.19 shows the iterative bias adjustment process. 

VBn=VBn_x +M(Pss(H2))V8^ (5.19) 

where V8^ is the bias voltage during the n-th frame, P<fg is the preamble power of the n-th 

frame. M is a variable whose value depends on the preamble power of the present and 
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previous frames. In Eq. 5.19, we are updating the present bias voltage with a fraction of the 

previous bias voltage, which is determined by the magnitude of M . To determine the 

magnitude of M , few previous frames are considered in order to adjust the present bias 

voltage. It allows us to get close to the global minima ofP<[g, which is ideally zero for 

desired quadrature biasing. This is shown in Eq. 5.20. 

MiPss (H2))=APsj,p¡r ,...,ptp ) 

M(Pss(H2)) = 0;VP¡? =0 

Here, in Eq. 5.20, we have considered the present frame and p number of previous frames 

to determine the magnitude of M . For quadrature biasing the second harmonic preamble 

power is (P s s) zero and consequently the magnitude of M is zero (Eq. 5.20) and the bias 

voltage adjustment process stops. We have to limit the number of previous frames 

considered depending on the availability of resources like memory, processing time etc. 

The polarity of M for the present frame (n-th frame) is adjusted according to the polarity of 

the real component of the preamble correlation sequence C1" for that frame as described by 

Eq. 5.21. 

M(P s s (H 2 ) )<0; ReiCl1} >0 
Bias on Positive Slope 

M(P s sCH 2)) >0; ReiCl1} <0 

M(P s s (H 2 ) )X); ReiC11} <0 
Bias on Negative blope 

M(P s s (H 2 ) )<0;Re{Cf}>0 

To test the effectiveness of our proposed bias voltage adjustment method, we have 

simulated the MZ modulator QUAD point drift. Fig. 5.21a shows drift of the QUAD point. 

We can see that with continuous tracking and adjustment (with 0.5% optical power tap), the 

bias voltage closely follows the QUAD point. Due to the iterative nature of the bias voltage 

adjustment process, the bias voltage took initial 4-5 frames to closely follow the QUAD 

point. Fig. 5.21b shows the corresponding RMS constellation error, which reduces with the 
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correction in bias voltage. We can also notice that without bias control, the link incurs high 

RMS constellation error. 
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Fig. 5.21. a) QUAD drifts Tracking, b) RMS Constellation Error 
with and without Bias Adjustment 

We may conclude that with the proposed bias voltage adjustment method, the bias voltage 

follows the QUAD point very closely. The time it takes to adjust the bias voltage iteratively 

is negligible considering the very slow nature of MZ modulator QUAD drift process. 

5.6 Merits and Demerits of the Proposed Bias Control Method 

In this chapter we have presented an in-depth performance analysis of our proposed Mach-

Zehnder electro-optic modulator bias control mechanism. The most significant point of this 

method is that it has no detrimental effects on the overall system performance. The 
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information regarding quadrature bias point drift is acquired from the original signal itself 

without injecting any signal for bias tracking purposes. The proposed method can track the 

desired bias point with a very small optical power tap (-0.2%) and subsequently does not 

affect the overall system performance. The performance of the proposed method is not 

affected by the severe Laser RIN. We have also shown that a cost effective photo detector 

with poor responsivity can be used for the proposed bias control mechanism. In the 

proposed bias voltage adjustment method, the bias voltage follows the QUAD point drift 

very closely. As it is an iterative process, it takes a few frames to adjust the bias voltage 

according to the quadrature bias point drift. Current bias control methods also take time to 

adjust the bias voltage iteratively [39, 42, 47]. However, the time, the proposed method 

takes to adjust the bias voltage iteratively is negligible considering the very slow nature of 

MZ modulator QUAD drift process. 

The major drawback of the proposed method is that we have to do a bit of frequency 

allocation planning because we are tracking the second harmonic of the fundamental PvF 

carrier. We have to make sure that the frequency slot of second harmonic of the 

fundamental RF carrier is unused. Also, the proposed method is specific to 802.11a 

wireless L A N . However, data frames of all present wireless communication systems 

possess preamble with specific characteristics. Hence, the proposed bias control mechanism 

can be implemented in other wireless communications (different standard) on fiber as well, 

only the preamble characteristics will change. Since, the bias adjustment is performed 

frame by frame; this method performs better for short frames. For long frames it has to wait 

a bit longer for the next frame for the next iteration of the bias voltage adjustment process. 

To get a better picture of the proposed bias control method, the performance of the 

proposed method is compared with the pilot assisted bias control method (which is mostly 

used at present) in Table 5.1. 
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Table 5.1 
Comparison of MZ Modulator Bias Control Methods 

Proposed Bias Control Method Pilot Assisted Bias Control Method 

Extracts information from original 
signal itself. 

Extracts information from an external 
pilot tone. 

Have no detrimental effects on system 
performances. 

Reduces Intermodulation free dynamic 
range of the system. A pilot tone of 2.5% 
modulation index reduces IMFDR by 6dB 
[421. 

Can detect less than 0.5 Degree of 
QUAD bias drift. Hence, less system 
penalties. 

Can detect more than 1 Degree of QUAD 
bias drift. Hence, more system penalties. 

Can perform with less than 0.2% of 
Optical Power. 

Can perform with more than 1% of 
Optical Power [42]. 

Can operate with a low sensitivity 
Photo Detector. 

Require highly sensitive Photo Detector to 
detect pilot tone. 

Not affected by high Laser RIN. More effective with low Laser RIN. 

Frequency Planning is Required. Frequency Planning is not Required. 

5.7 Summary 
In this chapter we have described the quadrature bias point drift problem of Mach-Zehnder 

modulator. This problem stems from temperature variation, aging of lithium niobate 

crystal. We have discussed the effects of bias drifts on wireless on fiber system with 

examples. We have described other MZ modulator bias control mechanisms and described 

their merits and demerits. We then described our proposed bias control mechanism in 

detail. We have evaluated the performance of the proposed bias tracking method from 

different aspects like optical power tap ratio, Laser RIN, photo diode responsivity etc with 

experimental results. Experimental results show excellent performance of the proposed 

method in Mach-Zehnder modulator bias drift tracking in different adverse conditions. It is 
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evident from the discussions that the proposed mechanism is very suitable for MZ 

modulator bias controlling purposes and can be implemented in practical scenarios as well. 
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CHAPTER SIX 

Transmission of Wireless Signal over Multimode 

Fiber 

6.1 Introduction 

The data rate required for local area networks has increased dramatically to over 1 Gbps. 

The only medium which can support such high data rate with small attenuation is the 

optical fiber. However, optical fibers that are available in many buildings or L A N links are 

multimode fibers, which normally have a baseband bandwidth-distance product less than 

500 MHz-km. If the data rate is 2.5 Gbps, the data can only be transmitted over fiber 

lengths less than 200 m, which is too short for many applications. The bandwidth-distance 

product has to be increased. Increasing this by replacing the multimode fiber with a single 

mode fiber is generally too expensive. Moreover, the available multimode fibers will then 

be wasted. Hence, how to achieve a high data rate (in Gbps) transmission for a short 

distance (e.g., less than 10 km) on multimode fibers is a topic of considerable interest. 

The private premise or fiber to the desk (FTTD) market has two underlying needs. 

One is for low costs and other is for industry accepted standards. New technologies such as 

vertical cavity surface emitting lasers (VCSEL) provide the promise of low costs 

(comparable to light emitting diodes- LEDs) combined with superior performances 

previously unobserved [68]. For example, VCSEL can easily operate at 2 Gbps and 

produce milliwatts of power with threshold currents so low that they can be driven directly 

from logic gates without the need for drivers. These sources operate at short wavelengths 

around 850nm or 1300nm. Standard single-mode fibers (SMF) are not designed to operate 

at these wavelengths whereas multimode fiber (MMF) is ideally suited. In addition, low 

cost silicon receivers provide good sensitivity as well as high speed at these wavelengths. 

An additional benefit is that the VCSEL manufacturing process provides the promise of 

readily controllable launch power distributions. Hence, multimode fibers along with 

VCSELs provide a good proposition to transport high speed data to short distances. 
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Pvadio over fiber products are available from a number of manufacturers for second 

and third generation cellular systems. These products either use single mode fiber to 

provide the necessary transmission bandwidth or use multimode fiber at a downconverted 

intermediate frequency that is within the bandwidth of the multimode fiber. Neither of 

these approaches are ideal; the first requires fiber to be specially installed since almost all 

of the installed base of fiber within buildings (for data network transmission) is multimode, 

and the second requires the simultaneous transmission of a low frequency reference tone 

for stabilizing and locking the remote local oscillators required for upconversion back to 

the radio carrier. In each case the result is additional cost and complexity to the overall 

system. The reason why these two approaches have been adopted is that multimode fiber 

suffers from modal dispersion, which limits the bandwidth to around 500 - 1000 MHz-km 

at a wavelength of 1300nm. For cellular systems such as G S M l 800 and UMTS, this would 

limit the link length to around 500m. For next generation radio L A N systems such as 

802.11a L A N , HIPERLAN/2 operating in the 5-6GHz band, link lengths would be limited 

even further, to less than 200m. Link lengths of around Ikm are required for larger 

installations and up to now this has prohibited use of direct radio frequency transmission 

over multimode fiber. 

IEEE is working on a standard named 802.3z for 10 Gb/s Ethernet L A N on 

multimode fiber [67]. IEEE intends to use a baseband digital optical link for the proposed 

L A N on multimode fiber. However, our present research explores the possibilities of using 

passband communication of OFDM based 802.11a L A N over multimode fiber. This will 

be a very cost effective option to carry wireless signal inside a complex or some 

inaccessible places where direct wireless link is not feasible. This chapter focuses on the 

use of OFDM signal to achieve high bit rates over multimode fiber. As discussed in 

previous chapters, OFDM is highly sensitive to non-linear distortion. It will be an 

interesting proposition to evaluate the performance of passband OFDM signal over 

multimode fiber at 5-6 GHz band. 

Chapter Six: Transmission of Wireless Signal over Multimode Fiber 



Wireless on Fiber 121 

6.2 Multimode Fiber in High Data Rate Transmission 

6.2.1 Overview of Multimode Fiber 

Optical fibers can be categorized by the number of guided modes supported by the fiber. 

According to this definition there are two types of optical fibers; that is, single-mode fiber 

and multimode fiber. For single-mode fibers, there is only one guided mode supported by 

the fiber (basically two degenerate mode), whereas for multimode fibers, more than one 

mode is supported by the fiber [26, 27]. The number of guided modes in a multimode fiber 

can be up to many hundreds [26, 27] and depends on many factors, including operating 

frequency, the core diameter, type of refractive index of the core (graded or step), and so 

on. The optical power from an optical source launched into a multimode fiber is generally 

distributed over all of the guided modes and depends on optical power launch conditions. 

Fig. 6.1. Pulse Propagation through Multimode Fiber 

A multimode fiber can be represented as a waveguide propagating each of the modes in a 

separate "tube". These modes then propagate along the fiber to the receiving end as shown 

in Fig. 6.1, and in all practical systems there are often interchange of power between the 

modes (mode coupling). The number of guided modes inside a multimode fiber depends on 

refractive index profile of the fiber core and numerical aperture (NA) of the fiber. Two 

different types of refractive index profiles have been shown in Fig. 6.2. One is step index 
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multimode fiber (SIMM) (Fig. 6.2a) and another one is graded index multimode fiber 

(GIMM) (Fig. 6.2b). 
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Fig. 6.2. a) Refractive Index Profile of Step Index Mulhmode Fiber (SIMM), 
b) Refractive Index Profile of Graded Index Multimode Fiber (GIMM) 

Compared to SIMM, GIMM supports fewer modes and consequently has higher bandwidth 

[26, 27]. For our present analysis we have only considered Graded Index Multimode 

Fibers. Numerical aperture of a fiber depends on core radius. For multimode fiber, two 

different core radii are used. One is 50pm and another one is 62.5pm which are 

significantly higher than single mode fiber (SMF) core radius of 8-1 Opm. That is why 

numerical aperture of multimode fiber is much higher than single mode fiber and 

consequently multimode fiber can accept more optical power from optical source. Hence, 

coupling of light to the multimode fiber is easy compared to single mode fiber. Other than 

low cost, this is another biggest advantage of multimode fiber. 

6.2.2 Draw Backs of Multimode Fiber 

The problem with multimode fiber is that the propagation velocity of each of the guided 

modes is different. This means that at the receiving end, the received optical pulse is spread 

out in time resulting in pulse dispersion. The pulse spread becomes larger if the fiber length 

increases. This type of dispersion is called intermodal dispersion which can be observed in 

Fig. 6.1. 
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Intermodal dispersion is the main limitation of data transmission on multimode fibers. For 

conventional digital optical link, when a received pulse is spread out in time caused due to 

intermodal dispersion, the neighboring pulses may overlap. This may lead to a wrong 

decision in the decision circuit in the receiver; thus, causing a high BER. This effect 

becomes more significant when the bit rate or the transmission distance increases. In 

practice, the intermodal bandwidth-distance product of a multimode fiber is specified. The 

unit of this parameter is normally in MHz-km. The typical value of the intermodal 

bandwidth-distance product for a multimode fiber is between 300 to 500 MHz-km. For 

digital transmission the maximum bit rate is of the order of the bandwidth, so that only 

about a 500-Mbps signal can be sent over a transmission distance of 1 km. To achieve a 

higher bit rate, the transmission distance has to be decreased. This is not a satisfactory 

situation since a high bit rate signal can only be transmitted for a short distance. 

In the case of analog optical link, instead of sending optical pulses, we modify optical 

carrier's amplitude, phase or frequency. In our present IM/DD link, we intensity modulate 

the light with radio signal. Here we can assume multimode fiber as a channel which 

possesses mulnpaths. Each mode can be assumed as one path and at the receiving end all 

modes summed up to form a resultant optical signal which is then detected with a photo 

detector. Due to different path delays, this summing operation can be constructive or 

destructive. This causes fading effects on received signal. Hence, we can treat multimode 

fiber as a fading wireless channel. So before using multimode fiber to transport wireless 

signal, we have to address this fading effect. We will analysis the channel characteristics of 

multimode fiber in the following sections. 

6.2.3 Conventional Methods to Overcome Draw Backs of Multimode Fiber 

To increase the bandwidth-distance product of multimode fibers, many approaches have 

been suggested, for example, using an offset launch condition instead of over-filled launch 

[49-56], using multi-level coding [54, 55], and using parallel optics with multimode ribbon 

cable [55]. 
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The offset launch is done by offsetting the launching spot from the core center of the fiber. 

By doing this, the number of guided modes excited by the launch is reduced and becomes 

smaller than the number of guided modes excited by the over-filled launch. Hence, the 

pulse spreading from an offset launch is smaller and the bandwidth of the fiber is increased. 

For multi-level coding, an m-ary modulation scheme with m>2 is adopted. The bit rate of 

the signal to be sent over the fiber is increased since one transmitted symbol contains more 

than 2 bits [54, 55]. 

For the technique using parallel optics with multimode ribbon cable, a high bit rate signal is 

divided into many low bit rate signals and these signals are transmitted simultaneously over 

the multimode ribbon cable [55], 

However, in all of these three techniques, only the frequencies below the modal bandwidth 

of the fiber are used. The frequencies higher than the modal bandwidth of the fiber are not 

exploited. 

6.3 Proposed Method to Transmit High Data Rate over Multimode Fiber 

6.3.1 Overview of Proposed method 

The frequency response of the multimode fiber at low frequencies decreases monotoni cally 

with frequency and can be modeled as a Gaussian shape. However, in the high frequency 

range, the frequency response does not fall off but becomes relatively flat with amplitude of 

6 to 10 dB below the amplitude at zero frequency. 

In our proposed method we utilize these high frequency regions of multimode fibers to 

transport W L A N signal. It can be shown that using an OFDM based W L A N within this 

high frequency region, a high data rate can be successfully transmitted over a fiber length 

larger than 600 meters. The origin of the passband region of the multimode fiber has been 

explained roughly as resulting from an impulse response that is a series of delta functions 
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with different delays corresponding to different guided modes in the fiber when the mode 

coupling and chromatic dispersion are ignored [58, 60]. 

Since OFDM can be used to overcome the multipath problems in a wireless system, it 

might also be able to reduce the effect of frequency selectivity in the dispersive multimode 

fiber in the high frequency region with flat frequency response. It was shown in [65] that 

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

multimode fiber. Thus, the seamless transition between the fiber and radio system with an 

inexpensive cost for the fiber part is possible. 

Even though, using OFDM, the wideband frequency-selective channel can be transformed 

into a series of narrowband frequency-nonselective channels; this does not guarantee that 

the subcarriers will not be placed at the nulls of the frequency response. If this happens, the 

signal performance at the receiver will be degraded significantly. There are many 

techniques to improve the signal performance. A good approach is using channel encoding. 

802.11a L A N uses punctured convolutional encoding [22] as channel encoding method. 

The received signal is surely improved since there is some redundancy systematically 

added to the signal. However, with these coding techniques, the effect of having subcarriers 

located near the deep nulls of the frequency response of the multimode fiber may not be 

totally canceled. 

A better way to completely remove the effects of these nulls might be the use of a training 

sequence to determine the properties of subcarrier channels. Each 802.11a data frame 

contains a training sequence in front of it. With the training sequence, the subcarrier 

channels to be used for signal transmission can be determined during the training process. 

With this technique, any bad channels (which are normally located near the deep nulls) will 

not be used for transmission; thus, the effect of the nulls is completely removed. Moreover, 

in 802.11a L A N each OFDM symbol contains pilot subcarriers which can be used to 

estimate the response of a highly dynamic channel in a symbol by symbol manner. 
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From the discussion above, we can say that the OFDM signal is suitable for transmission 

over multimode fiber. The relatively flat frequency band of the multimode fiber will be 

used to transmit W L A N signal. Inherent channel encoding and training sequence or pilot 

assisted channel estimation makes 802.11a L A N a more suitable case for distributing 

wireless signal using cheap multimode fiber. 

6.3.2 Multimode Fiber Model 

It has been shown in many papers [57-64] that the frequency response of the multimode 

fiber does not monotonically decrease as the frequency increases. At the high frequency 

region, the frequency response of the multimode fiber is relatively flat with an amplitude of 

6 to 10 dB below the amplitude at zero frequency. There are many passbands available at 

high frequencies. These passbands can be used as transmission channels for sending the 

data. To make use of these passbands effectively, it is useful to understand the 

characteristics of these passbands. The origin of these passbands has been explained 

roughly as resulting from a series of delta functions with different delays corresponding to 

different guided modes in the fiber when the mode coupling and chromatic dispersion are 

ignored [58, 60]. However, this does not give us any insight into the details about these 

passbands. To understand clearly about such passbands, a detailed analysis of the frequency 

response of multimode fiber at high frequencies has to be done. In the following sections in 

this chapter, the frequency response of multimode fiber at high frequencies is modeled and 

analyzed. Statistical properties of the bandpass regions are also determined. 

Using the suggestion in [58] and [60]-[69], the impulse response of the complex envelope 

of the multimode fiber with N m guided modes is just the combination of the delta functions 

corresponding to different delays; that is, 

N, m 
(6.1) 

n=\ 
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Taking the Fourier transform of the impulse response in (6.1), the frequency response of 

the complex envelope of the multimode fiber with N m guided modes is given by: 

To find the delay for a particular guided mode, the normalized propagation constant (b) or 

the propagation constant (P) or the modal index (« ) for that mode have to be determined 

by solving the eigenvalue equation for that mode [26, 27]. The time delay is given by: 

b = f3/k0-n2 = n-n2 

where L is the fiber length, c is the speed of light in free-space and ko is the free-space 

2n 
wave number defined as kr, = —. 

u À 

From (6.2), it can be observed that to get the frequency response of the multimode fiber, the 

delays for all N m guided modes have to be found; that is, the modal index of each guided 

mode has to be found. However, for practical multimode fibers the number of guided 

modes is large; thus, many time delays have to be determined in order to construct the 

frequency response. 

A. Uniformly Distributed Modal Delay 

In our present analysis, the time delays are modeled to be independent realizations of a 

random variable, which is uniformly distributed about td,avg with the maximum deviation of 

ta,dev; the probability density function of ta is given by, 

N, 
(6.2) 
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1 „ 
i Vtd^vg - ld,dev - ld ^ td,avg + fd,dev 

P(td)=2td,dev (6.4) 

0 ; Elsewhere 

Note that td,avg and td,dev depends on the fiber length, the number of guided modes, and the 

refractive index profile of the fiber. 

Here, we assumed that the total optical power is uniformly distributed among all modes. 

The relative modal power distribution and corresponding modal delay profile is shown in 

Fig. 6.3. Modes with relatively same group delays are clubbed together to form a mode-

group and relative delay differences inside the mode-group are negligible. Such 25 mode 

groups have been considered in the simulation of Fig. 6.3 with mean delay of 0.2us and 5ns 

of maximum deviation from mean delay. 

Fig. 6.3. Uniformly Distributed Modal Delay. Number of Mode Group = 25, 
td,avg = 0.2us, td,dev = 5ns 
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Fig. 6.4 shows the frequency response (H(f)) of the multimode fiber described above. We 

can see the fading profile across the frequency range. 
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Fig. 6.4. Frequency Response of M M F with Uniformly Distributed 
Modal Delay. Number of Mode Group = 25, td,avs = 0.2us, ta,dev = 5ns 

In this kind of modal distribution, there are random deep frequency Nulls which will act as 

frequency selective fading on wideband wireless signal and deteriorate overall 

performance. 

B. Non-Uniformly Distributed Modal Delay 

In a real multimode fiber, modal delay and modal power distribution is not uniformly 

distributed. Due to modal coupling, power is exchanged between modes [26, 27] along the 

propagation path inside the fiber. 

That is why modal power distribution at the transmitter differs from modal power 

distribution at the receiver. It is extremely difficult to obtain an exact modal distribution 

from experimentation. One such experimentally obtained modal distribution is shown in 

Fig. 6.5 [66]. 
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Fig. 6.5. Experimental Modal Distribution of a real M M F 

The corresponding frequency response of the M M F is shown in Fig. 6.6. We can see that 

the 3dB bandwidth of this multimode fiber is less than 2GHz. However, in the high 

frequency region, the frequency response does not fall off but becomes relatively flat with 

amplitude of 6 to 10 dB below the amplitude at zero frequency. An interesting observation 

here is that in the high frequency region (> 5GHz) there are quite a few relatively flat 

passband regions present in the frequency response. 
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Fig. 6.6. Frequency Response of M M F with Real Modal 
Power Distribution. 
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These relatively flat passband regions can be used for high frequency wireless signal 

transmission. From this analysis we can say that multimode fiber has high promise to carry 

high frequency wireless channels in the high frequency regions. In the coming sections we 

will evaluate the performance of multimode fibers in transporting high data rate wireless 

signal in detail. 

6.3.3 MMF with Experimentally Obtained Modal Distribution 

To evaluate the performance of the proposed method in carrying OFDM based 802.11a 

L A N , we have used multimode fibers with simulated uniformly distributed modal 

distributions as well as experimentally obtained modal distributions. However, a practical 

multimode fiber with experimentally obtained impulse response, gives us a true picture of 

the performance of the wireless signal on a multimode fiber. Due to lack of experimental 

infrastructure and resources, we could not obtain the impulse responses of actual 

multimode fibers. The experimental modal distributions of multimode fibers have been 

obtained from the IEEE 802.3z Gigabit Ethernet Standard committee. The generosity of the 

IEEE 802.3z Gigabit Ethernet Standard committee to provide us with their experimentally 

obtained impulse responses (IPR) of various practical multimode fibers has enabled us to 

carry forward this part of our research. The objective of the IEEE 802.3z Gigabit Ethernet 

Standard committee is to evaluate the performance of IGbps digital Ethernet L A N on 

multimode fibers. However, we used multimode fibers to carry analog 802.11a L A N . We 

used only their impulse responses of multimode fibers to simulate original multimode 

fibers in real environment. 

According to the IEEE 802.3z Gigabit Ethernet Standard, measurements of the fiber 

bandwidth using the recently defined radially overfilled launch (ROFL) as well as the 

standard overfilled launch (OFL) methods were experimentally obtained. The purposes of 

these measurements were to test the bandwidth of multimode fibers and in particular the 

details of the differential mode delay (DMD) of installed multimode fibers. Their 

experimental setup has been briefly described below. 
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The system transmits very short optical pulses (< 30 - 40 ps) at 850 or 1300 nm wavelength 

as desired using a given launch type. At the receiving end, a high-speed photodetector 

receives the pulse, amplifies it and displays the results on a high speed sampling scope. The 

complete system (lasers, detector, amplifier and scope) had an impulse response of 70 - 80 

ps. In all, a total of 78 multimode fibers were tested. Al l of the fibers were either 62.5/125 

M M F or were 50/125 MMF. The lengths of the fibers measured ranged from 320 - 610 m 

with most between 320 and 460 m. 

Any measurement of modal bandwidth depends on the launched modal distribution into the 

fiber. To date, the only standard test of fiber bandwidth uses what is known as over-filled 

launch (OFL) which basically attempts to launch equal power into all modes. While this 

measurement is valid for LED based links, it has proven insufficient for laser based links 

such as those used for Gigabit Ethernet. Recently, the IEEE 802.3z group has defined a 

new bandwidth known as worst case modal bandwidth (WCMB) which is supposed to 

represent the worst modal bandwidth which will be experienced for all reasonable launch 

conditions. WCMB is defined as the lesser of the bandwidths measured by OFL and ROFL. 

ROFL, or radially over-filled launch is a set of launch conditions which can be generated 

by launching light from a single mode fiber (SMF) into the M M F of interest with a gap 

between these fibers. The gap between the fibers is defined such that the coupling loss 

between the fibers is 0.5, 1.0 or 2.0 dB (±0.2 dB). Other than controlling the launch 

conditions, the ROFL bandwidth measurement is the same as the standard OFL technique. 

We do performance evaluation of different conditions. First, we must test the fibers at both 

short wavelength (-850 nm) and long wavelength (-1300 nm). VCSEL has been used as 

850 nm light source and Fabry-Perot laser has been used as 1300nm light source. 

Secondly, for each wavelength, there are three types of ROFL launch as well as OFL 

launch. For our present evaluation of 802.1 la L A N on multimode fiber, we only consider 

62.5/125 M M F of length around ~600m. 

The measured impulse response (IPR) is the impulse response of the complete system 

comprising light source, MMF, photodetector, patch cords, connectors, measuring 
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instruments etc. By directly connecting the light source with the photodetector using the 

patch cords and connectors, we can measure the IPR of auxiliary system. We call it 

calibration system. As stated earlier, calibration data was taken for each launch type. These 

data files are quite similar since there is very little differential mode delay (DMD) 

introduced by the patchcord regardless of the launch type. It may be worthwhile using 

calibration files taken at each wavelength for the corresponding data files since the lasers at 

each wavelength had measurably different pulse widths. Thus, for example, one 850nm 

calibration file serves well for all short wavelength (850nm) tests and one 1300nm 

calibration file can be used for all long wavelength (1300nm) tests. 

A. Multimode Fiber with 850nm Source and OFL Power Launch Condition 

The M M F impulse response data has been taken from LG091905S3p.dat file of IEEE 

802.3z M M F impulse response (IPR) measurements [67]. Here, the light source is an 

850nm VCSEL. Due to the high spectral purity of VCSEL, we do not expect any chromatic 

dispersion at this wavelength. The power launch condition is Overfill Launch (OFL). The 

IPR of the overall system has been shown in Fig. 6.7a and IPR of the calibration system has 

been shown in Fig. 6.7b. 

O 1 0 0 0 2 0 0 0 3 0 0 0 0 10OO 2 0 0 0 3 0 0 0 
a) T i m e in p s b) T i m e in p s 

Fig. 6.7. a) IPR of overall system (LG091905S3p.dat) b) IPR of Calibration 
System (call5000S4.dat). Light Source 850nm, Fiber Length = 610m, 
62.5/125 MMF, OFL Power Launch. 
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The impulse response (IPR) of the M M F has to be deconvolved from the IPR of the overall 

system. The deconvolution operation is performed in the frequency domain. The frequency 

response of the M M F is obtained by normalizing the frequency response of the overall 

system with the frequency response of the calibration system. Fig. 6.8 shows the 

deconvolved frequency response of the MMF. Fig. 6.8a shows the frequency response up to 

300 GHz and it is difficult to notice much from it. However, if we take a closer look, say up 

to 10 GHz (Fig. 6.8b) which is the frequency range of interest for wireless communications, 

we can see quite a few flat frequency response regions. 

a) f [GHz] b) f [GHz] 

Fig. 6.8. a) Deconvolved Frequency Response of MMF. b) Zoomed Version of the 
plot in Fig. 6.8a. Light Source 850nm, Fiber Length = 610m, 62.5/125 MMF, OFL 
Power Launch. 

From Fig. 6.8b we observe that the 3dB bandwidth of this M M F is less than 550 MHz. 

Hence, bandwidth-distance product is less than 320MHz-km considering 610 m of fiber 

length. However, for wireless on multimode fiber applications, we are not interested in 

baseband communication and hence the 3dB bandwidth is irrelevant for us. We have to 

look for passbands in the 1-10 GHz region. 

Now, if we move further along the frequency axis in the Fig. 6.8b, we can see quite a few 

flat regions with much wider bandwidths (> 1GHz). However, the gains of these passbands 

are 6-10 dB less than the gain at zero frequency. This loss can be compensated by suitable 
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amplifiers. We can use these regions to transmit wideband wireless signals over multimode 

fibers. For the 802.1 la L A N , we are interested in the frequency bands between 1-10 GHz. 

B. Multimode Fiber with 850nm Source and ROFL Power Launch Condition 

The M M F impulse response data has been taken from the LG091905Slp.dat file of the 

IEEE 802.3z M M F impulse response (IPR) measurements [67]. Here, the light source is an 

850nm VCSEL. The power launch condition is Radially Overfill Launch (ROFL) with IdB 

coupling loss. The IPR of the overall system has been shown in Fig. 6.9a and IPR of the 

calibration system has been shown in Fig. 6.9b. 

3000 
T i m e in p s T i m e in p s 

Fig. 6.9. a) IPR of overall system (LG091905Slp.dat) b) IPR of Calibration 
System (call5000S4.dat). Light Source 850nm, Fiber Length = 610m, 
62.5/125 MMF, ROFL (IdB Coupling Loss) Power Launch. 

Fig. 6.10 shows the deconvolved frequency response of the MMF. Here also, if we take a 

closer look, say up to 10 GHz (Fig. 6.10b), which is our frequency range of interest; we can 

see quite a few flat frequency response regions as expected. 
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Fig. 6.10. a) Deconvolved Frequency Response of MMF. b) Zoomed Version of 
the Plot in Fig. 6.10a. Light Source 850nm, Fiber Length = 610m, 62.5/125 MMF, 
ROFL (IdB Coupling Loss) Power Launch. 

From Fig. 6.10b we can observe that the 3dB bandwidth of this M M F is less than 650 

MHz. Hence, bandwidth-distance product is less than 400MHz-km considering 610 m of 

fiber length. 

Also, if we move further along the frequency axis in the Fig. 6.10b, we can see quite a few 

flat regions between 1-10 GHz frequency ranges with much wider bandwidths (> 1GHz) 

which can be used to transmit 802.1 l a L A N over the multimode fiber. 

C. Multimode Fiberwith 1300nm Source and OFL Power Launch Condition 

The M M F impulse response data has been taken from LG091905L3f.dat file of IEEE 

802.3z M M F impulse response (IPR) measurements [67]. Here, the light source is a 

1300nm Fabry-Perot Laser. Chromatic dispersion at 1300nm is so small that Fabry-Perot 

Laser could be used at this wavelength. The power launch condition is Overfill Launch 

(OFL). The IPR of the overall system has been shown in the Fig. 6.11a and IPR of the 

calibration system has been shown in the Fig. 6.1 lb. 
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Fig. 6.11. a) IPR of overall system (LG091905L3f.dat) b) IPR of Calibration 
System (call5000L4.dat). Light Source 1300nm, Fiber Length = 610m, 
62.5/125 MMF, OFL Power Launch. 

Fig. 6.12 shows the deconvolved frequency response of the MMF. Here also, if we take a 

closer look, say up to 10 GHz (Fig. 6.10b); we can see quite a few flat frequency response 

regions as expected. 

50 100 150 200 250 300 
f [GHz] 

Fig. 6.12. a) Deconvolved Frequency Response of MMF. b) Zoomed Version of 
the Plot in Fig. 6.12a. Light Source 1300nm, Fiber Length = 610m, 62.5/125 
MMF, OFL Power Launch. 
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From Fig. 6.12b we can observe that the 3dB bandwidth of this M M F is less than 3 GHz. 

Hence, bandwidth-distance product is less than 1.8GHz-km considering 610 m of fiber 

length. 

Also, if we move further along the frequency axis in the Fig. 6.12b, we can see quite a few 

flat regions between 1-10 GHz frequency ranges with much wider bandwidths (> 1GHz) 

which can be used to transmit 802.1 la L A N over multimode fiber. 

D. Multimode Fiberwith 1300nm Source and ROFL Power Launch Condition 

The M M F impulse response data has been taken from the LG091905Llp.dat file of the 

IEEE 802.3z M M F impulse response (IPR) measurements [67]. The light source is a 

13OOnm Fabry-Perot Laser. The power launch condition is Radially Overfill Launch 

(ROFL) with IdB coupling loss. The IPR of the overall system has been shown in the Fig. 

6.13a and IPR of the calibration system has been shown in the Fig. 6.13b. 

2 0 0 0 
T i m e in p s 

2 0 0 0 
T i m e i n p s 

4 0 0 0 

Fig. 6.13. a) IPR of overall system (LGO91905Llp.dat) b) IPR of Calibration 
System (call5000L4.dat). Light Source 1300nm, Fiber Length = 610m, 62.5/125 
MMF, ROFL (IdB Coupling Loss) Power Launch. 
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Fig. 6.14 shows the deconvolved frequency response of the MMF. Also, if we take a closer 

look, say up to 10 GHz (Fig. 6.14b); we can also see quite a few flat frequency response 

regions as expected. 

f[GHz] f [GHz] 

Fig. 6.14. a) Deconvolved Frequency Response of MMF. b) Zoomed Version of 
the Plot in Fig. 6.14a. Light Source 1300nm, Fiber Length = 610m, 62.5/125 
MMF, ROFL (IdB Coupling Loss) Power Launch. 

From Fig. 6.14b we can observe that the 3dB bandwidth of this M M F is less than 1.7 GHz. 

Hence, bandwidth-distance product is less than l. lGHz-km considering 610 m of fiber 

length. 

Also, if we move further along the frequency axis in the Fig. 6.14b, we can see quite a few 

flat regions between 1-10 GHz frequency range with much wider bandwidths (> 1GHz) 

which can be used to transmit 802.11a L A N over multimode fiber. The performance 

analysis of multimode fibers with different light source wavelengths and launch conditions 

are given in the following section. 
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6.4 Performance Analysis of the Proposed Method 

In this section, we evaluate the performance of actual multimode fibers in transporting 

wireless signals. The performance of multimode fibers in transporting baseband digital 

signals has been extensively studied by others [67]. However, the performance of 

multimode fibers in transporting analog wireless signals is yet to be explored. These 

multimode fibers have been described in Section 6.3.3. In our proposed method, we will 

transmit wireless channels over relatively flat frequency responses of a multimode fiber as 

proposed in the Section 6.3.1. 

As discussed earlier, we have used two types of light sources, the first one is 850nm 

VCSEL and the second one is 1300nm Fabry-Parrot Laser. We have used two types of 

power launch conditions, OFL and IdB ROFL. One 802.11a L A N channel has been 

transported over these multimode fibers. As discussed earlier, we used relatively flat 

frequency response regions of these multimode fibers to transport the 802. I la channel with 

a center frequency of 5GHz. The RMS constellation errors of a multimode fiber with 

different optical source and optical power launch conditions have been given in Fig. 6.15. 

The length of all of the multimode fiber is 610m. 

8 5 0 n m - O F L 
8 5 0 n m I d B R O F L 
1 3 0 0 i i i n O F L 
1300)1111-1 ( I B R O F L 

10 15 20 
S N R in dB 

Fig. 6.15. RMS Constellation Error vs. SNR of different Multimode 
Fibers, 802.1 la L A N RF Carrier Frequency = 5GHz, Fiber Length = 610 m 
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We observe that in this case the 1300nm light source performs better than the 850nm light 

source. We also observe that the IdB ROFL optical power launch condition performs better 

than the OFL optical power launch condition for both 850nm light andl300nm light 

sources. 

It was expected that ROFL optical power launch condition would outperform OFL optical 

power launch condition as ROFL optical power launch condition excites fewer numbers of 

modes in a multimode fiber and consequently possesses less modal dispersion. This 

proposition is vindicated in our findings as shown in Fig. 6.15. 

From Fig. 6.15, it can be concluded that high frequency wireless signals can be successfully 

transported over a multimode fiber with acceptable RMS constellation error or bit error rate 

using relatively flat frequency response regions of a multimode fiber. The performance of 

wireless signal transmission over a multimode fiber depends on the characteristics of the 

passband regions of a multimode fiber. Hence, finding a suitable passband region in the 

frequency response of a multimode fiber is pivotal to the success of the proposed method. 

Moreover, we have to limit the length of the fiber. In this case we have used a multimode 

fiber with a length of 610m. As the multimode fiber length increases, the differential mode 

delay (DMD) also increases and consequently performance deteriorates. 

6.5 Summary 

In this chapter we described the multimode fibers along with their merits and demerits. We 

discussed modal optical power distributions of multimode fibers. We discussed limitations 

of multimode fibers in transporting wireless signals. We described conventional methods 

which are followed to overcome the drawbacks of multimode fibers. We then described the 

proposed method in transporting wireless signals over multimode fibers. We took a closer 

look at impulse responses and frequency responses of actual multimode fibers with 

different optical sources and optical power launch conditions. We then discussed the 

performance of the proposed method in transporting wireless signal over actual multimode 

fibers using relatively flat frequency response regions of multimode fibers. 
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CHAPTER SEVEN 

Conclusion and Suggestions for Future Work 

7.1 Thesis Summary and Conclusions 

A. Thesis Summary 

The thesis can be broken down into two distinct parts. In the first part, which consists of the 

first three chapters, we described the backgrounds and motivations of our present research 

and described the tools and research infrastructure we developed for our present research. 

In the second part of this thesis, which consists of the last three chapters, we described our 

contributions with detailed performance analysis. 

In the first part of this thesis, initially we discussed a brief history of wireless 

communication systems. Various limitations of wireless communication systems were 

discussed here. We then described the need for transporting wireless networks on fiber. The 

difficulties of transporting wireless signal over fiber have been briefly described. We then 

described OFDM based 802.1 la wireless L A N . We took a closer look at the OFDM signal 

generation process and described the merits and the demerits of OFDM system. The 

software radio of the 802.1 la L A N transceiver, which is developed for the present research, 

is described in detail with the emphasis on implementation challenges. The wireless L A N 

on fiber is discussed next. We described different optical link components and summarized 

their limitations in the analog optical link. Then a detailed description of the external 

modulation based analog optical links, which are used in our present research, was given. 

In the second part of this thesis, three distinct contributions of this research are described in 

detail. At first the non-linear effects of optical system on wireless signals were considered. 

We addressed the issue of dynamic range problem of Mach-Zehnder electro-optical 

modulator. The mathematical model of non-linear distortions of MZ modulator is 

developed. A mathematical upper bound of the modulation index for nonlinear 

distortionless transmission of wireless signal over fiber has been derived. We discussed the 
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high peak to average power problem of OFDM signal and its adverse effects on system 

performance. Different PAPR reduction methods are described. We then discussed the 

proposed signal predistortion methods with detailed experimental results. Next we 

considered the Mach-Zehnder electro-optical modulator bias drift problem. We discussed 

the bias drift problem and its effects on the overall system performances. Different bias 

control methods are described with their merits and demerits. We described the proposed 

bias control method in detail. We then considered the use of multimode fibers in 

transporting wireless signals. We described different multimode fibers and their dispersion 

effects. We proposed a model to use multimode fibers in carrying wireless signals. 

B. Achievements and Conclusions 

Here, we summarize the achievements and conclusions of the research works mentioned in 

this thesis. The achievements of the present research work are: 

• Successful implementation of 802.11a Software Radio with complete compliance with 

802.11a L A N standard. Al l blocks of the Software Radio are verified with the data 

provided by IEEE 802.1 l a standard. 

• An accurate phase error compensation technique has been developed for OFDM signal 

transmission over fiber. 

• A better frame synchronization of 802.1 la L A N is proposed. It has been shown that the 

proposed frame synchronization outperforms conventional frame synchronization in 

case of transmission of 802.1 la L A N over fiber. 

• A mathematical upper bound of the modulation index for nonlinear distortionless 

transmission of wireless signal over fiber has been derived. 
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• An OFDM signal predistortion method has been proposed to mitigate non-linear 

distortions of MZ modulator. The proposed signal predistortion method makes OFDM 

signals more suitable in case of transmission over fiber. 

• A novel MZ modulator bias control mechanism has been proposed. The proposed bias 

control mechanism has no detrimental effects on overall system performances. 

• A model has been proposed to transmit wireless signals over multimode fibers. 

Some of the conclusions from the present research work are: 

• Phase error compensation of OFDM signal is very critical in achieving an acceptable 

performance of OFDM signal transmission over fiber. 

• Due to the high dynamic range, OFDM based wireless signal is highly susceptible to 

non-linear distortions by optical system. The signal needs to be predistorted before 

sending it over the fiber. 

• In low signal to noise case, frame synchronization of 802.1 la L A N on fiber becomes 

challenging. In this case we have to use a special technique to achieve proper frame 

synchronization. 

• The MZ modulator needs a bias control loop to stabilize the applied bias voltage at a 

quadrature bias point. 

• For transmission of wireless signals over multimode fibers, we have to find suitable 

transmission bands in the frequency response of multimode fibers. 
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7.2 Suggestions for Future Work 

During the present research work we achieved quite a few milestones. However, due to 

time limitation, we could not explore all the avenues of proposed methods. There are quite 

a few works which can be carried forward in future. 

• Hardware verification of proposed signal predistortion methods to mitigate non-linear 

distortions of MZ modulator has to be performed. 

• We have shown that Soft-Clipping is an effective method to mitigate non-linear 

distortions of MZ modulator on OFDM based wireless signals. We had to resort to an 

iterative approach to achieve best performance of the proposed Soft-Clipping signal 

predistortion method. To achieve the best performance of the proposed signal 

predistortion method, we have to find an optimum clipping threshold and a window 

function with optimum main lobe width and maximum sidelobe attenuation. It requires 

an optimization operation to fine tune all the parameters to achieve the best 

performance. 

• In our present research we have not evaluated the performance of predistorted signals 

against the combined NLD of all the nonlinear devices like RF amplifiers, optical 

amplifiers, photo detectors etc in the wireless on fiber link. We have only considered 

the NLD of the Mach-Zehnder modulator. This is an interesting work to evaluate the 

performance of predistorted signal against combined NLD of all nonlinear devices in 

the wireless on fiber link. 

• The proposed MZ modulator bias control mechanism has to be implemented in 

Hardware to evaluate its performance in a practical scenario. 

• Experimental verification of wireless on multimode fiber with fiber length more than 

1 km has to be performed. 
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APPENDIX A: 

Mach-Zehnder Modulator Power Transfer 
Characteristics 

O 

OSSB,<|»=rc/2 

In the figure above Mach-Zehnder modulator biasing has been shown. This is an Optical 

Single Side Band (OSSB) configuration [25]. V r f is the radio signal which is modulated 

onto the optical signal coming from the Laser by MZ modulator; Vs i a s is the bias voltage of 

the modulator. 

The input E-field of the optical field to the modulator is, 

The output E-field of the optical field from the modulator (combination of E-fields from 

both arms), 

where 0i and G2 are the phase shifts of E-fields of the optical field in arm one and two (due 

to applied electric field) respectively. 
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0[ = = (O +

 w n e r e V r c is the voltage require to cause 180 degree phase 
' TT * TT 

shift of E-field of the optical field 

For OSSB: Vi=V R F /2 and V 2 = - V R F / 2 [25]. Now output Power from the modulator is, 

P = F = 
1O K J O 

Input Power to the modulator, 

Pin= k.jEinl = k. A(t)2 where k is the insertion loss of the modulator. 

(A.3) 

The output power from MZ modulator becomes, 

\2 
Po = ^ í L [ { c o s ( ^ ) + C o s ( ^ - ) } 2

 + { s i n ( ^ ) + s i n ( ^ ) } 2 ] (A.4) 
V, K V, K K K K 

P0=^k[l + c o s ( ^ V R F ~ V B P11 

2 )] 
K 

(A.5) 
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APPENDIX B: 

Mach-Zehnder Modulator Non-Linear Effect 

The power transfer characteristic of M Z M is given as: 

P 0 ( I ) = P I N (t)k[l+COS(7l ^ ( O - V B } ] ( B 1 ) 

The passband RF signal is given as: 

V ^ C t ^ R e U x , + ^ ) ^ } (B.2) 

After photo detection at the receiving end, the electrical signal is given as: 

V ( t ) = C [ l + c o s ( ^ - ^ k i î > ^ B )] 
V j r (B.3) 

C oc P U I L M Z G R P D R 

LMZ is insertion loss of M Z M , G is gain in optical link, R P D photo detector responsivity and 

R is load resistance. 

Now if we insert Eq. B.2 in Eq. B.3 we get, 

V=C[l+cos(7c * . c ° s 2 < t - y ^ 2 < t - V B } ] 

V J C

 n (B.4) 

V = C j l 

+COS^cx^nf t)cos(z2sin27tft)cos(—-) 
JC 

JtV 

+sin(z1cos27tfct)sin(z2sin27rfct)cos(—-) 

+sin(ZjCos2̂ f t)cos(z2sin2îcft)sin(—-) (B.5) 

-cos(z1cos2^ft)sin(z2sin27cfct)sin(—- )] 

_ T C G R F X J _ TiG R F y i  

1 V ' 2 V 
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From Bessel Function Identity we know that [37], 
00 

cos(z sin 9) = J 0 (Z) + 2^ J 2 N (z) cos 2n0 

OO 

sin(zsin0) = 2]T J2n+\{z)sm(2n + \)9 

OO 

cos(z cos 77) = J 0 (z) + 2]T (-l)w Jln (z) cos 2/777 
00 

(B6) 

sin(z cos 77) = 2 ^ (-\)"J2n+\ (z) cos(2« +1>7 
«=0 

Now substituting B.6 into B.5 we get, 

CO 
HJ0(Z1)J0(Z2)+2/0(*2)£(-D"Lr2N(Z1)COS^*/;) 

H = I 
CO OO OO 

+2/0(̂ 1)2̂ (̂22)̂ 2̂ 2̂ ) +4^(-1)"J 2„(Z 1)COS2K(2^/ c0X^(Z2)COS2«(2^) /g ? x 
K = I « = 1 n=l \ • / 

+4^(-1)" J 2 Zn 1 (Z 1 )CosC/!+W*U Z ^ 1 ( ¾ ) » ^ + 1 ) 2 ^ } cos(— 
«=O n=0 •r 

CO OO OO 
+{2J0(z2)2;(-l)"J'2W.1(z1)cos(2n+\)2nf¿t +42 (̂-l)V2̂ 1(z1)cos(2«+l)2tf/̂ ^2»(22)«»2«(2tf/cí) 

K=O K=O K = I 
CO CO CO *r 

- I Z 0 ( Z 1 ) X J2„+i(z2)sin(2« +DlMfJ -4X(-l)V2n(z1)cos2«(2tf/c<)X J2fl+1(z2)sin(2« + l)2^}sin(—¿) 

K=O K = I K=O 
I 

T T V B For quadrature biasing of the modulator cos( ) is zero. So unless there is bias error Eq. 

B.7 becomes, 

VRF =C[l + {2Jo(2 2)Z(-l)"^1(^)003(2^ + 1 ) 2 ^ + 4 ^ ( - 1 ) " J ^ i z ^ l n + DlTtU^J^z^lrilnfJ) /g g) 
K=O K=O K=I \ • / 

00 CO CO Tr 

-TJQiz^J^izúúxtTn+ÍVxU-A^ 
K=O K=I K=O * 
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A) Now if we consider only fundamental RF carrier and filter out other harmonics and DC 

component the Eq. B.8 becomes: 

• ^ V B 
V R F = c I {Jo ( z 2 > j I (Zi)cos27tf ct-J 0 (Z 1 )Jj (z 2)sin27tf ct}sin(—s. )] (B. 9) 

V j t 

After downconversion to baseband, the received signal becomes (as sin(—2-)¾] for 
V 7 1 

quadrature biasing): 

^ B B = cI JO ( Z 2 ) J I (Zl /H J O ( Z l ) J I ( Z 2 )1 ( B 1 °) 

B) Previously we have considered exact quadrature biasing of modulator. Now if there is 

bias error, even harmonics will be generated along with odd harmonics. Now if we 

consider only second harmonic of RF carrier and filter out other harmonics and DC 

component we get form Eq. B.7: 

JiV 
VRF(H2 ) = c

 [ { J o ( z I ) J 2( z 2 ) - J O ( z 2) J 2(Z 1 ) JccMjt f c !+J1(z,)J,(z2)sin47tfct]cos( — 2 - ) V 7 1 

TtV 
^ B B (H 2 ) = C [ { J O ( Z I ) J 2 ( Z 2 ) - J 0 ( z 2 ) J

2 ( Z I ) } + Ì J I ( Z 1 )J, (ZJ )]C0S( — ) 
V 7I 

and corresponding preamble power can be obtained from Eq. B12. 

P s s (¾)= Z lcl{J

0(zi)J

2(z

2)-Jo(z

2)J

2(zi)}+iJi(zi)Ji(z

2)]cos(^-)|2 (B.12) 
V 7 1 

( B l l ) 
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APPENDIX C: 

Impact of Pilot Tone on IMFDR of the Link 

-20 

P„Jcosf^lOOA MHz) 

I 

_ ^ . , / •^2^, -^7-100 . 3 MHz) 

\ (•1 ,̂+26^120.1 MHz), 

NM (meas.) in 1 MHz 
= -104.1 dBm 

•25 

i » i ^ i... i i i i .i. i... 1,...( i , -j i i  

-20 -15 -10 -5 

Link Input power (dBm) at RF frequencies /OKF2 

Figure above shows the impact of Pilot Tone on IMFDR of the link [42]. We can see that 

with a Pilot Tone of modulation index 2.5% the IMFDR of the link reduces by 6 dB. This is 

a two tone based result. For OFDM based link where large numbers of subcarriers are 

present, the impact of Pilot Tone is much more severe in terms of reducing IMFDR of the 

link. Hence, pilot assisted bias control of Mach-Zehnder modulator is more detrimental to 

the OFDM based wireless on fiber link. 
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