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Abstract

Due to its lower attenuation and high bandwidth, current telecommunication infrastructure uses
optical fibers for high datalong haul transmission. Free space optics (FSO) technology is a good
option for short-distance multi-gigabits per second or beyond data transmission. Nowadays, it
has different application areas such as indoor, outdoor, underwater, and deep-space
communications. A key area within this new generation is the combination of optical fiber and
FSO network to provide high bandwidth for both long and short-distance services.

The hybrid link uses coherent optical advanced modulation and dispersion compensation
techniques to achieve the best performance with the existence of atmospheric turbulence effect
and fiber limitations. Orthogonal frequency division multiplexing (OFDM) and dual -polarization
guadrature phase-shift keying (DP-QPSK) are considered promising technologies to satisfy the
demand for bandwidth expansion in broadband services. OFDM can overwhelm optical fiber
limitations such as polarization mode dispersion (PMD) and chromatic dispersion (CD), whereas
DP-QPSK provides good noise immunity.

This thesis concentrates on designing, simulation, and performance analysis of 100Gbits/s data
rate hybrid optical fiber/FSO systems using coherent optical OFDM and DP-QPSK modulation
techniques. MATLAB software and OptiSystem simulation tool are used to design and simulate
the hybrid system. To study the performance of the systems and the quality of the signals the bit
error rate and the Q-factor are considered. As aresult, for 100Gbits/s per channel with DP-QPSK
based system, the link coverage is up to 468m in FSO and 202km by fiber cable; and up to 510m
FSO link and 220km by fiber optics for CO-OFDM system. It is observed that the CO-OFDM
system has high tolerance against linear signal distortion effects and sensitive to nonlinear

effects which affects the system performance.

Keywords: Hybrid fiber/FSO, FSO, DP-QPSK, OFDM, Coherent Optical.
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CHAPTER ONE

I ntroduction

1.1 Overview

The increase in network traffic has forced telecommunication technologies to focus on the
expansion of communication bandwidth for high data rate transmission. Along with enhancing
the bandwidth of the communication link efficient performance should take great attention to
meet the new generation requirements. Employment of high optical bands will relieve the
problems due to spectrum deficiency in radio frequency (RF) based communication systems.
Optical free-space communication systems are cost-effective and energy-efficient for high-speed
and highly secure wireless connections while optical fiber has advantages of transmitting data
over long distances with greater information-carrying capacity, less attenuation, and
electromagnetic interference (EMI) [3-5 and 9]. But optical fiber technologies induce dispersion
and non-linearity effects which require compensation techniques. In another way, free-space
opticsis a line of sight communication technique suited for last and first-mile data transmission
in both indoor and outdoor areas [6, 7]. It is more advantageous due to its unregulated spectrum,
and low deployment cost. Thus, the integration of an optical fiber with afree-space link can form
a hybrid optical fiber/FSO communication system that can handle higher data rates for long and
short-distance transmissions 1, 2, and 9].

Recently, researchers are being shown to come across the high capacity demand in the
communication systems, primarily for multi-Gbits/s and Thitg/s. First and last-mile access
networks are currently well-thought-out as encouraging ways for both service providers and end-
users in terms of minimizing deployment cost and upgrading period, improving mobility, and
enhancing the flexibility of broadband services. The two key concerns that need to be known to
increases the transmission rate per channel are the expansion of bandwidth and improving

spectral efficiency.



1.1.1 System bandwidth expansion

Increasing the transmission bandwidth per channel either optically or electronically is one of the
methods to enhance the capacity of atransmitting system. In optical transmission networks, there
are two commonly used ways to improve the capacity of the transmission system [4, 8]. The first
one is by tallying severa optical carriers which have already been considered and deployed and
are known as wavelength division multiplexing (WDM). It is well-thought-out one of the most
cost-efficient methods to increase the optical fiber link throughput [2, 11]. The second method is

to expand the component bandwidth per channel using semiconductor technol ogy.

1.1.2 Enhancingthe spectral efficiency

In optical network systems, the most important figure of merit is spectral efficiency which is the
carrying capacity of information per unit bandwidth. Currently, many optical networks use
intensity modulation with direct detection for high data transmission. However, the spectral
efficiency with binary modulation will not exceed 1 bits/s'Hz; multiple advanced modulation
techniques have been explored to improve the capacity of the transmission systems. Combining
coherent detection with advanced modulation techniques can easily achieve the spectra
efficiency of several bits/s/Hz per channel [10]. Some of these formats are the coherent optical
OFDM and DP-QPSK.

Orthogonal frequency division multiplexing (OFDM) is a frequency division multiplexing
(FDM) scheme used for coding digital data on different carrier frequencies. It has two vital
benefits which are robustness against channel dispersion and ease of phase and channel
estimation in a time-fluctuating environment. Several sub-carriers are oriented closely spaced to
convey data on multiple channels [8]. It uses QAM or PSK modulation scheme to modulate each
sub-carrier.

A cost-effective system can be designed through the reduction of the network modules that
require alower number of wavelengths. Thus, applying a multilevel modulation technique can be
a potential choice to reduce the complexity and costs of optoelectronic components as well
further improve spectral efficiency. Therefore, an optical network system will be more redlistic
and effective if the employment of advanced modulation techniques can reduce the complexity

of the system while simultaneously enhance spectral efficiency.



Dual polarization quadrature phase-shift keying (DP QPSK) is an extension of the ordinary
guadrature phase-shift keying (QPSK) modulation which consists of two orthogonal states of
polarization (horizontal and vertical) of light intensity. It usesI/Q QPSK modulators signal to
encode 4 bits/symbol rate at atime and is advantageous in decreasing the BW of the transmission
of information. In the DP-QPSK scheme, the system data is encoded in both phase and

polarization.
1.2 Statement of the Problem

The current radio frequency system cannot satisfy the growth in demand of telecommunication
network systems to transmit high data rate with efficient performance. The two key concerns that
need to be known to increases the transmission rate per channel are the expansion of bandwidth
and improving spectral efficiency.

First and last-mile access networks are currently well-thought-out as encouraging ways for both
service providers and end-users in terms of minimizing deployment cost and upgrading period,
improving mobility, and enhancing the flexibility of broadband services. Free-space links are
affected by atmospheric turbulence which prompts fading and path loss resulting in reduction of
coverage distances. While, optical fiber technologies also induce dispersion and non-linearity
effects which require compensation technique.

The OFDM and DP-QPSK are seen multilevel modulation techniques for long and short distance
transmission system in both direct and coherent detection, because DP QPSK provides very good
noise immunity while OFDM is capable of many optical fiber limitations such as polarization
mode dispersion (PMD) and chromatic dispersion (CD).

A hybrid optica fiber/FSO network system needs to minimize the separate fiber link and FSO
link high data transmission systems which give complementary option one to another and
mitigate the drawbacks. And also different advanced modulation techniques should be applied to
reduce the transmission restrictions and transmit higher data rate signals at a time per single

channdl.



1.3 Objective of the Thesis

1.3.1 General objective

The main objective of thisthesisisto design, simulate, and analyze the performance of a hybrid
optical fiber/FSO communication system for high data rate transmission using coherent optical
DP-QPSK and OFDM modulation techniques.

1.3.2 Specific objectives

The specific objectives of this paper are:

v" To analyze the performance of CO-DP QPSK and CO-OFDM based hybrid optical fiber/
FSO systems with fiber nonlinearity effects.

v' To analyze the performance of CO-DP QPSK and CO-OFDM based hybrid optical fiber/
FSO systems with fiber dispersion states.

v" To investigate and simulate the CO-DP QPSK and CO-OFDM hybrid systems to carry
100Ghits/s with the OptiSystem simulation tool.

v" Finally bit error rate and the Q-factor were verified to study the performance of the
hybrid optical fiber/FSO system.

1.4 Literature Review

The use of optica bands can relieve the problems caused by spectrum shortage in radio
frequency based wireless communication. Nowadays, researchers are trying to adapt many

applications based on hybrid optical/wireless communications.

Advanced modulation formats play an important role in the design of high-speed short-range and
optical access networks where high capacity, low cost, and minimum energy consumption are
key for practical deployment.
In order to meet the objective, the reviews will be carried out in the following contexts:

» Hybrid optical fiber and free space wireless high speed data transmission

»  Short range Multi-Mode Optical Fiber transmission

» Lossanalysisfor optical fiber transmission

» Performance of advanced modulation schemes.



In paper [1], the authors present a hybrid optical fiber/FSO Communication system for high-
speed data transmission. Advanced DP-QPSK modulation format is applied to extend the
transmission distances for both fiber and free-space communication. But it did not consider the
implementation cost and energy consumption of the links. And also the coverage area can be
increased further by applying multilevel advanced modulations like M-QAM, OFDM, and CAP,
etc.

In paper [2], the authors present a high-capacity integrated optical-wireless communication
system using advanced optical and wireless technologies. From the service aspect, gigabit mm-
wave services provided by radio over fiber (RoF) systems have been demonstrated with the co-
existence of legacy microwave services. A low-complexity UDWDM and QAM-OFDM
modulation techniques are applied. Besides QAM and OFDM modulation formats, DP-QPSK
and CAP modul ations can be applied to the low complexity of the links.

It allows a relatively high data rate achieved by electrical and optical components of limited
bandwidth and thus fits in the optical -wirel ess access network applications.

In paper [3], the author describes the design of underwater optical wireless communication
(UOWC) transmitter optimized for modularity, cost, power consumption, and speed. The am is
to create and evaluate a system with a low enough cost and power consumption to allow for the
inclusion of UOWC in projects of any size. The design should also be simple enough that the
system is easy to expand or adapt to a specific project’s needs.

The design uses light-emitting diodes (LEDs) as the optical generator to limit the power
consumption. The system applies a Pulse Position Modulation (PPM) scheme that reduces the
data throughput of the system.

Besides the PPM modulation scheme, other advanced modulation techniques can be applied to
the low-complexity IM-DD links which alow relatively high data rate achieved by
optoelectronics components of limited bandwidth, and thus fits in the optical-wireless access
network applications.

In paper [5], the authors present a high-capacity optical network system for short distance
communication. The paper focuses on fiber access network with the signal propagation distance

of tens of kilometers and optical data center networks (ODCN) with distance of afew kilometers.



Furthermore, different advanced modulation formats has been also studied and transmission
performance of both pulse amplitude modulation (PAM) and discrete multi-tone (DMT) signals
in a short-reach optical link has been experimentally investigated. But to meet the low-cost
reguirements in short-haul communications and low power devices are preferred in both fiber
access networks and data center networks (DCNSs), other advanced modulation techniques, and

optoel ectronics components should be investigated.
1.5 ThesisOutline

Thisthesiswill be divided into six chapters.

In the first chapter, the introduction and literature review of a high data rate hybrid optical
fiber/FSO communication system will be described.

In chapter 2, advanced modulation techniques will be covered.

In chapter 3, optical communication system will be covered.

In chapter 4, the hybrid optical fiber-wireless communication system architectures are realized
and illustrate the performance of the optical fiber/FSO hybrid system with OFDM and DP-QPSK
modulation schemes. MATLAB software and Opti System simulation tool are used to design and
simulate the system. In addition, this chapter discusses the ssmulation results and the analysis of
the proposed systems.

In the last section, the work is concluded and future tasks will be discussed.

1.6 Scope of the Thesis

The scope of the thesis covers the design, simulation and performance analysis of a hybrid
optical fiber/FSO communication system using coherent optical DP-QPSK and OFDM

modulation techniques for 100Gbits/s data rate transmission.



CHAPTER TWO

Advanced Modulation Techniques

2.1 Introduction

Nowadays, the huge demand for broadband network services involves data communication
systems to have an intensive capacity which subsequently improves the need for higher data
rates. Increasing the number and employment of multiple optical components can improve the
system carrying capacity, but for such desired systems the cost will increased as well. Therefore,
another mechanism which is an advanced modulation format using a single wavelength channel
has become a preference to improve spectral efficiency with similar optoel ectronic components.
Multilevel modulation techniques such as multiple quadrature amplitude modulation (M-QAM),
M-ary phase-shift keying (M-PSK), discrete multi-tone (DMT), and orthogona frequency
division multiplexing (OFDM) has been explored extensively [12, 13]. For the new generation
optical communication systems, multilevel modulation formats have been stated to show many
technical solutions. Therefore, an optical network system will be more redlistic and effective if
the employment of advanced modulation techniques can reduce the complexity of the system
while simultaneously enhance spectral efficiency.

Among al other advanced modulation techniques, dual-polarization quadrature phase-shift
keying (DP-QPSK) is one of the most important techniques for multi-Gbits/s or higher bit rate
transmission. It consists of two orthogonal polarization states of the light signal with 1/Q QPSK
modulators and capable of encoding 4 bits/symbol rate at a time. The DP-QPSK represent light
output in to symbols for minimizing the bandwidth of the transmission information and the
symbols are encoded in both phase and polarization [13].

Orthogonal frequency division multiplexing (OFDM) is one of the well-known multiplexing
techniques is the orthogonal frequency division multiplexing (OFDM) which encodes signals on
multiple carrier frequencies. It has established into a popular scheme for broadband digital
communication, applied in different streams like wireless networks, digital subscriber line (DSL)
Internet access, power-line networks, and fourth generation (4G) mobile communication
applications. The two fundamental advantages of OFDM are robustness against channel
dispersion and its ease of phase and channel estimation in atime-varying environment. It has two



vital benefits which are robustness against channel dispersion and ease of phase and channel
estimation in a time-fluctuating environment. In optical domain, OFDM has been widely studied
to compensate for dispersion effects [21-23]. However, OFDM aso has demerits such as

sensitivity to frequency and phase noise signals, high peak to average power ratio (PAPR).

2.2 Dual Polarization-Quadratur e Phase-Shift Keying M odulation
2.2.1 Principleof QPSK M odulation Format

In quadrature phase-shift keying (QPSK), commonly, a sinusoidal waveform is considered
with phase variation while keeping the amplitude and frequency unchanged. Let the QPSK
waveform can be expressed as shown in equation (2.1) [13, 14]:

Spsk(t) = Acos[w.t + 0, + 6;(1)] (2.2
Where Spgi is the it phase PSK signal, A is the peak amplitude, w, is the carrier frequency
(w.=2xf.), 6, is the reference phase angle, 0; represents the phase difference wherei = 1, 2, 3,
or 4. Two different BPSK systems (i.e cos wtand sin wt), one to the I-in phase and the other to
the Q-quadrature, can generate QPSK signal which has the similar performance but the
bandwidth of the system will be double.

I-channel BPSK signal  JAAANAAAAIAANAAANAYAANS
I..' ]al IJ \ W I'." W I«." i'l W I.'l 'lal 1'\.'. / \.I.'l Vv
Q-channel BPSK Signal A AMAMMANAN AAMAMANAN
VVVWUVVY VVVWYVY VYV
o A A I_* A AN AR A AN I,-u -'II & .-,IP ARA
BPSK Signal VAN AAAMANA AAAMANN
TRIRYRIIYE | rJ T | I YRIALYA ||"F
v vy VWV v WV '] L} L

Figure 2 1: The generations of QPSK signal from two BPSK signals.



2.2.2 Optical DP-QPSK Modulation

As shown in figure 2.2, a DP-QPSK system is a combination of two QPSK systems in a
polarized state. It uses two polarizations (i.e horizontal and vertical) with the identical QPSK
constellation to assign the digital bits. The desired symbol rate can be decreased by four times
which narrows the signal spectrum, reduces the speed required of an optical signal, and allows
lower-cost applications. The dual polarization is performed at the optical carrier laser beam
output with beam splitter. Thus, the DP-QPSK is a multilevel digital modulation format used in
the optical communication systems with vertical and horizontal polarization the laser beams.

By default, the laser source is a continuous wave single polarization and let us considers it is
horizontally polarized. To produce verticaly polarized signals having equal power a beam
splitting technique is required. The beam splitter gives two signal outputs one to the upper and
the other is to the lower QPSK modulator with the same power. And then, either of the two parts
IS sent to polarization rotator, i.e in this case the upper part to make vertically polarized signal.
Finally, the horizontally polarized signal is combined with the vertical polarized QPSK signal to
get a DP-QPSK modulated output signal.

BFF BEF s
1 al | 101
—#| DAC | 1 | ,
Modulator L
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_ﬁ DAC i DP-OF
4

—+4 DAC ‘9‘)_ ‘ BPSK RN

—#1 DAC

Figure 2 2: Block diagram of DP-QPSK modulator

A linearly polarized continuous light wave comes from alaser diode (LD) is an input into a DP-
QPSK modulator [16]. Let the output of the LD can be expressed as:



Ep(t) = y/Pinoexp[i(wct + @)] (2.2)
Where Py, represent the average input optical power, w. is the carrier frequency, and ¢
represents theinitial phase.
Most commonly, the modulation process of the DP-QPSK signal is done using an electro-optic
mechanism with the Mach—-Zehnder modulator working principles [15, 16]. Figure 2.2 shows the
detailed structure and working principles of a DP-QPSK modulator. A single DP-QPSK
modulator mainly consists of a polarization rotator and two DP-MZM modulators. A DP-MZM
can be formed by connecting two MZMs in paralel or series. The electric field transfer function
of an MZM biased is shown in equation 2.3 [15, 17]:

v (t) — v, (t)
2V,

(2.3)

Emzo,psk (1) = JELp (D) cos [ﬂ l exp(jBD)

Where 8 represents the modulation constant of the MZM, v, is the half-wave voltage of the
MZM, v, ,(t) are the driving voltages of the modulator, and I represents the length of the each

MZM electrode. In equation 2.3, @; qpsk = “M is the baseband QPSK signal. Each DP-

Vr

MZM is biased on one arm to give a90° phase shift. Thus, the DP-MZM output signal can be
expressed as.

Emzopsk(t) = JELp (1) [cos(@rpskt) + cos(@qpskt)exp(jm/2)] exp(jpl) (24)
Finally, the output of the optical modulator is transmitted through an optical fiber/FSO hybrid
link and reaches at the receiver for further process. At the receiver, a DP-QPSK demodulator is
mainly composed of four pairs of balanced photodiodes and two dual-polarization delay-line
interferometers (DP-DLIs). Each dua-polarization delay-line interferometer consists of two
Mach-Zehnder DLIs each has a phase shift on one arm and an exact one-symbol-period
differential delay on the other [14, 18].
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Figure 2 3: A schematic diagram of DP-QPSK receiver delay-line interferometer (DLI).

The output of the FSO link a polarization beam splitter (PBS) with laser beam source is applied
to obtain two mutually orthogonally polarized signals.

At the receiver, the input to each DP-DLI is separated single-polarized signals, which transforms
the phase-difference information into intensity information. After conversion, the intensity
information is sent to balanced photodiodes and the noise is eliminated by applying filters. The
original data is recovered using subsequent process. Assuming the responsivities () of al
photodiodes are the same, t is the differential delay, and the signa at the input of DP-DLI
iISE;jpppsk(t) = Bexp[j((wct + @) + @), then the output of the DP-DLI can be derived as.

)

Eiu2u1vey = 5 [Ei,PD,PSK(t)eijn/4 + E; pppsk(t — U]

Based on the properties of the square-law of photodiodes, the converted photocurrent can be
expressed as.

(2.5)

_ V2uB? _ (2.6)
ipp,psk(t) = 4 (\/E + cos A@s — sinA@ypy)

After the process of balanced detection, the output electrical signals can be expressed as:

V2uB? (2.7)
1u(©) =~ (cos(As — Aprp:))

2uB?2 (2.8)
i (1) = f;‘ (sin( A@s — A@ypy))

11(t) = R{y/PsPLo(cos( Aps — Agypz) ) and 1o (t) = R{/PsPo(sin( Ags — Aprpz)) (29

11



Where Ags;p; is the phase difference between adjacent symbols, Ps is the power of the
transmitted signal and Py is the power of the coherent detection local oscillator.

Finally, the amplified signal is passed to a digital signal processor (DSP) to equalize the
transmission impairments such as group velocity dispersion and phase mode dispersion of optical
fiber.

2.3 Orthogonal Frequency Division Multiplexing Technique

2.3.1 Working principles of OFDM

As shown in figure 2.4 below, the OFDM technique consists of a transmitter that split into
multiple parallel streams. Each carrier signal is mapped using QAM or PSK modulation scheme
symbol stream.

After mapping, the symbol streams are modulated onto the multiple carriers using IFFT to
transform the signa from the frequency to time domain. A guard interval or cyclic prefix is
added to avoid the overlapping between multiple carriers after IFFT operation, and then the
signal is fed to a digital to analog converter (DAC). At the receiver, the cyclic prefix or guard
interval is removed to recover the origina signal. Then the signal is demodulated by using the
FFT agorithm and QAM or PSK demodulator. Finaly, the data is converted from parale to
serial to get the original data stream [21, 24)].

Input ., Mapping IFFT Add DAC
Data S/P CP/GI Pis
Channel
Output . ]
ot P/S De-Mapping FFT RCEIESIE /P ADC

Figure 2 4: Block Diagram of OFDM system
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2.3.2 Optical OFDM modulation

In optical fiber communication systems, OFDM emanates into two senses, namely coherent
detection optical OFDM (CO-OFDM) and direct-detection optical OFDM (DDO-OFDM) [25,
27]. Direct detection OFDM is recognized by sending the optica carrier signa along with the
OFDM band and a single photodiode can be made at the receiver side to convert the optical field
back into the electrical domain whereas, in coherent detection, the optical carrier signa is
suppressed and the receiver is realized by coherent detection with alocal oscillator or laser diode
(LD).

Real Part

OFDM
Transmitter

Balanced

NS

Detector
i ]-
OFDM
Receiver E

dINS

Figure 2 5: Block diagram of ageneral CO-OFDM systems

The CO-OFDM has greater performance with optical signal-to-noise ratio (OSNR) requirements,
PMD tolerance, and spectral efficiency for long-haul communication systems, whereas direct
detection is more appropriate for cost-effective short-distance broadband services.

The main demerits of coherent detection are polarization dependent and very sensitive to phase
noise of the laser diode. Since it incorporates the advantages of both coherent detection and
OFDM techniques, CO-OFDM are the new-generation technology for optical communications.
[30]. In CO-OFDM the optical carrier is generated from a local oscillator at specific
wavelengths. Depending on the frequency of the laser diode, the coherent optical detection can
be categorized as heterodyne or homodyne detection.
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When the frequency of the output of the local oscillator (LO) does not match the incoming
optical signal frequency it is called heterodyne detection. At the receiver end, the second laser
output and the incoming signals are mixed to generate a new signal with intermediate frequency
(IF). Heterodyne technique will decrease the shot and thermal noise which improves SNR
performance of the system. However, the received optical source frequency will disposed to drift
over time and the IF has to be regularly checked, and the local oscillator frequency must be
improved to keep the IF constant.
For the analysis of the coherent optical OFDM system we consider two tone models. The two
complex subcarrier tones can be expressed in equation 2.10 and 2.11 [31, 32]:

S, (t) = Aei?mat (2.10)

S, (t) = Aej?m2t (2.11)
Where A represents the rms value, f; , represent the frequencies of the two tones.
And also the optical carrier signal generated from the LO at the input of the modulator can be
expressed as.

Epp(t) = v/ Pino explj(wct + @)] (2.12)

Andlet s;,(t) isthe complex electrical signa produced by mixing the two tones:

S12() = V12 + Vg 12 = A(cos 2mf; t + cos 2mf,t + j(sin 2nf; t + sin 2nf,t)) (2.13)
Assuming that, the MZM is in unbiased condition which is optimal, the initially ¢ = 0, and the
nonlinearities are insignificant; the optical modulator output can be expressed:

Ewmzo,0rpm (1) = E;pMS;, (t)el®ct (2.14)
Where E;  represents the rms value of the laser output with frequency f., the factor M = A X

%, V,, represents the half-wave switching voltage of each MZM.

Practically, the complex input signal and al the input voltages of the LiINb-MZM contribute for
the variations of both amplitude and phase of the modulator output [33]. The LiNb-MZM output
optical field can be expressed by equation 2.15 [34]:

E . TAp | TApy . mMAq | .TApq 2.15
LD [ye(]VﬂRF+]V1tDC + (1 — y)e(]"ﬂRF+]"1TDC] ( )

Emzo,0rDM = Lins,

1020

where L, represents the parameter insertion loss, A; and A, are rms input electrical voltage for

the lower and upper modulator arms, Ay, and A, are bias voltage 1 and voltage 2, v gr and

Vipc ae the bias and switching modulation voltages, and y denoted the power splitting ratio of
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1-L
both Y-branch waveguide (assumed to be symmetrical), and szﬁWhere €. 10%10

and exr isthe extinction ratio equal to the P, /P,, where P, , is average power outputs.

The transmitted light intensity is detected at the end of the transmitting link and the original data
is recovered through the down conversion procedures. Assuming linearity in every signad
processing stages and negligible optical hybrid loss, the transmitted signal and the second LO
optical signal are mixed together to form a coherent detection. Each optical detector has two
couplers and two PIN photo diodes.

The output eectrical field of the four 90° optical hybrid ports can be expressed by equation 2.16
and 2.17 [38]:

1 2.16
Ei2 = NG [Es = Epp2] (210)
Ess = = [Eq 4 {Eyps] (217)
3,4 N s TJELD2

Where Eg, E| p, are the received signa at the end of the link and loca oscillator signal (LO) at
the recelver side respectively.

The real value of the output photo-current can be recovered by using the two photo-detectors
(PD1, PD2):

1 . 2.18

lorou = [Ey|? = > (IEsf? + [Eupa |? + ZRe(E;Evp,) 219
1 . 2.19

laorow = [Ez[? = > (IEsf? + [Eupa |? — 2Re(E,E1p, ) @)
|Es|? = |Er|? + Ing|? — 2Re{E4ny*}} (2.20)

|ELp2l? = ILp2 (1 + Lin (1) (2.21)

Where I, p,, I, (t) represent the rms power and relative intensity noise of the LD. Due to the
balanced photo-detection, the real component of the photo-current becomes[39]:

I; = 2Re{EE;p,"} (2.22)

Iq = 2Re{EsE;p,"} (2.23)
Based on equations (2.18) and (2.19) the complex photo-current can be expressed by:

lorpm (D) = I;(0) +jlg(t) = 2EEp; (2.24)

After the optical detection process, the received signal is transmitted to the OFDM receiver to
recover the original signal.
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CHAPTER THREE

Optical Communication Systems
3.1 Introduction

Multi-gigabits/s and beyond data rate broadband services are evolving continuously to meet the
demand for wireless capacity of the new generations. The current RF spectrum is facing a
challenge to meet the demand of future high data rate networks. Due to its ultra-wide range of
unregulated spectrum, optical wireless communication (OWC) has emerged as capable to
overwhelm the RF spectrum shortages.

Optical fiber communication has been the leading technology for the past decade for higher data
communications over long-haul and medium distances. However, for short distances,
transmitting data over optical fibers have some technological demerits. As aresult, optical fiber
communications have not been able to provide network services such as chip-to-chip and board-
to-board communication. Nowadays, many researchers have been working on free-space optical
(FSO) communication to mitigate the fiber optic drawbacks. The working principle of FSO is
essentialy the same as that of fiber optic transmission. But, FSO uses air as a transmission
medium and light travels through air faster than it does through glass for less distance. Even
though optical fiber is the most reliable way to provide high data rate optical communications;
the digging, delays, and related costs to lay fiber make it very expensive. Moreover, once the
fiber is deployed, it cannot be re-deployed if a customer needs to relocate or shift to another
service provider, making it extremely difficult to recover the asset in a reasonable timeframe.
Furthermore, most of the recent networks to deploy fiber have been to improve the metro core
(backbone), while the access and end-user have completely been ignored. FSO technologies can
offer effective and cost-wise last and first mile services by connecting to fiber backbone
infrastructure directly to end customers. FSO network is designed with short optical links
(typicaly range from 200 to 2000 m), whereas fiber optic cable can be used for the long-haul (up
to 200 km without repeaters or regenerators). It can also promise high connectivity and overcome
optical fiber restrictions such as dispersion and PMD [41, 42].
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3.2 Optical Fiber Links

3.21 Optical fiber

Fiber optic isafield of applied science and engineering that deals with the design and application
of optical fibers. An optical fiber is aflexible, transparent wire made of extruded glass (silica) or
plastic, which can role as a waveguide to transmit light between the two ends of afiber cable.
Optical fiber typically contains a transparent core bounded by a lower refractive index cladding
material. When a ray of light strikes a medium boundary at an angle greater than a particular
critical angle with respect to the normal surface, the transmitted light is kept in the core by total
interna reflection. If the refractive index of the cladding material is lower than the core and the
incident angle is greater than the critical angle, all of the light is reflected and the fiber acts as a
waveguide [43].

Practically, if optical communication applies fiber medium, every phone, smart sensor, and the
mobile device could be directly connected to the fiber backbone but that would limit the mobility
of the devices. Fibers are used instead of copper wires because signals travel aong with them
with less attenuation and are also immune to electromagnetic interference. Fibers are also used
for illumination and are wrapped in bundles so that they may be used to carry images, thus
allowing viewing in confined spaces. Specially designed fibers are used for a variety of other
applications, including sensors and fiber lasers.

According to the number of propagating light signals, fibers can be categorized into two. The
first one is the single-mode fiber which supports one light signal at a time. The second type
supports many propagation paths or transverse modes known as multi-mode fibers (MMF).
Generally, MMF has a wider core diameter and can transmit high power signals for short-
distance communication links, whereas single-mode fibers are mostly used for long-distance
communication links.

In transmitting the optical signal over afiber cable, the main concerns are transmitting the signal
without distortion and with small attenuation. Silicon-based optical fiber can transmit the light
wave with loss (attenuation) equal to 0.2dB/km. However, for long-haul transmission, the fiber
loss increases every 100km by 1%. Hence, in designing an optical fiber, the fiber loss must be

considered to determine the space between amplifiers for the system.
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Another optica fiber drawback that must be considered in designing of a fiber system is the
dispersion effect that leads to the light pul se broadening and makes it hard to recover the original
signal accurately.

The fiber dispersion can occur severely in the MMF but less in the case of SMF, which makes
the single-mode fiber more suitable for the communication systems design, especialy for long-
haul applications.

3.2.2 Fiber attenuation

The primary function of afiber link for arange of applicationsis efficient transmission of light at
operational wavelengths. As light propagates through a fiber, the intensity will reduce after a
certain fiber length known as attenuation. In fiber system design, the signal intensity degradation
can be strengthening through amplification, interconnect optimization, fiber geometry design,
and environmental isolation. An understanding of attenuation mechanisms and the potential for
their minimization is, thus, of great importance in the efficient and economic use of fiber optics.
Attenuation, also known as fiber loss, transmission loss, and power loss, and can determines the
maximum repeater less separation between a transmitter and recelver. An attenuation unit is
dB/km and, in an optical fiber, the main cause of attenuation is absorption, scattering, bending,
and Core-Cladding.

z=0 z=L

/V\ Attenuation
N\

Figure 3 1: The effect of attenuation

The total optical throughput of an optical fiber with external MZM can be quantified in terms of
the input optical power( Py mzm) Which equal to the MZM output power and the output power
(Poutfiver) received after light propagates a fiber length (L) and expressed in equation 3.1 [44]:

— —QtotL
l:)out,fiber_ outMZM€ tot (31)

_ 10 l:)out,fiber (3-2)
Qot = —log——
L Pout,MZM
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Equation 3.1 is referred to as Beer’s Law and shows that transmitted power decreases
exponentially with propagation distance through the fiber, and o, is the total attenuation
coefficient (i.e. involving al contributions to attenuation).

Attenuation depends on the wavelength of light. Silica fiber exhibits a minimum loss of about
0.2dB/km near 1.55nm wavelength, and it is higher at shorter wavelengths, reaching alevel of a
few dB/km in the visible region [49].

a. Optical absorption

Optical absorption is a process in which the light energy is directly transferred from the
propagating light beam to the material structure, resulting in the excitation of the material’s
energy state. The energy absorption promotes the oscillator to a higher energy level which, in
turn, gives rise to the complex refractive index of the material at optical frequencies. OH ions
(water) are the main absorption factors in the presence of fiber material impurities. The low
absorption regions are between these wavelengths. For standard single-mode fiber, at 1310 nm,
the attenuation is 0.4dB/km and, at 1550nm, the attenuation is 0.25dB/km. Both frequencies lie
at the low water peak regions. However, for standard single-mode fiber at around 1440nm, the E-
band water molecules cause high attenuation (high water peak) [49, 50].

In the last few years, manufacturers of fiber are working to produce a low-water-peak fiber to
minimize the water peak area especially at the E-band (1360-1460nm).

b. Optical scattering

Optical scattering is a state of changing the propagation direction, phase, and polarization of
photons due to the dielectric medium. If the light propagates without energy loss and the photon
frequency after scattering remains the same, the process is called an elastic scattering process.
These spatia variations in the dielectric constant are usually localized and are called scattering
centers. Scattering centers are associated with extrinsic, second-phase impurities or intrinsic
fluctuations in material composition. Currently, silica glass fiber production largely excludes the
formation of extrinsic sources of scattering. Intrinsic scattering attenuation effects play the
dominant role in telecommunications grade fiber systems. Primary sources of elastic scattering

arise from Rayleigh and Mie scattering in the fiber materials. Scattering losses occur when
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material density microscopically variations, compositional fluctuations, and defects during the

fiber production process.

c. Bendinglosses

In addition to absorption and scattering losses within the glass components of the fiber, the
fundamental characteristics of light propagation within the fiber design coupled with the

uniformity and control of fiber parameters also present factors contributing to the optical oss.

Propagating modes within an optical fiber can be characterized by an electric field distribution
with maximainside the fiber core and evanescent fields that extend outside the fiber core into the

cladding. Thus, some of the optical energy in the mode is propagating in the cladding.
d. Coreand cladding loss

When the fiber components i.e the core and the clad have no homogenous medium, different
intensity levels at a given fiber distance will be observed. For a step-index fiber, the effective
attenuation will be weighted according to the fraction of the optical power transmitted in each
materia (i.e. corevs. clad). The loss associated with a mode indices v, m of a step-index fiber:

Pcore 1:)clad (33)

Where P,ore c1ad/P represents the fractional power carried in the core and cladding regions; P is
the total power transmitted; o , represents attenuation coefficients for the core and cladding,
respectively.

The average power will be the sum of the fractional powers for each propagating mode. A more
complicated mathematical analysis involving the radial behavior of the refractive index is used
for graded-index fibers.

3.2.3 Fiber dispersion

When light travels adong a fiber cable, the signal shape will broaden which is called fiber
dispersion. It leads the pulse to overlap with the closer pulses or eventually make it hard to
recover the original signal accurately and reduces the capacity of a fiber link Bandwidth.
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Chromatic dispersion and polarization mode dispersion are some of the different types of signal

dispersion that can occur during the transmission of asignal.

z=0 z=L

Figure 3 2: Effect of dispersion

a. Chromatic Dispersion

Chromatic dispersion has occurred when the pulse broadening happens in a single-mode fiber.
The main cause of chromatic dispersion is the finite spectral width of the optical source. It

depends on the wavelength of the light signal and can be defined as:

10ty 0(1/vg)  —2mc (3.4
TLoA T 9 A2 Bz

Where D represents the dispersion, L represents the pulse traveling fiber distance, % represents
the delay difference per wavelength to propagate the fiber distance L, v, represents the group
velocity, ¢ is the speed of light, 3, is the GVD (Group Velocity Dispersion) parameter. 3, =

%R

w2’

Chromatic dispersion is caused by material dispersion and waveguide dispersion.

where X is the wave propagation constant/coefficient and w is the angular frequency [50].

1. Material dispersion
Materia dispersion is happed when the refractive index of the core materia of the fiber varies
with the change of the light wavelength. Materia dispersion can be defined as [50-52].

0%n
02

A

C

(35)
|Dmat| =

Where D,,,,; represents the material dispersion, and n represents the refractive index of the core.
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2. Waveguide dispersion

Waveguide dispersion is another type of chromatic dispersion. Waveguide dispersion depends on
the optical fiber core diameter and it causes signals of different wavelengths to travel at different
velocities. As aresult, the pulse will spread and make it overlap with neighboring pulses.
Mathematically, waveguide dispersion can be defined as:
_ n;MA9d (3.6)
we c 0A2

Where d is the diameter of the fiber core.

b. Polarization mode dispersion

When the polarization state of an optical signal is changed due to the fiber birefringence, then
pulse broadening will occur. Imperfections from the manufacturing process, the bending or
twisting of the fiber, or weather conditions are some of the factors that can cause fiber
birefringence. Because of birefringence, at specific wavelengths, signa energy takes two
polarization modes with different velocities. The difference between the two polarization modes
will produce pulse spreading.

L L

(3.7)
Atpmp =

Vex  Vgy
Where L represents the distance that the pulse travels and vy, vy, are the group velocities of the
two polarization mode. The polarization-mode dispersion (PMD) can be calculated by:

D _ Atpmp (3.8
PMD ~
VL

3.24 Fiber nonlinear impairments

The fiber dispersion is not the only factor to degrade the optical signal strength and affect the
transmission process. The optical signal can be subjected to fiber nonlinearity effects though out
the transmission links. The Kerr nonlinearity and the stimulated elastic scattering process are the
two fiber nonlinear impairments types.
The Kerr nonlinearity is occurred from the fiber refractive index which is dependent on the
intensity of the propagated signal. This can be expressed as [53]:

?(w, |E[*) = n(w) + ny|E[? (3.9)

Where n, represents the nonlinear index coefficient, w isthe angular frequency.
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The three important Kerr nonlinearity effects are self-phase modulation (SPM), cross-phase
modulation (XPM), and four-wave mixing (FWM).

The stimulated elastic scattering is happened when the energy transfer from the optical field to
the medium. It includes two types. Stimulated Raman Scattering (SRS), and Stimulated Brillouin
Scattering (SBS).

a. Self-phase modulation (SPM)

In SMF, when an ultra-short light pulse propagates a varying medium refractive index will
produced. Due to this variation, a phase shift on the light pulse will occur and lead to achangein
the pulse’s frequency. The nonlinear phase shift is proportional to the light intensity and can be
expressed by equation 3.10 [54].

Oy (L, T) = nykoL|E(L, T)|? (3.20)

4'T[nZ 1:)out,fiber'> £t
ANT?  Aggyr

Where @y, represents the nonlinear phase shift, n, is the nonlinear refractive index, L is the

w(t) =oo0+<

length of the fiber, E(L, T) represents the electrical field at L distance, w, is linear angular

frequency, A, linear wave length, t is the time delay and k, = i—“ where k,, is the wavelength of
0

the signal, and A isthe area of the cross section of the beam into the fiber.

Generally, the SPM does not change the shape of the light pulses but broadens the spectrum of
the optical pulse which will generate a frequency chirp to add a new frequency to the pulse.
When taking polarization into consideration, an array of new nonlinear effects can be predicted
and nonlinear contributions to birefringence are given by [55]:

2 2 .
An, = ny(E(L DI + 5B, (L D) -

2 2 )
Any = ny(|E,(L, D] + 3 |EL(L, T)|?) (3.12)

It is easy to see that the relative optical intensities in the x and y direction can affect the nonlinear
birefringence. These two components interact nonlinearly in a way that is analogous to Cross-
Phase Modulation (XPM), resulting in a relative nonlinear phase shift between the two
components:

ABwi, = YLerr(1 — B)(P, — P)) (3.13)
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Where P, , represent the powers in the x and y components, respectively, and B is the elipticity
of the fiber (B = 2/3 for alinearly birefringence fiber). Such a relative nonlinear phase shift can
be introduced by co-propagating a strong pump, polarized along the x-axis of the fiber, with a
weak arbitrarily polarized signal. A@y;, determines the particular evolution of the polarization as
the beam propagates and can, for instance, lead to a rotation of the polarization (optical Kerr
effect) [55]. When taking the respective polarization of the two beams into account, XPM can
also give rise to interesting temporal and spectra polarization effects. In a pump-probe situation,

the probe polarization can be shown to rotate, with different parts of the pulse developed [56].

b. Cross-phase modulation (XPM)

XPM occurs when two or more optical pulses affect the phase and intensity of each other while
broadening.
When two optical fields, E1 at frequency wl and E2 at frequency w2, propagate through the fiber
at the same time, the nonlinear phase shift is given by [56]:

Oni(L, T) = ngkoL(|Eq|? + [E3|?) (3.14)
Losses in fiber or signal attenuation will reduce peak power during transmission of optical
signalsinside the fiber as given in the formula bel ow:

Poutfiber = Poutmzme ™" (3.15)

Where a is the attenuation constant and can be expressed as the unit of dB/km using the formula
below:

—10.  P,utfiber .
o = log( out,fibe ) (3 16)
L l:)out,MZM
The effective link length, the length of EDFA, is obtained as:
(1 — exp(—aL)) (3.17)
Letr = "

The effective length after installing optical amplifiers with G and amplifier spaced distance z [i],

— — 2
is defined as: Loy = L22C2)L

04 Z

Nowadays, most of the works on linear and nonlinear impairments are based on a pump-probe

analysis and linearization of the distortion around the signal.
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For mathematical analysis, the starting point is the equation of transmission of light through
optical fiber can be defined by the nonlinear Schrédinger (NLS) equation (eg.) which includes
both nonlinear and dispersion effects [57, 58].

0B, 1 0B; iD0*B;

@ (3.19)
0z 20 Tyt T2 e

= i9(|B| B,

Where D is the linear dispersion, a is the attenuation coefficient, v,_; represents the group
velocity of thej™ wave, 9 is the nonlinear coefficient, B; is the electric field envelope of the
transmitted wave. Assuming a continuous wave (CW) transmitted signal with the effect of fiber
dispersion on the waveform is taken into account [59].

Ploutsiber (7 @) = [B;(z,0)|* = Boutsiver (0, @) cos(az) exp(—az + iwz/vgy) (319
Where q = wZDjA]-Z /(4mc) with Djand A;being dispersion coefficient and wavelength of the

transmitter channel.
3.3 Free Space Optical Communication

The optical bands such as IR, UV, and VL are used for propagation in optical wireless
communications (OWCs) systems. They have exceptional benefits, and numerous wireless
technologies are based on them [60]. IR isinvisible to people and applicable when lighting is not
necessary. The optical wireless (OW) spectral regions have 750nm to 1 mm for IR, 380nm-—
750nm for VL, and 10nm-400nm for UV [61].

As a derivative of OWC, VLC is a type of wireless communication that uses unguided and
unrestricted light to convey asignal.

Thelight signal is encoded and modulated with the modulated signal used to regulate the LED or
LD transmitter, which can be pulsed at unnoticeable high speeds for the human eye. The signal
transmitted by LED is detected by a photo-detector, usually a photodiode. The prospects of VLC
are very wide-range from outdoor use such as vehicular networks to indoor personal area
networks (PANS) [62, 63]. LEDs are broadly used for advertising displays, lamps, car lights, and

home appliances, making use of VLC for short and medium-distance communications promising.
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In free-space optics (FSO), the light pulse propagates in an open space. FSO can operate in VL,
IR, and UV spectra and uses a very large frequency range when compared with the RF spectrum;
therefore very high data rates can be achieved [64, 65].
But, FSO links are not reliable for long-range due to weather situations and physical obstructions
like trees and buildings when they are in the line of sight of transmission. Optical camera
communications (OCCs) are the OWC based technology used mainly in flashlights and cameras
of smartphones. OCC uses either the IR or VL spectrum. Mostly, LEDs are used as transmitters
and cameras as the receivers; as aresult of the poor frame rates of cameras, this communications
technique suffers from the low data rate.
Commonly, FSO link setup is used for multicasting purposes and can provide virtualy unlimited
bandwidth at relatively high performance and low-cost communication over short distances up to
a few hundred meters. In addition, FSO links do not require any spectrum allocation by the
Federal Communications Commission (FCC). These links are also easily deployable, scalable,
and flexible.
The transmitted FSO signal is suffered from atmospheric and scintillation fading due to weather
conditions and atmospheric turbulence. According to the FSO transmission formula the optical
power of the signal is given by:

P.rso(®) = CIEx(D)|? = GotalLrso2* Pout fiber (t) + Pask (3.20)
Where C = cg,/2F: ¢ represents the speed of light in air, g, is the dielectric constant of the air
medium and F represents the variable cross section of the Gaussian profile laser beam through
the path of the mobile FSO link.
Where G, represents the total optical gain due to the amplifiers in each transceiver of the link
terminals Lggois the FSO link calculation which combines attenuation and geometrical aspects
based on the equation below [66]:

2

Where Dy represents the receive aperture diameter in m, Dt represents the transmit aperture
diameter in m, A0 is the beam divergence in mrad, L represents the link range in km and o, IS
the atmospheric attenuation factor in dB/km calculated via the formula below:

3.91 _
Gatm = = (/550) 522
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Where V represents the visibility in km, A is the wavelength of carrier in nm and q represents a
parameter evaluated between 0-1.6, according to weather conditions. The 2 factor tells the
variation of the signal fading due to atmospheric turbulence and X has the value 1 or 0, in case of
turbulence existence or not, respectively. Finaly, Pysg, is the overall power from Amplified
Spontaneous Emission (ASE) of the amplifier stages.

For intensity scintillation, a Gamma-Gamma distribution [67, 68] is used to model atmospheric
fading and the probability of agiven intensity is.

@+b), a_ (3.23)
p(1) = 2(ab) /F @G 1571 « K,y (24 @DD)

Where 1/a and 1/b are the variances of the small and large scale eddies, respectively [a], T (.) is

the Gamma function and K, _;, (.) isthe modified Bessel function of the second kind.

B 0.490R? (3.24)
A= X T1oRI2/5)5/6| 1
L 0.510R? (3.25)
= OXP | ¥ 0.690R12/5)5/6|  ©

The Rytov varianceis: 6R? = 1.23C,*K7Z11/¢

Where C,, *represents the parameter index refraction structure, K is the optical wave number and
Z is the parameter Range. Channel time variations are considered according to the theoretical
guasi-static model, also called the frozen channel model. By this model, channel fading is
considered to be constant over the duration of aframe of symbols (Coherence time), changing to
a new independent value from one frame to next. The coverage radial distance of atypica FSO
system can be determined using equation 3.27 [43]. By considering the distance h and the beam
divergence angle 0 the incident light radius r can be expressed as:

r=hx tan(g) (3.27)
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3.4 Hybrid Optical Fiber/FSO Links

Free space optics (FSO) is a line of sight optical communication for short-distance data
transmission in both indoor and outdoor wide range of applications. It alows high bandwidth,
unregulated spectrum, low infrastructure cost, and better security.

However, FSO links are sensitive to atmospheric turbulence which prompts fading and path loss
resulting in limitations of coverage distances.

Optical fiber communication has been the leading technology for the past decade for higher data
communications over long-haul distances with less attenuation and less electromagnetic
interference (EMI).

However, for short distances, transmitting data over optical fibers have some technological
demerits. As a result, optical fiber communications have not been able to provide network
services such as chip-to-chip and board-to-board communication. It also induces dispersion and
non-linearity effects which require compensation techniques.

In this paper, a hybrid optical fiber/FSO communication system is considered, designed, and
simulated to compensate for the limitations of both fiber and free-space links. It can handle high-
speed operations, multiple channels, long and distance data transmissions.

Along with the hybrid system, advanced modulation techniques (i.e BPSK, DPSK, QPSK, QAM,
CAP, OFDM, etc.) are implemented at the transmitter and receiver section to enhance spectral
efficiency for a good system performance. These modulations allow the transmission system to
carry multi-Gbps or Thps data rates per channel.

Figure 4.9 shows the block diagram of the proposed hybrid optical communication system. The
hybrid optical fiber/FSO communication system consists of a transmitter, fiber/FSO links, and
the receiver end. The transmitter consists of a binary signal generator, DP-QPSK/OFDM
modulators, and RF to optical up-converter (RTO). The RTO is used to modulate the RF signal
with a continuous wave laser optical carrier signal. The modulated optical signal is transmitted
through the hybrid fiber/FSO channel to be coherently detected at the receiver. After each fiber
span, an erbium-doped fiber amplifier (EDFA) is inserted to amplify the optical weak signal. At
the receiver, the optical signal is received with an FSO recelver telescope, and then optical to RF

(OTR) down-conversion is done using a photodiode.
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Then, the signal is passed through a low pass cosine roll-off filter to eliminate the noise and to
the QPSK/OFDM demodulator to recover the original signal.

And aso the hybrid setup uses various visualizers such as an optical spectrum anayzer (OSA),
for observing the optical signal spectrum, bit error rate (BER) analyzer for observing the eye
diagram, Q-value, and BER of the system. The BER vaue acceptable is for an optica
communication link. For error-free communications, the forward error correction (FEC)
threshold that is the BER should be less than or equal to, which corresponds to a Q-factor of
greater than or equal to 6.8. Thus al optical links with Q-factor greater than or equal to 6.8 are

suitable for data communication [2, 6, and 21].
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Figure 3 3: Block diagram of the hybrid optical multi-channel communication system model
34.1 BER analysisfor CO-OFDM

To evauate the bite error rate (BER) of an OFDM system it is important to consider the prefixes
that are included in the OFDM modulator and the time window (or sequence length) of the
simulation is temporarily extended beyond that defined by the global parameter settings. At the
demodulator, the same prefixes are removed, the original sequence length is re-established,
however, a portion of the information from the original data stream is lost. To avoid including
this part of the bit stream within the BER calculation it is required to ignore a certain portion of
the trailing bits from the original bit sequence.

Within the BER Anayzer this can be set within the parameter Ignore end Bits using the
following formula

Ngpr * S (3.28)

Ngyp * BitSsym (Mppr + Nprefix

Bitsignore = S — int( >n5ub * Bitsgym
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Where S represents the Sequence length, ngpr is the number of FFT points, ng,;, is the number
of subcarriers, and np¢fix 1S the number of prefix points.
The BER expression for M-ary QAM is|[5, 6]:

VM — 1 3log,M §
BER = ———erfc| [———x—

VM -1 . 3log, M V2B, (OSNR) (3.29)
= ————=¢€rIC
vM.log, VM 2(M—-1) R
Where /2 the known Q-factor is equals to |(Iy—|2

Where B, represents the optical ASE noise bandwidth used for OSNR measurements (typically
0.1nm), Ry is the symbol rate and o; is the total rms noise, without taking into account the noise
that comes from background (sun radiation) and the ASE noises that occurs due to the amplifier
stages. The o ;expression that takes into consideration only the inherent detectors noises is given
by the formula[7, 8-ch4]:

KTE., (3.30)

L

0; = \/th + 03, + 0%, = + 2qel4Byw + 2q.RB,P

Where R represents the PIN responsivity, g, is the éectron charge, h is the Planck constant,
B,, is the bandwidth of the detector filters, K is the Boltzmann constant, T represents the effective
noise temperature, Ry, represents the total effective input resistance of detectors, 14 is the overall
dark current of the photo-detectors and P is considered as the total optical power that is detected
through detection system.

3.4.2 BER analysisof QPSK

Using rectangular data pul se the power Spectral Density (PSD) of a QPSK signal is given by:

. _ Eg|(sin[n(f — f)Ts] 2 sin[n(f + f.)Ts] ’
QPSK = 7~ ( w(f — f.)Ts > +< n(f+f.)Ts >

= % [sinc2((f — f,)Ts) + sinc?((f+ f,)Ts)]
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_Eg| | (f—1f) . (f+ 1) (3.31)
= lsmc2 <R—s> + sinc? <R—s>l

Where Eg represents energy per symbol, Ts is the symbol period, Rg isthe symbol rate, and f is
the carrier frequency.
The probability of bit error for QPSK is obtained as [15]:

5\ 1 B (3.32)
Pb = Q N_O = Eerfc N_O

Where, Q(x) isthe Q-function and the Q-factor can be evaluated from the equation 3.32:
Q? = 2{erfc™1(2 * BER)}? (3.33)
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CHAPTER FOUR
System Design, Simulation and Results Discussion

4.1 Introduction

This unit presents the simulation results of both CO- DP QPSK and CO-OFDM hybrid fiber/FSO
systems. The systems are designed and simulated using OptiSystem tool and MATLAB
software. Quadrature amplitude modulation (QAM) based OFDM and DP QPSK techniques are
used into the systems separately. All the figures in this chapter are taken from MATLAB and
OptiSystem tools.

4.2 OptiSystem Simulation Software

OptiSystem tool alows experts to design, test, and simulate optical links in the transmission
layer of optical networks. Many optical fiber and FSO components are offered for designing and
implementation of an optical network.

Opti System enables experts to design and simulate:

Co-Simulation

Advanced Modulation

Access Networks

Dispersion Management

Multimode Systems

Optica code division multiple access for Passive optical networks

Fiber Analysis and Design

YV V.V V V V V V

Optical Amplifiers, receivers, transmitters

4.3 100Gbits's CO-OFDM Hybrid System Design

Figure 4.1 shows the simulation design of a single channel CO-OFDM based hybrid optical
fiber/FSO system.
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Figure 4 1: Block Diagram of CO-OFDM hybrid optical fiber/FSO System

431 QAM-OFDM system

In this thesis, a single channel hybrid optical fiber/FSO system is considered. For CO-OFDM
hybrid system QAM modulation technique (16-QAM) is used for the generation and decoding of
the digital signa. The 16-QAM modulator carries two digital bit streams by changing the
amplitudes of two carrier signals, using the amplitude-shift keying (ASK) scheme. The two
modulated signals are added, and the final waveform is a combination of both ASK and PSK.

In digital QAM scheme, a finite number of modulated signals at least two amplitudes and two
phases are used. Figure 4.2 shows the constellation diagrams of 16-QAM.

3
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Figure 4 2: Constellation Diagram of 16-QAM
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In Coherent optical OFDM system 512 sub-carriers and 1024 FFT points are used to get a BER

value of zero.
1. Radio frequency transmitter

As shown in figure 4.3, the radio frequency transmitter is consists of a pseudo random binary
sequence generator (PRBS), QAM sequence generator, OFDM modulator, and low pass filter

components.
a. Pseudorandom binary sequence (PRBS)

PRBS is the first block to generate a random bit sequence that will approximate the random data
characteristics. For the CO-OFDM system, the simulation sequence length is assumed 131072
bits.

The output of PRBS is a deterministic and periodic signal with properties similar to white noise,
and usually generated using an n-hit shift register with feedback through an exclusive or (XOR)
function. Even if the PRBS signals appearing random, the sequence actually repeats every 2n-1

values.

b. QAM sequence generator

When the QAM sequence generator is used, the bit sequences are coded using gray coding which
make ready for splitting into parallel sub-sets and each can be conveyed in two quadrature
carriers when building a QAM modulator.

c. OFDM modulation

The seria output symbol streams of the QAM modulator is converted into a parallel format in the

OFDM modulator. Then each parallel symbol is assigned to one carrier in the transmission.

After assigning the spectrum, inverse Fourier transform is used to find the corresponding time

waveform and the gourd period (cyclic prefix) will be added to start each symbol.

After IFFT process the digital symbols are fed to DAC (step, linear, and cubic techniques) to
output analog signal and the parallel datais converted back into the serial symbol stream.

In this thesis, the OFDM modulator has 512 subcarriers, 1024 IFFT points, and 10 prefix

numbers.
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Figure 4 3: OFDM transmitter

2. Optical transmitter

The electrical to optical up conversion is done using the optical transmitter components and
launches the resulting optical signal into the transmission medium. As shown in figure 4.4, the
optical transmitter includes of an optical source, electrical pulse generator, and optica
modul ator.

External modulation is chosen to achieve chirp-free, high data rate, long-link length optical
communication. As shown in figure 4.4, the optical modulator consists of two lithium Niobate
(LINbO3) Mach-Zehnder modulators (MZM). Lithium Niobate modulators or LN Modulators
are characterized as high reliability, high data rate performance, stability over changing
temperature conditions, good compatibility with optical fibers, low driving voltage, low drift in

the transfer function, and multiple functions can be integrated into a single component.
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"I
p
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Dual Port Dusl Drive MZ Modulator Absorption-Phase_1

Fork 1x2_2 Electricd| Gain 1 ____
Gain = -1

RF Spectrum Anshyzer_1

Figure 4 4: RTO convertor
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Assuming no electro-optic effect, the modulator works when the biased electrodes are unbiased
and separate switching voltages are applied to both electrodes, and the in phase waves add up at

the 2nd junction giving a maximum output power.
4.3.2 TheOptical transmission link
a) Optical fiber links

As shown in figure 4.5, the transmission link consists of an optical fiber with length of 50xN km
distance. Hence, we have considered silica based fiber the attenuation is approximated to be
0.2dB/km and al other fiber parameters are chosen as. dispersion values of 16.75 and 30ps/
(km.nm), adispersion slope of 0.075 (km.nm?) and a nonlinearity coefficient 2.6 x 10720,

EEEED %@

Optical Spectrum Anabyzer 3

o
@, —= o= [

Owptical Amiplifier_1
Oiptical Fiber Gain =10 dB F50 Channsl Optical Amplifier_Z
Length = 50 km Range = 100 m Gain =13 dB
Attenuation = 25 dB/km Gaussian Optical Filter 1
Frequency = 193.1 THz
Bandwidth = 25 GHz
|
i Ll
I O e | L)
Optical Spectrum Analyzer_1
Loop Contral

Mumber of loops = 1

Figure 4 5: Fiber Link with 50 km SMF

b) FSO links

The FSO link is the subsystem of the transmission link consists of two telescopes and the free
space channel between them. This component allows for ssimulation of free space optical links.
The laser intensity power in depends the attenuation and Geometrical |0sses.

The attenuation loss describes the variation of the laser power in the atmosphere and geometrical
loss occurs due to the spreading of the transmitted beam between the transmitter and the receiver.

FSO system is best suited for the modeling of line of sight free space terrestrial links.
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¢) Amplifier gain and noisefigure

An optical amplifier is required to amplify the weak signals for transmitting through a long
distance fiber cable with the same window time to the CW laser. After receiving the rear end of
the optical EDFA preamplifier, in addition to the noise outside the signal itself, but also the
introduction of spontaneous emission (ASE) noise, and signal light ASE (S-ASE) on the detector
and the noise generated by the ASE-ASE. In addition to the EDFA optical signa is amplified
input signal but also noise signals for this same amplification EDFA gain is defined as:

G = (Pout — Pase)/Pin (4.1)
Where P,,,, and P,,,; are the amplifier input and output signal power, and on behalf of EDFA Pygg
power output falls within the bandwidth of the signal light.
The noise figure can be calculated the ratio of input and output optical signal-to-noise ratio of the
light, which reflects the degree of signal to noise ratio by the optical preamplifier after falling.

SNRut

NF = 1010g(

Using this formula can know the noise figure and gain influence by ASE noise, ASE noise

greater NF bigger.

4.3.3 CO-OFDM receiver

The CO-OFDM receiver model consists of the optical and RF receiver components.
1) Optical receiver

Figure 4.5 shows the optical receiver or optical to RF down-converter (OTR). The optical signal
comes from the optical modulator through a hybrid fiber/FSO links is detected by photo-detector.
A band passfilter is used to eliminate the noise that added from fiber.

At the end of the link the optical signal is detected by photo-detector and the down conversion of
optical to RF will be done to recover the original data. Assuming linearity in every stage of
signa processing is maintained and ignoring the loss of the fiber and FSO junctions, the
incoming signal and the radiation of the second laser diode are mixed together to form coherent
detection. Each detector consists of two couplers and two PIN photo-detectors.
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Figure 4 6: Coherent Detection
2) RF receiver

After the down conversion process, the signal will be demodulated with OFDM demodulator to

extract the symbols and then decoded with 16QAM decoder to get the original bits. Figure 4.6
shows the RF recelver.
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Figure 4 7: CO-OFDM Receiver

Table4 1: SMF Parameters

Fiber Length 100-525 (km)
Attenuation 0.2 (dB/km)
Dispersion 16.75(ps/(km.nm))
Dispersion slope 0.075 (ps/( nm?2.km))
Effective area of the fiber core 80 (Um?)
Nonlinear refractive index (n,) of the core 2.6 10720
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4.3.4 Simulation results and discussion of a hybrid CO-OFDM system

Table 4.2 shows the globa parameters setup for 100Gbits/'s CO-OFDM system.

Table 4 2: Global Parameters Setup

Parameter Vaue
Bit rate 100 Ghits/s
Time window 6.5536 x 107 s
Samplerate 200 GHz
Sequence length 65536 bits
Sample per bit 2
Number of samples 131072

As shown in figure 4.7, the RF spectrum for the 1/Q signas of the system at CO-OFDM

transmitter with 41.89dBm power is measured. Figure 4.8 shows the optical signal spectrum,

after modulating the electrical signal with the optical carrier using two MZMs while figure 4.9

illustrates the CO-OFDM spectrum after the propagation through the optical link.
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Figure 4 10: Coherent optical OFDM spectrum with dispersion (D) 16.75(ps/(nm.km)) after: A)
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As shown in figure 4.9 above, the optical OFDM signal after a hybrid 100km fiber at the CO-
OFDM receiver side with a dispersion equal to 16.75(ps/(nm.km)) is measured a power about -
27.482dBm. It is observed that as the fiber distance increases from 200km to 300km the optical
power decreases from -35.926dBm to -45.38dBm.

Figure 4.10 shows a coherent optical OFDM spectrum with dispersion vaue of
16.75(ps/(nm.km)) and varying fiber links. After 100km fiber link the received power is
measured at about -27.4832dBm. It is observed that as the fiber distance increases from 200km
to 300km the optical power decreases from -37.98dBm to -48.485dBm.
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Figure 4 11: Coherent Optical OFDM spectrum with dispersion (D) 30(ps/(nm.km)) after: 1)
100km fiber link, 2) 200km fiber link, and 3) 300km fiber link.

Figure 4.11 shows the optical OFDM signal after the FSO link at the CO-OFDM receiver side
and 100km SMF with adispersion of 16.75(ps/(nm.km)).
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At 200m FSO link the optical power is measured at about -34.876dBm. With the increasing of
the FSO link from 400m to 600m the optical power decreased from -45.93dBm to -54.69dBm.
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4.4 100Gbits/s CO-DP QPSK Hybrid System Design

Figure 4.12 shows the simulation design of a single channel CO-DP QPSK based hybrid optical
fiber/FSO system.
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Figure 4 13: Block diagram of fiber/FSO optical DP QPSK system.
441 DP QPSK system

In this paper, a single channel hybrid optical fiber/FSO system is considered. The DP-QPSK
consists of a polarization beam splitter, and two different QPSK data streams are modul ated over
the vertical and horizontal directions. It uses two orthogonal state of polarization (horizontal and
vertical) of laser beam with 1/Q modulator (QPSK) signal for digital modulation and encodes 4
bits/symbol rate. DP-QPSK is advantageous in optical communication to represent laser output
into symbols for minimizing the BW of the transmission of information. The transmitted signal is
encoded in both polarizations and phase. For 100 Ghits/s data rate the symbol rate 25 Gsymbol/s
due to DP-QPSK modulation as it contains 4 bits/symbolsin its constellation.
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In DP-QPSK, the data bits to be modulated are grouped into symbols, each containing two bits,
and each symbol can take on one of four possible values: 00, 01, 10, or 11. During each symbol
interval, the modulator shifts the carrier to one of four possible phases corresponding to the four
possible values of the input symbol.

In the ideal case, the phases are each 90 degrees apart, and these phases are usually selected such

that the signal constellation matches the configuration shown in figure 4.13.
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Figure 4 14: QPSK constellation.

+A

vz
output signal takes on values of 45, 135, 225, and 315 degrees.

The opticad CO-DP-QPSK system consists of five man partss. DP-QPSK transmitter,

When | and Q take on vaues of in al possible combinations, the phase of the resulting

transmission link, coherent receiver, digital signa processing, and detection & decoding (which

is followed by direct-error-counting).

442 DP QPSK transmitter

Asshown in figure 4.14, the DP QPSK transmitter is consists of two blocks.
1) Radio frequency transmitter

And also the radio frequency transmitter is consisted of two blocks.

The first block is a PRBS to generate a bit sequence that will approximate the random data
characteristics. In this simulation the sequence of length is 131072 bits.

The second block is two QPSK (4 bit per symbol) modules to generate bits per symbol. Each
QPSK modulator uses 2 PSK (each 2 bit per symbol) sequence generators to convert the random
bitsto PSK signal form and pass to M-ary pulse generator.



The modulator output sent to an electrical amplifier which has a power gain greater than one and

electrical biasin order to establish proper operating conditions for the component.
2) Optical transmitter

RF to optical up conversion (RTO) is done using the optical transmitter components and
launches the resulting optical signal into the optical fiber. The optica transmitter includes an
optical source with splitter, electrical pulse generator and optical modulator which consists of
two lithium Niobate (LiNbO3) Mach-Zehnder modulators (MZM).as shown in figure 5.19.
Polarization beam splitter (PBS) are important components for various optical information
processing applications such as optical switching networks, read-write magneto-optic data
storage systems, and polarization based imaging systems. The light intensity consists of two
orthogonally polarized components traveling along the same path and can be separated with a
polarizing beam splitter into distinguishable spatial paths. In general, there is no conceptual
difference between the field before and after this transformation.

The output beam from the splitter is dependent on both the transmission and reflection index. If a
linearly polarized infrared beam, with, then the beam is

To split the beam into two orthogonally polarized beams, consider alinearly polarized beam with
adirection of polarization at 45 degrees relative to the polarization direction of the beam-splitter.

In this paper, the device angle for both splitter and combiner is considered 45°.
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4.4.3 Optical transmission links

Similarly, as shown in figure 4.5 the transmission link consists of an optical fiber with length of
50xN km and FSO link with 100xN distance. Hence, we have considered silica based fiber the
attenuation is approximated to be 0.2dB/km and all other fiber parameters are chosen as.
dispersion values of 16.75 and 30ps/(km.nm), a dispersion dope of 0.075 and
0.1343ps/(km.nm?) and a nonlinearity coefficient 2.6 x 1072%. An optical amplifier is used to

amplify the weak signals with the same window of the laser diode.A@
4.4.4 Coherent detection and receiver

The coherent detector is required to sense the modulated optical DP-QPSK signal. The receiver
section consists of a polarization beam splitter, a laser diode, phase shifter, balanced photo
detectors, electrical subtractors, electrical amplifiers, threshold detector, PSK decoder, and serid
to parallel converter. By combining all components, the amplitude and phase of the transmitted
signa can be recovered. After down conversion, the amplified signal passed to DSP which
egualizes the linear transmission impairments such as group velocity dispersion (GVD) and
PMD of optical fiber. The threshold detector/decision processes the 1/Q electrical signals
received from DSP stages and normalize the electrical amplitudes of each | and Q channels to

respective M-ARY grids to perform decision for each received symbols into threshold levels.
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Finally, the signal is decoded into binary signals and pass into paralel to seria converter to
produce DP-QPSK signal at output and then to the BER Test Set for direct-error-counting.

1. Coherent DP-QPSK detection

At the end of the hybrid optical fiber/FSO link the transmitted light intensity is detected and due
to the down conversion procedures, the data are recovered. Assuming linearity in every stage of
signal processing is maintained and ignoring the loss of the fiber and FSO junctions, the
incoming signal and the radiation of the second laser diode are mixed together to form coherent

detection. Each detector consists of two couplers and two PIN photo-detectors.

2. DSP

The coherent DP-QPSK detection technique is gained popularity on advancement of digital
signal processing (DSP). DSP can improve the performance of a coherent receiver by
implementing different algorithms, such as frequency offset and carrier phase estimations (FOE
& CPE), digital backward propagation (DBP), and constant modulus algorithm (CMA), for the
purpose of compensating phase noise and transmission impairments caused by frequency offset,
line-width, chromatic dispersion (CD), nonlinear and polarization mode dispersion (PMD). After
processing, the signal is sent to polarization decision maker which is dua polarized. Finaly, the
resulting signal is sent into a PSK decoder to recover the origina binary signal as shown in the
figure 4.12.

a7



Table 4 3: Optical Fiber & FSO parameters

Parameters SMF FSO

Length 100-600km <1km
Attenuations 0.2dB/km 25 dB/km
Dispersion 16.75, 30ps/nm/km NIL

Effective area 80 um? NIL

EDFA gain 10, 13dB NIL

EDFA noise figure 4dB NIL

Distance 50km x N span NIL

Beam Divergence NIL 0.25mrad
Aperture Diameter NIL T=5cm, R=7.5cm

Table 4 4: Component parameters
Parameters Value
CW laser frequency 193.1GHz
CW laser power -5dBm
Switching voltage 4
Modulation voltage 2V
Optical ASE noise BW 0.1nm
PIN responsivity 1A/W
PIN BW 2GHz
PIN dark current 10nA
Effective noise temperature 298K
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445 Simulation results and discussion of CO-DP QPSK system

The simulation results of a hybrid optical fiber/FSO with CO- DP-QPSK are presented and

discussed in this section.
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Figure 4 17: Constellation Diagram of QPSK

Figure 4.17 shows the RF spectrum for the I/Q signals of the system at CO-DP QPSK transmitter
with at amost 20.08dBm RF power. Figure 4.18 shows the optical signal spectrum after
modul ating the electrical signal with the optical carrier using two MZMs.

.[B

RF Spectrum In-phase

Signal Index. |0

Auto Set

B IS

Fragquency
[v] Automatic range

[ A1 Sgnalstiose
n

Power (dBm)

50

Center. 4999961853027 1z
Start, 499996785302 Hz

Stop: 1049991989135 1,

Ampliude

Units: | dBm v
[V] Automatic range

Max |20.11129791131/gBm

Min: ~105.719586614i g

[WPiesolution Bandwidth

o 06 e 600G

Frequency (Hz)

10 MHz

306 1006 Res

Power

[Jinwert Colors

Signal Indes: 0

Auto Set
Freuency

[V] Automatic range
Conter: 49.99961853027
Star 4993961853020 1z

Stop: 1049991989135 1,

Amplitude
Units: | dBm v

[v] Automatic range
Max  20.07773209263 ggm

Min, -105.717987242¢ ggm

= FE RF Spectrum Quadrature

i
<
£
8%

0 26 o 606 S 1000
Frequency (Hz)

Power

Figure 4 18: RF DP-QPSK Spectrum 1/Q.

[W]Resolution Bandwidth
Res: 10 MH2
[ Tinvert Calars

49



m

Sampled

Optical Spectrum Analyzer_4

20

[0 nose | parameterzed
s

Power (dBm)

)

-100

Signal lhdex |0

Auto Set
Wavelength
Units: | m v
[#] Automatic range
Center: 1550000433053
Stort 1549118925460

Stop: 1560881339648

Amplitude
Units: | dBm v
Autormatic range

m

m

g

Min:

125846636187 ggm

-10416263505; ggm

[ Piesaluion Bandwidth

Fes

0.1 .

15435 1550

15505 1

[Jinven Colars

Power /, Power X

Power Y

Figure 4 19: Optical DP-QPSK Spectrum after the two MZ Modulators for fiber transmission.

0 -
i & Optical Spectrum Analyzer_1 Signa Index -
£ Auto Set
—] Wavelength
E 1 Units: |Hz v
H ] Automatc range
E 1 Cerer: 1334144870758 1
g | Swrt 1333048 He
Sioge 19S4BSTY iy
2
Amplitute
Units: |dBm v
| Augomatc range
M 2 20040 dBm
Min: 103 BEZE0I27 B
Fiesolution Bandwidth
Fas 1 e
154t 18351 et Cologs
Frequency [}
\ Power | Power X } Power ¥ [

| |t | paramtorces | sampied

|

Optical Spectrum Analyzer_1

\Power { Power X | Power ¥ [

2

|

Optical Spectrum Analyzer_1

|4 |t | parametiriced | Sampled
)

Signal Indec 0 =
Auto Sat

Wavelengt

Units: Mz v

| Autoenenc reege

Cartgr: 1934144866943 1
¥ sat | 120 H
giop: 19I5244B1756 1
;.— Amplitade
i P —
H'Q | utomatic renge
) Mo 407853044530 gBm
M -1 N2V gBm
Ed
FRa-solution Bandwidth
Fios 1 nm
8
13aT 15T Invert Colors
Frequency fHz)
3 Power | Power X} Power ¥ [

Signal Inde 1

Auta Sel
‘Wanvmlongth
Urits: bz v

] Autoenate range

Canter 1144 58 He
St 45300131 1y
Sop 195441304 1y
Amgituda

Units: | dBim v

] dutomatic range

Mese 335869745075 dBim
Min:  ~103.162525004. gBim

Fasoluion Bandwich
Fies e

Imvert Colors

Figure 4 20: Coherent optical DP-QPSK spectrum with dispersion (D) 16.75(ps/(nm.km)) after:

1) 100km fiber link, 2) 200km fiber link, and 3) 300km fiber link.
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Figure 4.19 above shows a coherent optical DP-QPSK spectrum with dispersion value of

16.75(ps/(nm.km)) and varying fiber links. After 100km fiber link the received power is
measured at about -23.0853dBm. It is observed that as the fiber distance increases from 200km

to 300km the optical power decreases from -37.58694dBm to -44.07853dBm.

As shown in figure 4.20, the optical QP-QPSK signa spectrum after 100km fiber at the CO-DP
QPSK receiver side with a dispersion equa to 30(ps/(nm.km)) is measured a power about -
23.0855dBm. It is observed that as the fiber distance increases from 200km to 300km the optical
power decreases from -33.58697dBm to -44.07855dBm.
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51



Finally, the output of the fiber link is amplified with 13dB gain for FSO link transmission. Figure
4.21 shows the optical DP-QPSK signal after the FSO link at the CO-DP QPSK receiver side and
100km SMF with a dispersion of 16.75(ps/(nm.km)). At 200m FSO link the optical power is
measured at about -30.482dBm. With the increasing of the FSO link from 400m to 600m the
optical power decreased from -41.53dBm to -50.299dBm.
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Q-factor vs BER analysis
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Figure 4 23: Q-factor versus BER analysis

As shown above in figure 4.23, when the hybrid link range increases the signa power reduced
due to the attenuation and dispersion for the CO-DP QPSK system than the hybrid CO-OFDM
system which limits the maximum achievable optical signal to noise ratio (OSNR) and quality
factor. But, the narrow bandwidth nature of QPSK with lower attenuation and dispersion can

achieve higher OSNR for short link range.
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Figure 4 24: Non-linear variance of phase noise for CO-DP QPSK and CO-OFDM hybrid
systems.
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As shown in figure 4.24, the variance of nonlinear phase noise caused by the interaction of
amplified spontaneous emission (ASE) noise with fiber nonlinearity such as self-phase
modulation (SPM) and cross-phase modulation (XPM) is estimated in both hybrid systems.

Due to its multicarrier nature, dispersion tolerance (D) and high peak to average power the CO-
OFDM system has higher nonlinear phase shift than the CO-DP QPSK system. As nonlinear
effects are strongly dependent of the optical power and dispersion values during propagation, a usual
method to avoid it is to keep low signa power during transmission, and then considering a linear
propagation model. However, limiting the signal power aso limits the maximum achievable Optical
Signal-to-Noise Ratio (OSNR), pendizing system performance and in figure 4.25 the CO-OFDM
system has higher average received power than CO-DP QPSK system at the same fiber length.
This implies that the CO-OFDM signal can transmit more fiber length with nonlinearity

drawbacks.
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Figure 4 25: The optical received power versus fiber length for both CO-DP QPSK and CO-
OFDM hybrid systems.



Received power vs Diospersion slope
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Figure 4 26: The optical received power versus dispersion slope for both CO-DP QPSK and CO-
OFDM hybrid systems.

As shown in figure 4.26, the CO-OFDM system has good performance of the received power
against dispersion that determined by the length of cyclic extension (CE). When the dispersion
value increase the received power will decrease for both CO-OFDM and CO-DP QPSK
fiber/FSO hybrid systems. As a result the CO- OFDM system can maintain the signal power
even the dispersion value increases whereas the CO- DP QPSK system cannot tolerate if the

dispersion increases which requires compensation techniques.
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CHAPTER FIVE

Conclusion and Future Works

5.1 Conclusion

This paper presents an optical communication system with hybrid optical fiber/FSO links using
advanced DP-QPSK and OFDM modulation techniques for coherent optical access downlink
system to provide flexible user access with high bandwidth efficiency.

Free space optica links are more sensitive to atmospheric turbulence which induces channel
fading and path loss resulting limitations of coverage areas. While, optical fiber technologies also
induce dispersion and non-linearity effects which require compensation technique.

A hybrid optical fiber/FSO communication link is applied to minimize the separate fiber link and
FSO link high data transmission drawbacks which give complementary option one to another and
mitigate the drawbacks. OFDM and DP-QPSK advanced modulation techniques are applied to
reduce the transmission restrictions and transmit higher data rate signals at a time per single
channel.

In this thesis, two systems were modeled for 100Gbps data rate using coherent OFDM and DP-
QPSK modulation techniques. The presented hybrid optical fiber/FSO system consists of a FSO
link and Fiber link set up. The links are designed, simulated and analyzed using MATLAB
software and Opti System tool.

The first system is a CO-OFDM hybrid link, 100Gbps data rate and 16-QAM modulation type,
with 512 maximum numbers of subcarriers and 1024 FFT points. The designed and simulated
system achieves best BER values up to 220km fiber and 510m FSO links.

The second system is CO-DP QPSK with a hybrid SMF/FSO transmission link; data rate was
100Gbps with 4-PSK modulation type. The designed and simulated system achieves the best
BER values up to 202km fiber and 468m FSO.

It is observed that, having different dispersion values the power received on CO-OFDM system
have lower rate than the DP-QPSK system. And also, CO-OFDM system has high tolerance
against linear signal distortion effects and sensitive to nonlinear effects specially the XPM

and four-wave-modulation (FWM) which affects the system performance.
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5.2 FutureWorks

1. Optoeectronicintegrated circuitsfor coherent optical OFDM/DP-QPSK

Optoelectronic integrated circuits (OEICs) will reduce the deployment of large number of
optoelectronic devices and replace onto a single chip.
The main reasons for the use of OEICs are:

v' It can support software: Through electronic signal processing, the photonic chip can be
reconfigured for multiple functionalities in a number of aspects of transmission,
reception, and filtering.

v It can provide enhanced performance: Improvement of the speed and noise performance
can be achieved by integration due to the reduction of parasitic reactance, an amost

perfect matching condition for balanced devices and mechanical stability.

2. WDM based fiber/FSO system with OFDM/DP-QPSK

Wavelength Division Multiplexing (WDM) based systems can improve a transmission system
with a high bandwidth, a significant data rates, and a high spectral efficiency without increasing
the cost or the complexity of the system. WDM based CO-OFDM/DP-QPSK systems have been
proposed as a solution for the increased demand in bandwidth and the data rates.
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