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Abstract

This thesis proposes a solution to reduce the nonlinearities and to
improve the dynamic range of the RoF communication system. In the RoF
architecture, data signals are generated at a Central Station, modulated by an
optical carrier, transported over an optical fiber to many BSs and is transmitted
to the receiver. This hybrid RoF system has separated the conventional radio
spectrum into a number of channels for transmission. The used RF bands are
higher than a 2.4 GHz RF band of the current 3G systems. Therefore, a major
problem of RoF networks is nonlinearity issues of the various devices in the
link.

For a directly modulated multi channel RF signal, the dynamic
nonlinearity due to the square-law characteristic of the photodiode produces
harmonic distortion in the detected signal. This significantly reduces the
effectiveness of RoF communication. The performance of the communication

system is also affected by the nonlinearities in the channel.

Transmission of microwave and millimeter wave signals through
optical fiber has low-cost antenna terminals and large active frequencies. For
simple far off antenna stations, the microwave carrier passing through the radio
channel has directly modulated in the optical wavelength. However, it produces
severe harmonic distortion caused by optical fiber chromatic dispersion and its
degrading effect on the received signal increases to the square of the amplitude
of the radio carrier. The performance of communication system is reduced by

the nonlinearities at the receiver.

The thesis covers the reduction of nonlinearities at the fiber,
photodetector, wireless channel and receiver. One method has proposed to

reduce the nonlinear distortion at the photodetector. Its performance is



analyzed in single sideband and double sideband carrier suppressed
modulation techniques. A novel method of Weiner filter is used to reduce the
nonlinear distortion in the wireless channel. The performance is analyzed in
OFDM and DPSK modulation schemes. Four different methods are used to
reduce the nonlinearities in the fiber. Three methods are used to reduce the
chromatic dispersion. One method is used to reduce the group velocity and
third order distortion in the optical fiber. In addition, a multiband millimeter
wave is transmitted in three frequencies with good performance. A 200 GHz
millimeter wave is transmitted for peer-to-peer communication. In each
method, we have compared the results with the existing methods. Finally, the
existing RoF communication system is modified by integrating different
nonlinearity reduction methods. Two performance improvement methods and
two cost reduction methods are integrated. The SNR performance of the
proposed system is compared with the existing system. Result shows that the

proposed system has given the best performance.

Key words: millimeter wave, SNR, Central Station, Nonlinearities, OFDM,
DPSK, peer to peer communication
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Abstract

This chapter briefs about generation and characteristics of the RoF signals. It
also deals with the architecture and challenges in the RoF communication.
Chapter ends up with objectives, motivation, social relevance and organization
of the thesis.

1.1 Radio over Fiber Technology

Radio over Fiber (RoF) Technology is an emerging technology with the
advantages of wireless and optical networks. RoF has different advantages like
low attenuation, mobility of wireless access, large bandwidth of fiber and low
electrical interference. Optic fibers can satisfy the high speed requirement of
next generation networks. RoF is more popular with its multi access ability,

higher information capacity and transmission distance [1].

In a RoF communication System, wireless signals are transmitted in
optical form between a Central Station (CS) and a set of Base Stations (BS)
before being radiated into the air medium. RoF technology also integrates
different networkslike 3G, 4G, WiMAX and other protocols|[2], [3].

Performance Improvement of Radio over Fiher Communication System with Dispersion and Nonlinearity Compensation 1
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RoF architecture has different advantages like smple BS and dynamic
allocation of radio carriers. As RoF is integrated with wireless technology, it
could supply higher data rates. Wireless LAN offers up to a data rate of 54
Mbps and carrier frequencies from 2.4 GHz to 5 GHz, 3G mobile networks,
recommends up to 2Mbps in 2GHz, and 4G offers up to 40 Mbps and carrier
frequencies from 2 GHz to 8 GHz. The wireless standard |EEE 802.16 Mobile
and Fixed WIMAX renders carrier frequencies from 2 GHz to 66 GHz [3]-
[5].ROF can be used in different applications where normal wireless

communication cannot be used. It can be used in tunndl's, hazardous areas etc.
1.2 RoF Architecture

In the RoF communication system, the Radio Frequency (RF) signa is
modulated by the optical carrier and it is transmitted through an optical fiber to
the receiver. At the receiver, RF signa is detected and has radiated to the
wireless end user. RoF communication can integrate all RF signal processesin
one shared CS and can transmit through the optical fiber. It offers low
attenuation (0.2 dB/km for 1550 nm wavelength, and 0.5 dB/km for 1310 nm
wavelength) to transmit the RF signals to the Remote Antenna Units (RAU).
RoF communication deployed an optical fiber to disperse radio frequency
signas from a CS to different physicaly separate RAUs [6]. It is the
integration of the wireless communication and optical communication
technology. RAUs have performed optoelectronic (O/E & E/O) conversion

and amplification as shownin Fig.1.1.

2 Performance Improvement of Radio over Fiber Communication System with Dispersion and Nonlinearity Compensation
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Fig.1.1 General block diagram of RoF communication system

As the entire signal processing functions are held at CS, it is provided
equipment distribution, dynamic allocation of resources and easier system
performance and preservation [7]. Due to reduced cell size, alarge number of
low cost base stations are included to provide sufficient radio coverage. As the
radio cell size is small, a certain area is covered by many antennas. Such an
area may include the rooms in a flat, a hospital, an arport termina, a
conference site, an office building, stadium etc. It becomes economically
unattractive to generate and modulate the microwave signal at every antenna,
but optical fibers with their inherent low losses and wide bandwidth can
transport the signal to the antennas. The antennas only need to do the simple
optical-to-electrical conversion and to emit and receive the wireless signal

from the CS[8].

Performance Improvement of Radio over Fiher Communication System with Dispersion and Nonlinearity Compensation K]
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1.3 Method of Generation of RoF Signals

Various methods had used for the production of RF optical signalsin
optical wireless systems. The optical heterodyne method [9], self-heterodyne
method [10] and pulsed lasers [11], [12] were few methods. However, the
basic method of the RF signal generation is an Intensity Modulation (IM)

technique with direct or external modulation of alaser.

Two important methods of RoF signal generation and reception are
Intensity Modulation using Direct Detection and Remote Heterodyne
Detection Technique. Intensity modulation is again classified into direct
intensity modulation and external intensity modulation. Direct intensity
modulation can be used for modulating frequencies less than laser cutoff

frequencies.They are explained in detail as section 1.3.1.

Another scheme makes use of a single Opto-Electronic device,
Electro-Absorption Modulator (EAM), works as a photodiode for the
downlink process and as a modulator for the uplink process. It was later
replaced the laser, photodiode, circulator [13]-[16] and so it is called as
Electro-Absorption Transceiver. In another proposed method, the aim was to
produce a double-sideband optical mm signal (RoF) with time shift of the
sidebands on its transmission performance and fading effect [17]. A 2.5 Gbps
data was effectively transmitted over 20 km single mode fiber with a low
power penalty by using Four Wave Mixing (FWM) in Semiconductor Optical
Amplifier (SOA) [18] and with multiple frequency Brillouin fiber-ring laser

[19]. To increase the capacity and mobility of existing communication
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technique and to support both fixed and mobile users, a new scheme of Binary
Phase Shift Keying (BPSK) signals for RoF system has been proposed [20].
This duplex RoF technique has produced both 20 GHz and 40 GHz mm wave
signals with a data rate of 1.25 Gbps, with one Electro- Optical Phase
Modulator (EOPM) and one Mach-Zehnder Modulator (MZM) at the CS and
with one MZM at the BS. The Optica Single Side Band (OSSB) signal,
generated by the conventional modulation schemes suffered severe distortion
at the BS for large RF modulation index. The performance of the transmission
link was enhanced in single channel and Dense Wavelength-Division
Multiplexing (DWDM) with the reduction of unwanted higher order
harmonics based on a novel MZM technique[21] with an optical phase

modulator waveguide.

An optica mm wave (60 GHz RoF signal) was generated and
transmitted for 1.25 Gbps downstream datawith a gain switched laser [22]. A
64 GHz optical mm wave generated using a LiNbOsMZM with an 8 GHz local
oscillator [23], one dual-paralel MZM through optical carrier suppression
[18], without carrier suppression [24] and frequency 12-Tupling [25].

1.3.1 Intensity Modulation using Direct Detection

Thisis the basic method of RoF signal generation [26], [27]. The intensity
of the optical signal is varied in respect of the intensity of the RF signd. Intensity
modulation has been peformed by using direct modulation or externa
modulation. In the direct intensity modulation, the RF signal is used to drive the
input optical source as in Fig.1.2. The RF signd is superposed with the DC bias
so that the intendty of the output optica signd is directly proportiona to the
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intensity of the RF signal. Thisisthe most cost effective and smplest method. But
thismethod is not suitable for high frequency RoF communication.

Optical fiber

Photodinde

RF input signal  |——» Ei;;:

b

Direct modulation

== == = =FXternal modulation

I
|
Laser diode |

- External [
N Modulator

Fig.1.2 Externa intensity modulation

It cannot be used in millimeter wave band frequencies due to
bandwidth of the modulating signal is reduced by the bandwidth of the optical
sources. To generate high frequencies, modulating frequencies should be high

which cannot be made possible due to the nonlinearity of the optical sources.

In the externa modulation, the intensity of the optical carrier is varied by
the modulator. Commonly, modulation is performed by a MZM [28]. In the
external modulation, the dispersion introduced in the fiber can be reduced by
using SSB modulation [29]. The intensity modulated Direct Detection can be used
in Single Side Band (SSB) or Double Side Band (DSB) modul ation schemes. The
RF signa can be recovered by using a photodiode at the receiver section.
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1.3.2 Remote Heter odyne Detection Technique

The RoF signd is produced by the coherent mixing of two optical carriers
in a photodetector and will produce a high frequency current at the photodetector.
The principle of optical heterodyning is shown in Fig.1.3 [30].The RF signd is
directly modulated by the laser diode and it is externaly modulated by the optical
modulator. The modulated optica signal is mixed with the unmodulated optical
signd (Reference input). The modulated signal is transmitted through an optical
fiber and reached at the receiver. A photodetector is used as the receiver to
convert opticd signd to the dectrica signd. The unmodulated optical signd is
injection locked with harmonics and their difference will produce millimeter
(mm) wave frequency. The unmodulated carrier has higher power consumption
and lowers the optical bandwidth. But the converted RF signa has good qudlity
due to lesser laser noise [30]. The combined signa passes through the optica
fiber and reaches at the photodetector.

The coherent mixing will produce RF signal both at the sum and
difference of their frequencies including multiple harmonics at the photodetector
[30]. An dectronic band pass filter is used to extract the RF signd. The
frequency of the modulated signal is obtained from the frequency difference of

the two input carriers.
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Fig.1.4RoF communication basic processes with noises present in the path

1.4 Key Issues and Challenges of RoF Technology

The propagation of optical signal is affected by the attenuation,

dispersion and nonlinearities of optical fiber, nonlinearities in the wireless
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channel and nonlinearities in the photodetector as shown in Fig.1.4.They are
discussed in the following sections.

1.4.1 Attenuation of the Optical Fiber

When an optical signd is propagated through an optica fiber [31], signa
power is reduced due to material absorption and the Rayleigh scattering. If
Pransmitted 1S the optica power of the applied opticd signa and the signa has
transmitted through the fiber of length Z km, the received power, Preceved IS
expressed as

I:)received = Ptransmitted e (1-1)
where a is the fiber attenuation constantin Np/km and has a typical value of
0.023 Np/km [31].

1.4.2 Dispersion of the Optical Fiber

The wavelength of the transmitting optical wave is changed with the

changes in fiber’s refractive index n (w) [31]. If V, isthe phase velocity of

the propagating optical wave, then
V,=- (1.2

Where c isthe speed of light. Asthe propagation velocity is varied with
the optical frequency, dispersion will be generated.

If wc and A¢ are the angular frequency and wavelength of the optical

carrier, then the dispersion parameter D is represented as [31]:

D=2tk (1.3)

g
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1], d d ye . . .
Where B = - IZ ot (Ej J /w = w,. Thisfiber dispersion is also known

as second order dispersion or Group Ve ocity Dispersion (GVD) [31].
1.4.3 Nonlinearitiesin the Optical Fiber

When afiber is polarized by an eectric field E, isreferred to asadielectric
medium. Thetota polarization P responds non-linearity of the eectric field E, and
results in nonlinear effects. The total polarization P corresponds to the
nonlinearity isrepresented as[32],

F: |"|1+FE+F::|+"' (1'4)

In Equation (1.4), the term F,is the linear component. The second-
order nonlinear effects like Second Harmonic Generation (SHG) may be
present in non- Centro-symmetric crystals only [32]. Glass-based optical fiber
does not have second-order nonlinear effects like SiO2 and has a symmetric
structure [32]. The third order nonlinearities like Self Phase Modulation
(SPM)/ Cross-Phase Modulation (XPM) and FWM are generated from
nonlinear polarization component P3[32]. These effects appear in both Centro-
symmetric crystals and non-Centro-symmetric crystals [32]. Asthe total signal
power, P(t) affects the value of the fiber’s refractive index, a non-linear
refractive index effect will be produced. This variation of the refractive index
causes a variation in the phase of the optical signal. These phase modulations
have produced both SPM and XPM [31]. SPM is produced by the
instantaneous power variation of the transmitted signa versus time. But the
XPM is generated due to the propagation of multiple optical signals through
the fiber. The optical power of each signal and the co-propogating signals
suffer due to the nonlinear distortion introduced by XPM [31].As the different
optical signals are transmitted through a nonlinear medium like Single Mode
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optical Fiber (SMF), the beating of these optical signals generate FWM. For
example, when three optical signals at frequencies f1, f2, and f3 are transmitting
through an optical fiber, FWM is generated at,

fr, =fitf+f; (1.5)
The most relevant FWM frequencies are at

foo = 2f; —f (1.6)
wherei,and j€ 1, 2, 3.

Stimulated Brillouin Scattering (SBS) andStimulated Raman Scattering
(SRS) [31] are nonlinear effects that may be generated.When the optical power
is transferred from ahigher frequency optical signal to a lower frequency

signal, the photons of the incident fieldget eradicated.
1.4.4 Photodetection in the Optical Receiver

Photodetection is the process of conversion of an opticalsignal to an
electrical signa using a photodiode . The generated current is proportional to
the power of the incident optical signal. In this square-law photo-detection, the
responsivity,Rof the photodiode, is defined as the ratio of the output
photocurrent to the incident optical power.“Two types of photodetection are
Coherent photodetection and Direct photodetection[33]”. For the Direct
photodetection method, the photocurrent,| (t)of an optical field [33], Es (1) is,

1(t) = R|ED

(1.7)

where R is the responsivity of the photodetector.
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1.4.5 Noises Added by the RoF Link

The mgor noises presented in a RoF link are Relative Intensity Noise (RIN),
Amplified Spontaneous Emission (ASE) noise, shot noise and receiver thermal
noise. When a constant drive current is applied, the spontaneous emission of
photons in an optical source causes certain variations in the output phase,
frequency and the intensity [31], which results in RIN. The non-zero spectra
line width is formed due to phase/frequency noise, but the SNR is degraded by
the intensity noise [31]. For an average photo-current of lqc, the RIN noise

power is expressed as[31],
ok =Ky I4Af (1.8)

Here K; isadevice-dependent constant that is commonly represented
in dB/Hz and Af is the bandwidth of the receiver. A usua value of Ky is-
150 dB/Hz. The ASE noise is produced due to the spontaneous emission
within an optical amplifier and it is amplified by the gain of the amplifier [31].
The Shot noise is produced by the quantum noise effect in the photo-detected
signal [31]. If eisthe charge of an electron, then the shot noise power can be
expressed as[31],

0z = 2ely Af (1.9)

When the electrons move randomly with respect to temperature, the thermal
noise is added by the load resistor and the electrical amplifiers in the optical
receiver [34]. The performance of coherent optical links is also degraded by
laser’s phase noise because a carrier recovery circuit may have problems in
tracking rapid phase variations. The phase noise effects are characterized by
the total linewidth to bit rate ratio [31]. Here the total linewidth is the sum of

the linewidths of the transmitter laser and the local oscillator laser. For
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practical lasers, they have a finite spectral width around the operating

frequency w, is referred to as the laser’s linewidth.
1.4.6 Wireless Channel
The wireless transmission is representedas [35],
y = Hx+ n, (1.10)

where xis the symbol vector of the transmitted signal, nis the Gaussian noise
vector, H is the channel matrix and y is the symbol vector of the received
signa. H is aunitary matrix for a Gaussian wireless channel. But for a fading
channel, H consists of Rayleigh or Rician distributed channel coefficients
[35].In the case of mm wave transmission, the higher wireless path loss was
overcome by beam forming using an array of antenna el ements. These antenna
outputs are constructively interfered in a desired direction, but destructively

interfered in other directions [36].

The radio communication issues are related to the integration of a
wireless network with a RoF backhaul. This includes power budgeting and the
presence of the accumulating noise [37]. These issues are explicated in the
design of a RoF and transmitted through a Gaussian wireless channel. The RF
signd xj; (v has apower of PY . Thispower is attenuated by afactor of L, in
the RoF link to produce a photo-detected signal XE (t) that has a power of
PR , where L, accounts for the electrical to optical conversion loss, fiber

propagation loss, insertion losses of the optica components as well as the
optica to electrica conversion loss. The wireless noise power is k times greater

than that of the optical noise power; the following can be stated as [38],
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1

SNR;, = SNRg e (1.12)
1
(1+K )
= SNRg T forkK=1 (1.12)
(1+L___.1—)

Here SNR; isthe SNR of the RoF link and SNR;, isthe SNR of the
total link (optical and wirelesslinks).

1.5 RoF Signal Characteristics

Fig. 1.5 shows the type of optical modulation as well as the type of
optical multiplexing format used in the RoF communication. Optical angle
modulation and optical intensity modulation are the different modulation
methods used in RoF communication. Subcarrier multiplexing and wavelength
division multiplexing are the different multiplexing methods as in fig. 1.5. As
seen in Fig. 1.5, for aRF modulating signal, both the intensity and the angle of

the optical carrier can be modulated in a RoF link.

1.5.1 Optical Intensity Modulation

The intensity of the optical carrier is varied by modulating a RF signa
and this type of modulation is called as the Intensity Modulation (IM). It is
classified into Optical Double Side Band (ODSB), Optical Single Side Band
(OSSB) and Optical Carrier Suppression (OCS).
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Fig.1.5 Optical Double Sideband Intensity Modulation

The ODSB signa consists of the lower and upper optical sidebands
appearing at equal sides of the central optical carrier at f, = ‘f Hz , shownin
Fig. 1.6(a) [39]. The carrier and sidebands are separated by a frequency of

W¢

wg [39] and the modulating RF signal has a center frequency of f; = o

Hz. An ODSB signal is generated by both the direct modulation of lasers and
external modulation using an EAM [40].

A ODSB signal is generated by the single and dua-drive MZMs. We
have V}, = h+ m2V, or V, = —¥+ m 2V, where m is an integer

[41] and V(t) isthe transmitted RF signal.
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Fig. 1.6 Optical modulation formats (a) Optical Double Sideband modulation (b) Optical
Single Sideband modulation (c) Optical Carrier Suppressed modulation

The bias conditions are used for generating different modulation
outputs. For ODSB signals, the MZM is biased at maximum transmission
point. For SSB signals, the MZM is biased at quadrature operating point. For
ODSB-SC signds, the MZM s biased at minimum transmsion point. When a
dual-drive MZM is used for modulation, a phase difference of mis maintained
between the two RF signals V1(t ) and V2(t) for achirp free output [42].

1.5.2 Optical Single Sideband Intensity Modulation

An OSSB signa contains only one of the two possible sidebands at

f, =25 Hz and the optical carrier at f. = == Hz, as seen in Fig.
T £t

1.6 (b), where the frequency of the modulating RF signadl is f; . The carrier
and sideband are separated by afrequency of wy .
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The two important methods of generating OSSB signals are using Fiber
Bragg Gratings (FBG) as shown in Fig.1.7 and the dual-drive MZM as shown
in Fig.1.8 [45]. One of the sidebands of the ODSB signal is excluded by a
FBG filter [43] as in Fig.1.6.A FBG reflects certain wavelengths and passes
other wavelengths [44]. The reflected wavelengths, will have a frequency of
i,

f,=2Hz (1.13)

AT

It depends on the periodicity of the perturbation and the effective
refractive index of the fiber core. High-selectivity optical filters are used for

low frequency modulating signal.
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As the refractive index varies with the temperature, the reflected

wavelength has a temperature dependent value [45]. An OSSB is generated by
quadrature biased, dual drive MZM having a phase shift of = between arms.

1.5.3 Optical Carrier Suppression M odulation

An OCS signal [46], consists of two sidebands at f; + fi Hz, as shown
in Fig. 1.6 (c), wherethe f,; Hzisthe frequency of the modulating RF signal
and f; isthe optical center frequency. A MZM biased at V bias= V p + 2MmVy, is
an integer, generates an OCS signal, whose optical sidebands beat during
photodetection, while generating a signal at 2f. Hz [47]. As the MZM is
biased at minimum transmission point, the carrier frequency is removed and

two sidebands have remained.
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1.6 Motivation

This research is motivated by the following factors. The beauty of
optical communication overpowering the wireless communication lieswith
negligibly small loss of the signal. But the biggest hurdle is the successful
delivering of signal with optimum strength.The factors that limit the reliable
communication over a fiber-optic communication link are the noise added by
the inline optical amplifiers and the nonlinear distortion due to the Kerr effect
in the optical fiber. In order to reduce the impact of noise, the power of the
light has reduced. As the optical power is increased, the impact of the
nonlinear distortion has increased and has dominated over the noise. The
signal quality is made worse by further increasing the signal launch power.
The optimum launch power lies in thelimit where neither noise nor nonlinear
distortion can be neglected. Over the years, many methods had suggested in
order to mitigate the nonlinear distortion due to the Kerr effect at high launch
powers. The first method suggested is to use optical solitons in fiber-optic

communication systems.

The physical effects that altered the optical field during propagation in
an optical fiber are commonly divided into linear effects such as attenuation ,
dispersion and nonlinear effects due to the Kerr effect as well as Raman and
Brillouin Scattering. At lower optical powers, the nonlinear effects are
neglected. For higher optical powers, the nonlinear effects become stronger
and optical signals are highly distorted.

The process of modulation methods is divided into direct and indirect
modulation. Direct modulation of semiconductor lasers is used for smple and
low cost systems. In adirectly modulated laser, the main source of distortionis
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caused by the intrinsic nonlinearities of the laser that limits the dynamic range
and hence the system performance. Nonlinear distortion generated by the
semiconductor laser such as intermodulation distortion is aso produced

interchannel interference and the quality of the received signal is reduced.

Various techniques have been proposed and established to mitigate
fiber dispersion effects in RoF system including Up/Down Conversion
techniques. The IF signals are transmitted over an optical fiber instead of the
RF signal and having a minimum fiber dispersion induced power degradations
due to low fiber dispersion effect. But unfortunately, the system cost is
increased. Because additional devices are used such as high bandwidth
devices like, Metal Semiconductor Metal photodetector (MSM-PD), High
Electron Mobility Transistor (HEMT), and Hetero-junction Bipolar Transistor
(HBT) [48]-[52].

1.7 Objectives of Research

% General Objective

To study the Radio over Fiber communication and to improve the
performance of Radio over Communication system by mitigating the different

nonlinearities in the existing system.
& Specific Objectives

= Totruncate the nonlinear distortions in the photodetector

= To minimize the nonlinear distortions in the wireless channel

=  To suppressthe different nonlinear distortionsin the optical fiber
= To reduce the nonlinearities in the multiband RoF communication

system
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= To subside the phase noise and frequency instability of millimeter

wave RoF communication system

1.8 Methodology

1.8.1MATLAB

MATLAB [Matlab 2011] is a high-performance language for
computing. It can solve many technical computing problems, especialy those
with matrix and vector formulations. The name MATLAB stands for matrix
laboratory. MATLAB is a standard instructional tool for introductory and
advanced courses in mathematics, engineering and science. MATLAB is used
as a main programming tool for high productivity research, development and

anaysis.

It has used for computation, visualization and programming in

mathematical problems. Common applications are,
+« Mathematical computation
% Algorithm devel opment
% Modedling
« Dataanaysis
+ Scientific and engineering graphics
%+ Graphical user interface building
1.8.2 OptiSystem

Opti System™can minimize time requirements and cost in the design of
optical systems, links and components. OptiSystem is a system level simulator

with realistic modeling of fiber-optic communication systems. It is a powerful
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simulation environment. OptiSystem is a pioneering, rapidly evolving, and
powerful software design tool that enables users to plan, test, and simulate all
optical link in the transmission layer of a broad spectrum of optical networks.
It offers transmission layer design and system level design of optical

communication system.

Its capabilities can be improved by the addition of components, and can
be effortlessly interfaced with different tools. It’s Graphical User Interface
(GUI) controls the optical component design and net list, component types and
graphics. It has an extensive library of active and passive components with
practical, wavelength dependent parameters. Parameter sweeps helps the user
to study the effect of atypical component in the system performance.

The salient features of OptiSystem are:

« Component Library: The OptiSystem Component Library has
hundreds of components that help the user to give parameters
measured from real devices. It combines test & measurement
equipment from different vendors. Users can integrate new
components with subsystems and can co-simulate with other softwares
like MATLAB or SPICE.

s Mixed signal representation: OptiSystem can support mixed signal
formats for optical and electrical signals in the Library. OptiSystem

uses appropriate algorithms for simulation accuracy and efficiency.

« Integration with Optiwave Software Tools. OptiSystem has explicit
Optiwave software tools for integrated optics at the component and circuit
level like Opti SPICE, OptiBPM, OptiGrating and OptiFiber
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Quality and performance algorithms: The system performance is
calculated using parameters such as BER, eye diagram, SNR and Q
Factor using numerical analysis or semi-analytical methods.

Powerful Script language: Helps to represent arithmetical expressions
and global parameters for components and subsystems. The script
language can also examine and control OptiSystem, for calculations,
layout design and post-processing in the script page.

Multiple layouts: The user can build many designs in the same project
file that helps to create efficient designs. Each OptiSystem project file
can include many designs.

1.9 Impact on the Society

1.

2
3.
4

High speed wireless data communication
Low electromagnetic interference

Can be used in crowded places without jamming

. Can be used in tunnels and hazardous conditions where conventional

communication fails

1.10 Organization of the Thesis

This thesis consolidates the whole work carried out in 9 chapters. The

references relevant to each chapter are given at the end of the thesis. Chapter 1

briefs about the general introduction of RoF communication. A section of the

chapter deals with the different nonlinear distortions and its method of

reduction. The chapter ends up with objectives, motivation and organization of

the thesis.
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Chapter 2 gives the literature review of different cases related to
nonlinear distortion and its reduction methods. Knowledge of the above
methods is very crucia and and hence develop methods for mitigation of
nonlinear distortions in RoF communication. Methodology and performance
evaluation parameters are al so discussed.

Chapter 3 discusses the reduction of nonlinear distortion in the
photodetector of the RoF communication system with a Square Root nonlinear
equalizer.

Chapter 4 proposes the method of nonlinear distortion reduction in the
wireless channel using MLSE equalizer. Comparison of the proposed method
with the state of the art methodsis also given.

Chapter 5 deals with four methods of nonlinear distortion reduction in
optical fiber. These methods are compared using different performance
parameters. Also, these methods are compared with the existing methods.

Chapter 6 explains an 80Gbps Multi-Band Access RoF link with SSB
Optical mm Wave Dispersion Tolerant Transmission. A novel low cost RoF
link is also presented with a SSB optical mm wave signal to carry the 40GHz,
80GHz and 120 GHz mm wave multiband wirel ess accesses.

Chapter 7 proposes a 200 GHz mm wave RoF access network using a
Peer to Peer interconnection architecture An Additive Gaussian White Noise
wireless channel  with long haul Single Mode Fiber of 170 Km transmission
length is used against the wireless channel.

Chapter 8 provides a performance analysis of the RoF communication
system with the ingegration of different nonlinear reduction methods. It shows
that the results obtained are promising. Chapter 9 gives the conclusion and

future work.

kkkkkk
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Literature Review

2.1 Challenges and Mitigation Methods in RoF Technology
2.2 Impact of Chromatic Dispersion and Mitigation

2.3 Nonlinear Distortion and Mitigation

2.4 Perlormance Evaluation Paramelers

2.5 Performance Evaluation Criteria

Abstract

This chapter discusses the different nonlinearities includes the nonlinear
distortion and chromatic dispersion in the optical fiber. Their reduction is
explained in the literature review. The chapter concludes with the
performance measures and methodol ogy.

2.1 Challenges and Mitigation M ethods in RoF Technology

Severa methods have been reported for the generation of modulated
RF optical carriers in fiber-wireless systems. Some methods are optical
heterodyne [53] and self-heterodyne techniques [54] and method with pulsed
lasers [55], [56]. An intensity modulation method with direct or externa
modulation of a laser is the simplest technique used for the RF signd
generation and distribution. The RF signals are either externally or directly
modulated onto the optical carrier. These optically modulated RF signals are
transported over an analog photonic link. This approach hasled to asimple BS
unit design with centralized control and management of the wireless signals.
So it only requires optical to electrical conversion and RF amplification.
Another method employed a single optoel ectronic device, Electro-Absorption
Modulator (EAM), which act as a photodiode for the downlink and as a
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modulator for the uplink. It could replace the laser, photodiode, circulator
[57]-[60]. A new scheme was proposed to generate Double Sideband (DSB)
optical millimeter (mm) wave with signal carried only by optical carrier that
led to the least effect of a time shift of the sidebands and suffered by fading
effect only [61]. The downlink 2.5 Gbps data was successfully transmitted
over 20 km Single Mode Fiber (SMF) with less than 0.15 dB power penalty. It
used the four-wave-mixing effect of semiconductor optical amplifier for mm
wave generation in a mm wave RoF system [62] and multiple frequency
Brillouin fiber-ring laser method [63]. A new scheme was proposed to
generate a frequency diversity Binary Phase Shift Keying (BPSK) signals for
RoF system. They had huge capacity, mobility and supported both fixed and
mobile users [64]. This duplex system generated 20 GHz and 40 GHz mm
wave signals with a data rate of 1.25 Gbps. It used one Electrica Optical
Phase Modulator (EOPM) and one Mach-Zehnder Modulator (MZM) at the
central station and with one additional MZM at the BS. For conventional
modulation with large RF modulation index, the Optical Single Sideband
(OSSB) signal experiences much distortion at the BS. The performance of the
transmission link was largely improved in single channel and Dense
Wavelength Division Multiplexing (DWDM) with reduction of undesired
harmonics by using a novel MZM technique [65]. It had a 1x4 multimode
interference MM Coupler and four optical phase modulator waveguides to
generate OSSB signals in the RoF transmission link. The other schemes
involved optical mm wave generation and transmission of 1.25 Gbps
downstream links with a gain switched laser [66], a 64 GHz optical mm wave
generation via a nested LiNbOs MZM with an 8 GHz loca oscillator [67],
using one dual paralledd MZM with optical carrier suppression [68], without

carrier suppression [69] and via frequency 12-Tupling [70]. The study has
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revealed that RF signals experience a number of inevitable signal impairments
in RoF links such as nonlinear distortion that consist of Harmonic Distortions
(HDs) and Intermodulation Distortions (IMDs). They are generated due to the
nonlinear modulation characteristics of the optical modulators and reduce the
dynamic range. In addition, the impact of fiber chromatic dispersion on the
transported RF signals becomes more pronounced with increasing RF carrier
frequency. Severa different strategies have been proposed and demonstrated

to measure and overcome these impairments.
2.2 Impact of Chromatic Dispersion and Mitigation

In conventional Intensity Modulation (IM), the optical carrier is
modulated to generate an optical field with a carrier and two sidebands. At the
optical receiver, each sideband beats with the optical carrier and two beat
signas are generated. They constructively interfere to produce a single
component at the RF frequency. When the signa is transmitted through an
optical fiber, chromatic dispersion induces different phase shifts depending on
the transmission distance, radio frequency and the dispersion parameter. These
phase shifts produce a relative phase difference between the carrier and each
sideband. This results in the degradation the power of the composite RF
signal. These phase changes in the optical sidebands changes the resultant
phase of the RF beat signals and the RF power, Pt will vary [71]as,

mL LAFfE

P, «
L

(21)

where D isthe fiber disperson parameter in p/nm/km, c isthe velocity of light in
vacuum, L isthe fiber transmission length, f isthe RF carrier frequency, and A is
the carrier wavelength. From the equation (2.1), it is seen that the RF power varies
in a periodic manner with complete power suppresson occurring at specific

modulating frequencies and at a phase difference of m. As the RF frequency
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increases, the effect of disperson becomes more pronounced and the fiber-link
distance gets severdy limited [71]-[73].

Various techniques were proposed and demonstrated to mitigate fiber
dispersion effects in RoF system with Up/Down Conversion techniques [74]-
[78]. The IF signas were transmitted over optical fiber instead of the RF signal
and have minimum fiber dispersion induced power degradations due to the low
fiber dispersion effect. But, unfortunately, these techniques have high cost. A
simple configuration developed with high speed external modulators such as the
EAM in RoF system design [79] —[83] has supported high frequency RF signals.
By varying the chirp parameter of a Dual-Electrode Mach-Zehnder external
modulator (DEMZM) to give large negative chirp biased a quadrature,
dispersion induced power degradations were reduced in fiber-wireless systems.
A datarate of 51.8 Mbps was transmitted successfully with BPSK modulation at
12 GHz frequency over standard SMF of length 80 km.

A DEMZM was used to generate an optical carrier with single sideband
(SSB) modulation [79], [80] with a minimum laser spectrum width of the light
source. These methods provided both simple implementation and high
linearity [82]. But they suffer from RF loss, high insertion loss, frequency
chirping, high drive voltage and 6 dB power penaty. The electro-optical
modulator was biased at the minimum transmission point, instead of the
guadrature point. It saved energy and maintained high frequency-length
product in mm wave communication [83]. The optical carrier suppression
techniques [83], [84] have proved to be a feasible solution for the future RoF
based optica-wireless access networks. They provided a successful
transmission of 2.5 Gbps data for bidirectional transmission through a fiber
length of 40 km with a low power penaty. These simple methods has low

cost, high spectral efficiency and good performance.
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Also in addition to the above mentioned techniques, external filtering
with fiber grating was aso used to produce SSB optica modulation for the
elimination of the fiber disperson penaty on conventional externa optica
intensity modulation a8 mm waves [85]-[88]. A filter designed with three
dynamic Bragg gratings which is controlled by an input opticdl DSB signdl,
independent of the modulated optica carrier wavelength and can generate SSB
signals were used to mitigate the power degradation due to chromatic dispersion
[87]. An Arrayed Waveguide Grating (AWG) device operated as a wavelength
multiplexer of the different optical channels and SSB generator was used at very
high frequencies (>20 GHz) to eliminate the Career Suppression Effects (CSE)
[88]. The fiber nonlinearities such as SPM and FWM have also played a vital
role to reduce the dispersion penalties [89]-[92]. A significant reduction of
chromatic dispersion effects was achieved by generating a chirp distortion
effect in fiber opposite to that induced by the chromatic dispersion [89], a phase-
conjugated wave by means of FWM in a DSF placed at the mid span of the
fiber-optic link [90] and mid-span optical-phase conjugation [93]. The Optical
Heterodyne schemes [94] have offered a minimum fiber dispersion effect with
high intensity of modulation depth. They provided high link gain with high
Carrier-to Noise Ratio (CNR) but had a more complexed system design due to
complicated light sources.

2.3 Nonlinear Distortion and Mitigation

In the RoF architecture, data signals are originated at a CS, modul ated
by an optical carrier, transported over an optical fiber to many BSs and then
released to the medium of air for users. These hybrid RoF systems separate the
conventional radio spectrum into a number of channels for transmission. The
used RF bands are higher than the 2.4 GHz RF band that is used in the current
3G systems. A magor problem that may be found in RoF networks will be

Performance Improvement of Radio over Fiher Communication System with Dispersion and Nonlinearity Compensation 29



Chapter 2

nonlinearity issues of the various devices in the link. When the multi-channel
RF signal is directly modulated, the dynamic nonlinearity of the laser source
may inflict maor problems on the system performance due to Inter
Modulation Distortion (IMD) effects. Many research works were done to
reduce this nonlinearity issue. The external injection in the directly modulated
laser from a second laser source reduce the nonlinearity of laser diodes. Using
the externa injection method, the relaxation frequency of the laser could be
increased. Also, the modulation response at lower frequencies was more linear
than that without external injection [95]-[99].

In the RoF communication links, the system performance was
improved by the enhanced modulation response of the laser. But the
performance of the multicarrier RoF system was degraded by the nonlinear
characteristics of the laser. The linearized laser modulation response made a
performance improvement of 2 dB for a multi-carrier RoOF communication
system working at a frequency of 6 GHz [99].The link performance was
improved by reducing the second and third-harmonic generations of single and
two-tone RoF systems using external-laser modulation techniques with EDFA
[100], [101]. The third-order Inter Modulation (IMD3) suppression was
reduced by 38 dB even after 20 km of distance or dispersion using a Vector
Control Theory (VCT) based circuit [102]. The nonlinear effects due to
optoelectronic conversion were reduced by keeping the amplitude of the drive
signals at low values. The RoF signals had fragile modulation due to the thin
linear region of intensity modulators which causes low conversion efficiency
and low carrier to side band ratio. The link performance was improved by
using a high-power optical source, but this leads to increase the inter-

modulation distortions at the optical receiver.
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As the modulation efficiency was low at mm wave frequencies, the
mm-wave radio signals were feebly modulated by the optical carrier with a
large carrier to sideband ratio. The higher modulation depth helps to improve
the system dynamic range and to reduce carrier to sideband ratio of the mm
wave modulated signal. It must be operated above the Stimulated Brillouin
Scattering (SBS) threshold voltage to reject the carrier signal and to pass the
modulation sidebands with low loss[103], [104]. The efficiency was improved
by using an external delay filter with MZM modulator biased at quadrature
point [105] and by the carrier reduction method using a Fabry Perot filter
working in the reflection mode [106]. The higher modulation depth can
improve the link efficiency, but as the bias voltage is shifted to zero, the
second order distortion products are increased. An aternative method of
carrier filtering is done with a feedback loop to control the MZ biasing to
produce a photocurrent of 1.5 mA. For carrier filtering, the MZM must be
operated at the minimum transmission point. The bias shift method of carrier
filtering introduces low loss and needs fewer components involvement
compared with an external filter. A number of techniques have been proposed
for increasing the modulation efficiency of the mm wave modulated signals,
including Brillouin scattering schemes and external optical filters. But they
increase the system complexity and cannot be applied to a wide range of signa
formats, modulation depths and radio frequencies. Therefore, the ssmple and
inexpensive passive techniques have been reported using narrowband fiber
Bragg grating having different reflectivities. They helped in increasing the
modulation depth to provide better transmission performance for RoF systems
[107]-[109]. These techniques were applied to a wide range of radio
frequencies and modulation depths. They are applied in a conventional
downstream link and to the upstream in a wavelength-reused scheme. The
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performance of the fiber-wireless links has significantly improved when the
optical signa istransmitted at an optimum CSR of 0 dB [110].

The microwave carrier through the radio channel was directly
modulated by the optical signal [111] at a remote antenna station. This had
generated severe harmonic distortion due to optical fiber chromatic dispersion
and its effect on the received signa increased as the square of the magnitude
of the RF signal [112]. Many equalization methods in the electrical and optical
areas have been employed with electronic equalization owing to superior
adaptability and low cost. Due to the linear characteristics of the optical field,
inexpensive linear equalizers were used to compensate the chromatic
dispersion. But the square-law characteristic of the photodiode produced the
harmonic distortion and it drastically reduced the efficiency of linear
equalization [112].

2.4 Performance Evaluation Parameters

Performance measurement is amajor factor required for any network. It
shows the unit of the quality of the service provided by the network. These
measures respond to the performance issues existing in the current
communication systems. The different measures that have used to assess the

performance of RoF communication are [113]:
2.4.1 Quality Factor

The Quality factor (Q factor) is an important performance parameter
that shows the quality of an optical communication system. The quality of the
optical signal increases with increasing Q factor. Q factor measurement is
associated with the analogue signal. The Q factor gives the measure of the
destruction due to optical noise, nonlinear effects and chromatic dispersion.
The quality factor is defined as,
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Q= (va—vu) (2.2)

IRCIRCD)
Herev,, v are the average values of the signal, v(t). o, and o are the
Root Mean Square (RMS) values of the additive white noise [113].

2.4.2 Bit Error Rate (BER)

Bit error rate BER is a parameter to give the performance indication of
a data link such as radio communication or fiber communication system. As
number of errors that occur in a datalink is one of the main parameters, the
BER is an important parameter for performance analysis. In an optical system,
the BER and Q factor are used for performance analysis. The relationship

between BER and Q factor can be given as,

BER = - erfc (%) (2.3)

For large values of Q (typically Q>3) the complementary error function may
be approximated by an exponential function and the BER may be expressed
as.

B ~ti (2.4)

Bit Error Rate is defined as the rate at which erors occur in a
transmission system. Error is basically the change of bit 1 to bit 0 and vice
versa. BER gives the approximate estimation of the error probability. It can be
calculated by dividing the error bits with the number of bits transmitted. It isa

unitless measurement.
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BER= number of erroneous bits/ total number of bits

Let the probability of receiving bit 1 when bit O is transmitted be
denoted as ¥ (1/0) and probability of receiving bit O when bit 1 is transmitted
be denoted as (0/1). Then BER would be given as,

BER = 0.5 [P(1/0)+P(0/1)] (2.5)
Equation 2.4 shows that BER is a strong exponentia function of Q .

For an optical network the value of BER should always be lesser than
10°. There are following factors that affect the BER;

4 Transmission Channel Noise

It is the noise which is added to the transmitted signal during its

propagation through transmission channel.
4 Interference

The signals from the adjacent channels overlap with each other and
degrade the quality of the original signal.

4 Bit Synchronization Problems

When the received bits are not synchronized with the transmitted bits
then there is a probability of loss of data bits. Thiswill increase the BER value
of thesignal.

+ Attenuation

When the amplitude of the received signal gets reduced in comparison
to the amplitude before transmission, then attenuation is said to have taken
place.
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4 Wireless Multipath Fading

It isthe fading which is caused because of the multipath propagation of
the signal. For fiber optic systems, bit errors mainly result from imperfections
in the components used to make the link. These include the optical driver,

receiver, connectors, and the fiber.
4+ Transmitter Power

Transmitter power has to be balanced with the factors affecting the —
interference levels and the power output of the power amplifier, total power

consumption etc.
+ Order of the Modulation

Lower order modulation schemes have lower data rate with higher
robustness to noise. Also, the higher modulation schemes can support higher

data rates with higher noises.
4 Bandwidth

The BER can be reduced by reducing the bandwidth. The noise levels
can be reduced and therefore the signal to noise ratio will be higher.

2.4.3 Signal to Noise Ratio (SNR)

Even though the optical fiber provides enormous bandwidth; its power-
handling performance is poor. The single-mode fiber optic cable has a small
central core that permits only one mode of light to travel. Due to intricate
construction of single-mode cables, their initial cost is greater than multi-mode
fiber. Also, the modulation depth of RoF links should be kept small to limit
nonlinear distortions of optical modulators. So only a fraction of the total
power is alocated in RF sidebands. The power losses in the optical domain are

found to be twice in the electrical domain due to the square-law behavior of
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the photodiode. Hence the received RF power at the optical detector is
typically very low depending on the fiber length . This has to be improved
drastically at the Remote Access Point (RAP) before driving an antenna to
overcome wireless channel path losses. In a RoF communication system, the
analog RF signal suffers losses in optical and wireless channels. So the RF
signa strength is weak at the optical recelver and the wireless receiver.
Therefore, two SNRs such as, optical SNR (OSNR) and electrical SNR can be
defined in RoF communication. An optical SNR (OSNR), is due to noise in
the optical domain and an electricd SNR (ESNR) is due to noise in the
electrical domain. The resulting Cumulative SNR (CSNR) is a weighted sum
of two SNRs. The system performance is increased with CSNR and it is

smaller than the smaller of these two SNRs.
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Fig.2.1 Losses, Gain and Noisesin a RoF communication system

Fig. 2.1 shows the gains and losses that occur in the optical and
wireless portions of the RoF communication system. The input RF signal S(t)
has suffered a steep loss at the RF-optical conversion stage. Then it has a

linear loss as a function of fiber length due to fiber attenuation. Further, there
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is a steep loss due to optical-RF conversion. All these three losses, including
optical connector/splitter/splicing losses in the optica doman are
cumulatively referred to as L., . The optical link noise gets added at the optical
receiver. The OSNR can be defined as the ratio between the RF signal and
optical link noise powers.

Then, the optical noise plus signal is amplified by the RF amplifier at
the RAP with gain Gop. After this stage, the RF signal (plus optical noise) is

passed through a wireless channel, experiencing alossof L, .

SNR considering only the RoF link noises and losses is expressed as

ME—L[lﬁm]
<1} zealf i<l

OSNR =

(2.6)

where M=1, iqy = AC component of current, I = Relative Intensity Noise
power, IZ  =shot noise power and I;; = thermal noise power.
The cumulative SNR is expressed as

1

) (27)

1+(ge)

where Ly, isthelossesin the wireless channel.

CSNR = OSNR[

2.4.4 Eye Diagram

It is a parameter to quantify the quality of signal. It is used to measure
the mutual effect of the channel noise and inter-symbol interference. Eye
should be broadly opened for good transmission. The eye pattern gives

different parameters and they can provide different information.

% Eyeheight: It quantifies the presence of additive noises.
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« Eyeclosure: Itisameasure of inter-symbol interference.
% Eye overshoot / undershoot: It shows the signa distortions due to
losses in the propagation of the signal.

« Eyewidth: It shows the synchronization and jitter effects.

2.5 Performance Evaluation Criteria
The following performance parameters are used
<+ BER
s Q Factor
+ EyeDiagram
% SNR

kkkkkk
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- Reduction of Nonlinear Distortion
in the Photodetector of RoF
Communication System

21 Introduction
3.2 Case-l: (858 on RoF Communication Using SORT Nonlinear Equalizer
33 Case-1LODSB-CS with Reduced Photodetector Nnn|inear51._'.'

Abstract

This chapter describes about the reduction of nonlinear distortion in the
photodetector. The proposed method is implemented in two systems. The SNR
performance of the proposed method is compared with the existing methods.
This chapter ends up with the conclusion that the proposed method has better
performance as compared to the existing system.

3.1 Introduction

Transmission of microwave and mm wave signals through optical fiber
has low cost antenna terminals and large active frequencies. For simple far-off
antenna stations, the microwave carrier passing through the radio channel is
directly modulated in the optical wavelength [114], but it produces severe
harmonic distortion caused by optical fiber chromatic dispersion whose
degrading effect on the received signa increases with the sguare of the
amplitude of the radio carrier [115]. To compensate for this, a variety of
equalization techniques, both in the optical and electrica domain have been
proposed [116]-[118], with more prominence provided to electronic
equalization which has high flexibility and less cost [118]. Due to the linear
effect of the optical field, economical linear equalizers can entirely compensate
for chromatic dispersion. The square-law characteristic of the photodiode
produces harmonic distortion in the detected signal. This significantly reduces
the effectiveness of linear equalization [119].
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There are two methods to generate the optically modulated RF signal:
direct and external modulation. The direct modulation scheme suffers a chirp
effect and causes severe degradation of the system performance. However, this
can be reduced by using the external-Mach Zehnder modulation scheme. Even
though the external modulation scheme is used, the traditional Optical DSB
(ODSB) modulation degrades the received RF signal power due to fiber
chromatic dispersion. To overcome the power degradation, an OSSB signd is
produced by a phase shifter and a DEMZM [120].

To meet the rapid growth for bit rate and bandwidth demands in
communication systems, the convergence of wired and wireless networks is a
promising solution. RoF with the combination of optical and wireless systems
[121]-[125], is an effective solution for increasing the transmission capacity |,
flexibility, providing broad bandwidth and low attenuation characteristics.
Generally, the ODSB modulation technique is employed in RoF transport
systems. However, to transmit the optical carrier and both sidebands are not the
most effective way of information transfer. Optical bandwidth is halved in the
OSSB modulation technique since the optical signal spectrum has been reduced
by a factor of two [126]. With optical SSB modulation technique, RF power
degradation due to fiber dispersion is reduced and thus the performance of the
system is improved. The dispersion-induced broadening of short pulses
propagating in the fiber at high rate causes crosstalk between the neighboring
time dots. This introduces error which eventually increases as the
communication distance goes beyond the dispersion length of the fiber [127].
The introduction of Erbium-Doped Fiber Amplifiers (EDFA) working in the
1550nm region increases the link distance and reduces the fiber loss in the

optical communication systems [128].
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A mm wave fiber-wireless architecture consists of a CS which is
connected to a large number of antennas or THz antennas [129] at the BS
through RF-over-fiber, IF-over-fiber and Baseband-over-fiber [130]. Such
methods use a Mach-Zehnder Intensity (MZI) modulator to generate the
required optical carrier frequency to provide point to point and point to
multipoint links. The RoF, such as Hybrid Fiber Radio (HFR) [131] is
propagated through fiber links towards remote BSs. This architecture is an
attractive method for broadband access because it permits quick and cost
effective network instalation. Generally in a RoF system, the CS transmits
optical carriers modulated at Radio Frequency (RF) to BS. Optical fiber can be
used as an excellent medium for RF signa transmission dueto the very
high bandwidth, low loss, small cross section and low cost. The RoF systems
can be used for many wireless applications such as Fiber-to-The-Home (FTTH),
Universal Mobile Telecommunications System (UMTS), Vehicular Ad-Hoc
Network (VANET) [132] and microcellular system [133], [134]. The RoF THz
frequency can provide these technologies to enrich the capacity and security.

This makes THz communication to be one of the preferred technologies.

Squareroot (SQRT) transfer function [135] module (SRm) that is placed
after the photodiode compensates for the square-law characteristic and thereby
improve the performance of linear equalizers. The linearization capabilities of
the SQRT module are analyzed using the model of the dispersive fiber and the
transfer functions of the SSB modulation. The study considers the levels of
second and third order harmonics generated by each scheme, for a single RF
carrier signal. The spectral characteristics provide better assessment about the
system linearization of linear equalizersin digital systems and are relevant to
the performance measurement of broadband RoF systems [136].

The researchers are trying to reduce the penalty generated by Inter
Symbol Interference (1SI) in optical communication systems. Polarization Mode
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Dispersion (PMD) and Chromatic Dispersion produce ISI. As some of the
distortions are linear, a linear Electronic Equalizer (EE) can be used to reduce
the distortions. Although they have high flexibility and low cost, an optical
communication system is inherently nonlinear because of the square-law
nonlinearities that are introduced by the photodiode.

3.1.1 Different Carrier Suppression Techniques

By suppressing the optical carrier power of the mm wave, the
performance of the RoF link can be improved. In long distance transmission
system, the DSB-CS modulation scheme can provide the best receiver
sensitivity, highest spectral efficiency and smallest power penaty [137]. A
photodiode with a power penalty less than 0.3dBis used to detect the baseband
(BB) and RF signal. The noise contributions such as noise figure, thermal noise
and shot noise [139] can be reduced by Carrier Suppression (CS) [138]. A DSB-
CS optical signal [140] can be generated by a MZM through external
modulation. Different methods like, low biasing of MZM [141], optical carrier
filtering [142] and Stimulated Brillouin scattering [143] can be used to suppress
the undesired optical carrier.

3.2 Casel- OSSB on RoF communication using SQRT nonlinear

equalizer

3.2.1 Theoretical analysis of SSB modulated THz Signal using
balanced MZM

Generally, RoF systems transmit an optically modulated radio frequency
signa from a CSto BS via an optical fiber. An OSSB signal is produced by a
DE-MZM and a 90 degree phase shifter. The generated RF signal is optically
modulated by a Laser Diode (LD) and aDEMZM [136].
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RF signal

Fig. 3.1 Single-tone OSSB-ROF transmission system

RF: radio frequency signa a 20 GHz; LD: Laser Diode; DEMZM: dual-electrode Mach-
Zehnder modulator; SMF: single mode fiber; PD: photodiode

The optically modulated signal is transmitted to the BS, where the
received RF signal is recovered by using a photodetector and a BPF. It arrives
at a User Terminal (UT) through a wireless channel asin Fig.3.1 [136]. The
optical signals from the laser and the RF oscillator are represented

mathematicaly as,
Xp () =Aexpj(wp ®O+F (1) (3.1)

Xg (1) = Vg cos(wg (O) + T, (D)
(3.2

where A and Vy; are the amplitudes of signals from the LD and the RF
oscillator, respectively. Thew, andw,; areangular frequenciesof thesignals
from the LD and the RF oscillator. The f, (t) and f, (t) are the phase noise

processesand T, (t) is characterized by a Wiener process as,

f =/ f, ©d (33)
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The time derivative . (© isnot flat at low frequencies due to Tl noise .
Thewhite phase noiseisthe principal causefor line broadening and is associated

with quantum fluctuations.

Thus, . (D can be modeled as a zero-mean white Gaussian process

with aPSD ,

S (w) = ZmAVy, (3.4)
1:L

where AV; isthelaser linewidth. The signal x (t), is optically modulated by
X, (t) withaDE-MZM, and the modulated signal is given by equation (3.5) as
shown below,

Eo (©=Aly [Ju(emexpi(oy (0] +on () +3)—

V21 ((@mexpi{on () +du (©) +wp © + g ©) (35)
where a = "r_”_ is the normalized ac value, V; is the switching voltage of the
WETT

DEMZM, Ly, istheinsertion loss of the DE-MZM, and € is the phase shift
by the phase shifter. For ¥, > ¥ , the high-order components of the Bessel
function can be neglected. After transmitting the OSSB at the output of
DEMZM through standard SSMF length, L; IS represented as,

Eg, L=

Lj Wy

ALy .Lg 100 =  Ju(am[expj(w. (t)+

£]3(om)

O (t=1 = @+~ oo expi((@ (O] +

O (t—=T,)+wr O+ @r (t-1) — 0.))] (36)

where L isthe additional lossin the optical link, a;  isthe SSMF

loss, Ly is the transmission distance of the SSMF. 't and 'z, are group
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delaysat acenter angular frequency of w, (t) andan upper sideband frequency
of w, (t)+wy (). '0;and ‘9, are phase-shift parameters for specific
frequencies due to the chromatic dispersion. With a sgquare-law model, the

photocurrent “i(t)” can be obtained from equation (3.6) as,

i(t) =R|Eg u(L1)|* = RA;*[B + 2a;c08(wy (1) + -] (3.7)
where
Ay = ALy Ly, 100 - Lp o )/20. g0

V2
oy = —Jy(am)
Ju
B=1+a;
where R is the Responsivity of the photodetector

3.2.2 Simulation Setup

Asin fig.3.2, a ssimple non-linear equalizer with the square-root mathematical
function, just after the photo-detector and before the conventional electronic
equalizer linearizes the overall system performance of optical communication
system. The optical field amplitude and generated current of a photodiodeisan
intrinsic square-law non-linear function. It can be reduced by a nonlinear
electrical circuit with square root (SQRT) function after the photodiode. The
SQRT module is designed using MATLAB programming and placed after the
photodiode to reduce the square law nonlinear characteristics of the photodiode.

The important method of the optical millimeter wave generation is an
intensity external modulation by using an externa modulator. To reduce the
power penalty problem, the SSB modulation is generated with a DD-MZM
modulator. Fig.3.2 shows the simulation setup of a SSB 60 GHz RoF
communication system. Continuous wave is generated from aCW laser at 193.1

THz, line width of 10 KHz and is modulated by a radio frequency of 60 GHz
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analog signal through a DEMZM, which is biased at quadrature point. This RF
signa isapplied directly to one arm of the DEMZM modulator and the same RF
signa with phase shift of 90 degreeisapplied to the second arm of the modul ator
to generate an optical single sideband RF signal as it requires less bandwidth
than DSSB-RoF system and istolerable for power degradation due to chromatic
dispersion, through a standard single-mode fiber. The signal is transmitted
through a SSMF of length 100 km and first order dispersion of 17 ps/nm/km.
The optical signal isamplified by an EDFA. At the remote station the signal is
received by a PIN photo detector. The SNR is very low due to the intrinsic
square law nonlinear function of the photodetector. It is improved by using a
SQRT nonlinear equalizer. The amplified signal isfiltered by using aband pass
filter with cutoff frequency 60 GHz and bandwidth 1GHz. The RF signal is

obtained at the receiver. The ssimulation parameters are shown in table 3.1.

Table 3.1 Simulation Parameters

Serial No. Quantity UNIT
1 Laser frequency 193.1THz
2 Laser Power 10 dBm-20dBm
3 Fiber Attenuation 0.2dB/km
4 Fiber Length 100 Km
5 Fiber dispersion 16.75 ps/nm/km
6 Differential Group delay 0.2ps’km
7 Maximum phase shift 3mrad
8 Photodetector responsivity 1A/W
9 Photodetector current 10nA
10 Photodetector center frequency 193.1Thz
11 Photodetector sample rate 5Hz
12 Photodetector thermal noise 102 W/Hz
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Fig. 3.2 Block diagram of SSB communication System, CW- Continuous Wave, EDFA-
Erbium Doped Fiber Amplifier, PD- Photodetector

3.2.3 Results and Discussion

For intensity modulation, modulating analog signa is generated at
60GHz and optical carrier is generated at 193.1 THz asin Fig.3.3 (@) and Fig.
3.3(b). The dua €electrode MZM is operating at quadrature point and the
obtained SSB is shown in Fig.3.4 (a). The generated signa is transmitted
through a 100 km SSMF and reached at the remote station. Fig. 3.4(b) shows
the photodetector output.

A SQRT nonlinear equalizer is used to reduce the nonlinearities in the
photodetector and the equalized output is shown in Fig.3.5 (a). RC band pass
filter (BPF) with a cut off frequency of 60 GHz , bandwidth = 1.5 bitrate and
maximum attenuation value is 100 dB is used to detect the RF signal as in
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Fig.3.5 (b). The absolute results are obtained due to theideal parameters of the
RC band pass filter. An electrical carrier analyzer is used to measure the SNR
for two different frequenciesat 4 GHz and 5 GHz asshown in Fig.3.6. The SNR
of the receiver without equalizer is measured for different carrier powers from
-20dBm to +20 dBm.
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Fig. 3.3 (a)RF input (modulating signal) at afrequency of 60 GHz, (b) Laser input (optical
carrier) at a center frequency of 193.1 THz
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Fig. 3.4 SSB (MZM) output at quadrature operating point
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Fig. 3.7 SNR (at 4 GHz and 5 GHz) of photodetector with SQRT nonlinear equalizer

The SNR changes from 24dB to 64dB for 4 GHz and 15 dB to 52dB for
5 GHz as shown in Fig.3.7. When a SQRT equalizer is used at the receiver, the
SNR isincreased from 50dB to 87dB for 4 GHz and 28dB to 68dB for 5 GHz.

3.2.4 Conclusion

A SQRT nonlinear equaizer is used to reduce the nonlinearities in the
photodetector. The other nonlinearities in the receiver are not considered. In
practical cases there will be variation from these results due to the presence of
different nonlinearities at the receiver. An eectrica carrier analyzer is used to
measure SNR for two different frequencies at 4 GHz and 5 GHz. The SNR of the
receiver without equalizer is measured for different carrier powers from -20 dBm
to +20 dBm. The SNR varies from 24 dB to 64 dB for 4 GHz and it varies from
15 dB to 52 dB for 5 GHz. When the SQRT equalizer is used a the receiver, the
SNR isimproved from 50 dB to 87 dB for 4 GHz and 28 dB to 68 dB for 5 GHz.
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3.3Casell - ODSB-CSwith Reduced Photodetector Nonlinearity

3.3.1 Principle of Optical Double Side Band Suppressed Carrier
(ODSB-CS) Modulation

There are various techniques for generation of mm wave signalsthat can
be used in various applications. One of the simplest methods for generating and
optically distributing RF signalsisto directly modulate the intensity of the light
source (laser) with the RF signal. The laser is driven with the desired mm wave
frequency. Thecarrier isfiltered and direct detection isused at the photodetector
to recover the RF signal [144]as shown in Fig.3.8. The second optionisto drive
the laser in Continuous Wave (CW) mode and then utilize an external modul ator
such as the LiNbO3z MZM modulators to modulate the intensity of the light.
Such external modulators can sustain high frequency RF signals and can be used
for generation and data up conversion through optical carrier sub multiplication
asshown in Fig. 3.9[141].

Fig. 3.10 shows the principle of the optical mm-wave generation using
the OCS modulation scheme. The output electrical field of the MZM is given
as[141],

E, (1) = Eqcos (212 cos (w.t) (3.8)

where E, and w, are the amplitude and angular frequency of the input
optical carrier. V(t)is the input driving voltage, and @(V(t)) is the phase
difference that is generated by V(t) between the two arms of the MZM.
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Fig.3.8 Direct laser modulation process (PD-Photodetector, LO- Local oscillator)
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Fig.3.9 Sub carrier multiplication and modulation through MZM modulator (PD-
Photodetector, LO- Local oscillator)

The loss of MZM can be neglected. V(t) is the mixture of an electrical
sinusoidal signal and a DC biased voltage and can be expressed as [141],

VIO =Vy -y + Vy cos(wg B (3.9)
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Fig.3.10 Schematic diagram of the optical mm-wave generation using balanced MZM biased
in OCS Modulation [“Vb1’-‘Vpc’ of MZM; “ECL’ - External Cavity Laser; ‘OSA’ - optical
spectrum analyzer; ‘ESA’ -Electrical Spectrum Analyzer]

HereV,, _ isthe DC bias voltage, V,,, and w,; aretheamplitude and
angular frequency of the electrical driving signal. The phase difference caused
by V(t)isgiven as,

BV()) = n["L=— + oos(wg (1)) (3.10)
where “V,,’ is the half-wave voltage of MZM.

The output electrical field can be written as,

E, (t) =+VLcos (n[\z%] + m[cos(wy t)] ] E,(t)

Vr

cos {n : }cos(m coswy t) -
=L "

E,(®) (3.11)
sin [n EL} sin(m coswy t) ’

V2L

= (Gem+ 2 0% (5] costznon 0 |0 -

@(ZTL[;I[; (=" +1(m) cos (2n + Dwy ) E, ()  (3.12)
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= iL 1+ cos {T[M + 2mcostFt}
2 2V,

= % L (1 + cos {n%]UZmD (3.13)

WhereE, (t) isthe electric field input into the MZM, L is the RoF link total
loss, Vp =V;/2 isthebiasvoltage of MZM and F; istheinput optical power.
The modulation index is ‘m’. It is represented as,

_ MV,
="y,

Here Vmod IS the amplitude of the input RF signa.V,, is the haf wave
voltage of MZM.

3.3.2 Simulation Setup

The transmission of the carrier is a waste of power since the information is
carried by the sidebands. The suppression of the carrier leads to improvement
of important characteristics of the fiber optic link such as dynamic range and
noise figure. Fig.3.11 shows the simulation setup of an ODSB-CS RoF
communication system. The MZM can be worked in three operating conditions,
maximum transmission point, minimum transmission point and quadrature
operating point. In the minimum transmission, the MZM has DSB-CS output.
In the maximum transmission condition, the MZM has DSB output. In the
guadrature operating point, the MZM has SSB output. Optical carrier is
generated from a CW laser of 193.1 THz with a line width of 10 KHz and is
modulated by a 50 GHz RF signal through a Dua arm MZM, which is biased
at null point. The RF signal is applied directly to one arm of the DE-MZM
modulator and the same RF signal is applied to the second arm of the modulator
to generate an ODSB-CS RF signal. As the MZM s biased at the minimum

transmission point, the output consists of two sidebands only. The optical carrier
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is eliminated. It demands less bandwidth requirement than DSSB—RoOF system
and has high resistance to power degradation caused by chromatic dispersion.
An optica attenuator of return loss 65 dB is used to reduce the optical power.
The signal from the CS is amplified and transmitted through a SSMF of length
150 km and afirst order dispersion of 16.75 ps/nm/km.

Table 3.2 Simulation parameters

Serial No. Parameters Specifications
1 Laser frequency 193.1THz
2 Laser Power 10dBm-20dBm
3 Fiber attenuation 0.2dB/km
4 Fiber Length 150 Km
5 Fiber dispersion 16.75 ps/nm/km
6 Fiber Differential group delay 0.2ps’km
7 Fiber Maximum phase shift 3mrad
8 Photodetector responsivity 1A/W
9 Photodetector current 10nA
10 Photodetector center frequency 193.1THz
11 Photodetector sample rate 5Hz
12 Photodetector thermal noise 102 W/Hz

Table 3.2 shows the global parameters used in the experiment. At the
transmitter an optical source of center frequency 193.1 THz is used. Its power
isvaried from 10 dBm to -20 dBm. The attenuation of SSMF is 0.2 dB/km. The
optical signa is amplified by an EDFA of length 5m, core radius 2.2

micrometer, and loss 0.1 dB/m.

At the remote station, the signal isreceived by a PIN photodetector. PIN
photodetector which has aresponsivity of 1 A/W.

Direct detection is used at the remote station. The amplified signa is
filtered by using alow pass filter which has a sample rate of 5Hz and its center
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frequency isat 193.1 THz.The BER and eyediagram performances are obtained
from BER and eye diagram analyzers respectively.

FRBS NRZ pulse 50 GHz
Generator [P Cencrator Generator
v
Polarizati Polarization | M [
CW laser e MZM Controll
P Controller o Comteoler f
Optical Fiber
tical :
4_()_ EDFA Op g—| Optical g
EDFA ol Filter Aftenuator

Optical : Electrical
Rereiver Analyzer

Fig. 3.11 Block diagram of ODSB- CS-RoF communication system

3.3.3 Results and Discussion

Fig. 3.12 shows the spectrum of the 5Gbps, 60 GHz ODSB-CS
transmission. The spectrum consists of two sidebands and a suppressed optical
carrier. The maximum sideband power and carrier power are -28 dB, -36 dB
respectively. The sideband to carrier suppression ratio is 8 dB. Fig. 3.13 shows
the BER of 5 Gbps and 10 Gbps, 60 GHz receiver as afunction of fiber length.
The maximum transmission distance is 150 km. The graph shows that BER
increases with increase in fiber length. When the data rate is increased, BER
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also increased as in Fig. 3.13. The BER is in the order of 10 2 to 1073

19T 18787 AHA T THIE T 1AAZT 1THIOT 1HA34T

Fig.3.12 Spectrum of ODSB-CS transmission [input power-- 5 dBm)]

6.00E-02

B —o—BER(10Ghps)

5.00E-02

—8—BER(5Gbps)

4.00E-02

3.00E-02

2.00E-02

1.00E-02

0.00E+00

0 30 70 90 100 150
Length of the fiber (km)

Fig. 3.13BER of 5 Gbpsand 10 Ghps, 60 GHz ODSB-CS receiver
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Fig. 3.16 Eye height of back-to-back propagation in the ODSB-CS Receiver

Fig. 3.14 shows the eye height of the 5 Gbps and 10 Gbps propagation
inthe ODSB- CSreceiver. The eye-height has been decreased for long distance
transmission and higher data rate propagation.
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Fig. 3.17 Q and log(BER) of the ODSB-CS receiver (back-back) transmission
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Fig. 3.15 shows the relation of BER with Q factor for a data rate of
10Gbps. The graph showsthat BER and Q factor areinversely proportiona. Fig.
3.16 shows the eye-height of back to back propagation. The maximum eye-
height of 0.03dB is obtained at a minimum datarate of 1Gbps. It showsthe eye-
height performance variation of back to back propagation for different input
optical powers. When the input power is increased, eye-height is increased. It
shows that the system has better performance at higher input optical powers.

Fig. 3.17 showsthe Q factor and BER performance as a function of data
rates for back-to-back transmission. Maximum performances are obtained at
back-to-back transmission because of minimum dispersion. Fig. 3.17 shows that
Q factor and eye-height are decreased with increased data rates.

100

90

N /
R 70
dB /
(dB) 60
50 —+—SNR(with eqlst)
40
== SNR(without eqlsr)
30
20
10
0 T T T T T T
-4 -3 0 1 2 3 4

Laser power (dBm)

Fig. 3.18 SNR of the ODSB-CS communication with and without SQRT nonlinear equalizer
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Fig. 3.18 shows the SNR of ODSB-CS communication system with and
without SQRT nonlinear equalizer. For low input powers, the variation of SNR
isvery high and the difference reduces for higher input powers.

3.3.4 Conclusion

A bandwidth efficient optica DSB-CS transmission system using
subcarrier multiplied MZM method is theoretically analyzed and its
performance is investigated using Optisystem software. Results show that the
performance parameters like Q-factor, Eye height (from eye diagram) are
decreased as a function of increasing transmission length and data rate.
Minimum BER in the order of 103 is obtained. Maximum Q factor of 15 dB is
obtained at a maximum negative log (BER) of 14 dB. For higher input powers,
BER isincreased in the order of 102. This BER is comparatively high (but
SNR is also high). Also, the optical power is very high (up to 15 dBm),
and operating frequency is 60 GHz (very high, millimeter wave
transmission). Future RoF communication demands high data rates and higher
bandwidth efficient modulation techniques. ODSB-CS is a highly bandwidth
efficient method compared to ODSB transmission. But its performance should
be supported at high data rates aso. Results show that Q factor is seriously
reduced to 3 dB at 10 Gbps. Using better dispersion compensation methods, the

system performance can be improved.

Table 3.3 shows the performance comparison of existing and proposed
methods. Performances are measured in terms of SNR and received power. It
shows that the proposed methods outperform the existing methods for same

transmission distances.
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Table 3.3 Result comparison of existing and proposed methods

Author Transmission | Received power SNR
distance
Joseph Prat[119] 100 km -2dBm 50 dB
Chunmin Prat [119] 100 km -20dB 50 dB
Chunmin Xia[147] 280 km -56 dBm 22 dB
Baljeet kaur [117] 20 km -32dBm 46 dB
Baljeet kaur [118] 20 km -47 dBm 44 dB
Proposed Method 20 km -20dBm 76.3dB
200 km -36 dBm 60 dB
280 km -49 dBm 46.7 dB

3.3.5 Validation

Results of the proposed method [ transmission distance - 20 km] are validated
with thereferences[117] and [118]. Thereceived power of -22 dBm is obtained
withaSNR of 74 dB asthemethod in [117]. Thereceived power of -24 dBm
with a SNR of 72 dB is obtained for the method in [118]. The proposed method
has been improved the received power about 2 dBm to 4 dBm and SNR about
2.3 dB to 4.3 dB respectively asin table 3.4.

Table 3.4 Vdidation of results

Transmission | Received power SNR
distance
Proposed method 20 km -20dBm 76.3dB
Baljeet kaur [117] 20 km -22.dBm 74dB
Baljeet kaur [118] 20 km -24.dBm 72dB
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Performance Evaluation of RoF System In
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Abstract

This chapter covers the reduction of nonlinearities in different channels. Two
modulation methods with three channels are considered. The SNR performance
of different channels is compared. The Q factor of the proposed method is
compared with the existing method. This chapter ends up with the conclusion
that the proposed system has better performance as compared to the existing
system.

4.1 Introduction

Voice and low speed data services commonly use the conventional
wireless communication. They have been adequately provided by the existing
wireless systems having data speeds up to a few Mbps. With the advent of
popular High-Definition (HD) Video and high-speed Internet, future wireless
systems must offer data speeds exceeding Gbps. Because of limited frequency
spectra at low frequencies, and the congestion caused by the large number of
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consumer products sharing the frequency spectra, it will be necessary to use
higher carrier frequencies in the future, including mm waves, for much faster
wireless communication at multi-gigabit-per-second speeds [145]. Higher
frequency bands are available at mm wave frequencies. Even though the mm
waves provide the required bandwidth for ultra-fast wireless communication,
they make wireless networking technically more challenging. Few technical
challenges are higher carrier frequencies, channel nonlinearities and wider
channel bandwidths. They have higher air-link loss (e.g., about 30 dB higher
at 60 GHz than at the low GHz range), and low device performance. The wide
channel bandwidth means higher noise power and reduced SNR. These factors
make wireless networking at mm waves “Pico-cellular” for the radio cells
which are smaller than 10 m. So the multi-gigabit-per-second wireless
networking at mm waves needs a high-capacity feeder network to interconnect
different radio access points. RoF technology can provide the required feeder
network and it is best suited to the demands of small-cell wireless networks.
The major advantage of a fiber-based Distributed Antenna System (DAYS) isits
ability to support multiple diverse wireless applications and services on the
same infrastructure. But the performance requirements for RoF links
employed for low frequency wireless systems differing from those required for
mm wave systems [ 146].

4.2 RoF for Fiber Aided Wireless (Fi-Wi ) Systems

The fiber-wireless architecture for cellular networksis shownin Fig.4.1
(downlink). This architecture can increase the frequency reuse and broadband
access by its micro/Pico cells for cellular radio networks. The micro/Pico cells
can be used with Radio Access Points (RAP) asin Fig.4.1. These low power

RAPs can provide inexpensive wireless access instead of conventiona base
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stations because of low complexity and cost in large-scale deployment [147].
The bigger cells can be divided into smaller cells by dispersing RAPs
throughout. These RAPs are connected to the central base station via the RoF
links. In the RF communication system, the baseband signal is modulated to a
convenient carrier frequency. The modulation scheme and the carrier
frequency are predetermined. The aim of the RoF link is to provide a

transparent, low distortion communication channel for the radio signal [148].

The basic fiber-based wireless system architecture is shown in Fig. 4.1.
The radio signal, S (t) from a CS is transmitted through an analog fiber optic
link. The fiber is terminated at the RAP where the optical signa is converted
to electrical signal r(t), is amplified and transmitted in air (different channels).

The RAP islocated as an interface between the fiber and the radio links [149].

Central
Base
Station

Optical single mode fiber

Rok Air

S

)

1/L
1 Y
. Ba(1)

Mg (1)

Fig. 4.1 Radio over Fiber System
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Fig. 4.2 shows the gains and losses that occur in the optical and
wireless regions. The input RF power has loss at the electro-optic conversion
stage and has a linear loss as a function of fiber length and again aloss due to
O/E conversion [147]. All these three losses (plus any optica
connector/splitter/splicing loss) are referred to as Lop. The optical link noise
Nop IS added at the optical receiver which defines OSNR. This optical noise
and signa are amplified by the optical amplifier with gain Gop then, goes
through the wireless channel which may be Additive White Gaussian Noise
(AWGN), Rayleigh or Rician channel, experiencing aloss of Lwi [150].

powser

o i

E/O OfE Mobile unit

Fig. 4.2 Losses, amplifications, and added noise to theradio signa

For multipath channels, an additional margin is to be given for fading.
More noise will be added at the interface of air and portable receiver front end.
These different types of noises are cumulatively referred to as nwi. The SNR is
the ratio between the signal and appropriately weighted noise power from all
the sources. Like other wireless communication networks, transmission
medium contributes two important problems in Fiber aded wireless
communication system. These problems are: AWGN noise & Rayleigh and

Rician Fading.
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In wireless communication systems, the receiver should compensate the
channel effects like Rayleigh fading, Doppler frequency shift and Additive
White Gaussian Noise. For this, channel equalization and Forward Error
Correction (FEC) techniques are used to improve the system performance.
The channel equalizer is used to detect the original signals from the received
signals with multipath effect. In a communication system, the received signal
R[K] is expressed by,

R[K] = S¢[Kk]. Hg[k] + N[K] (4.1

where S;[K] isthe transmitted signal, Hy [K] is channel frequency response and
N[k] isAWGN channel.

As the wireless channel and optical link are connected in series,
nonlinear distortion through E/O conversion is a mgor problem [151]. In a
Microcell, the signa strength of the radio access point is 80 dB — 90 dB [151].
This is the requisite dynamic range for distortionless transmission. The linear
range of a direct or externally modulated RoF link is low due to nonlinear
distortion. Linearization problem is very important in the RoF link and high
power RF amplifiers [152]. To reduce the nonlinear distortion, Nakagawa has
developed a nonlinearity recovery block and Katz has developed a RF
predistorter for the MZM external modulator [153], [154].

Adaptive digital predistortion methods are developed for RoF
communication [155], [156]. Joint compensation is more effective and will
provide better performance. An adaptive linearization method is suggested for
the reduction of RoF nonlinearity in an AWGN channel [157]. The uplink
compensation method is performed at the central base station. A Wiener
system is used to represent the wireless fiber uplink which consists of a RoF
link and wireless path . Gaussian inputs are used to estimate the Wiener
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systems as in [158], [159]. The correlation properties of Pseudonoise (PN)
sequences are used to identify a Wiener system [160]. The linear subsystems
of Wiener—Hammerstein models are identified by cyclostationary inputs [161].
The Wiener—Hammerstein models are identified in the frequency domain
[162]. For nonlinear system identification, PN sequences are used in a Code
Division Multiple Access (CDMA) systems. It has been shown in [163] and
[164] that the correlation properties of PN sequences are used to estimate the
wireless fiber Wiener system. An agorithm is developed to estimate both RoF
and wireless channels which is mathematicaly proved and numerically
verified [163]. The transmission of one PN sequence is enough to estimate the

channel in a noise free environment.

Norbert Wiener [165] separated a nonlinear system into a linear
memory part and a nonlinear memory less part and it is beneficial to separate
the linear and nonlinear distortion compensations. A Hammerstein type
equalizer can first compensate the nonlinear distortion and then the linear
distortion. The Hammerstein system has a nonlinear system and a linear
system connected in the reverse order of a Wiener system. Therefore, a
Hammerstein system is an inverse of a Wiener system. So the nonlinearity
can be compensated independently and prior to the linear compensation. In
[166] and [167], a Wiener system was precompensated by a Hammerstein
system.

4.3 System Modeling

The OFDM signal s(t) is transmitted through an optical link as shown
in Fig. 4.3[168]. The electrical signal, i.e. OFDM signal is used to modulate

the intensity of light in the fiber channel. This E/O conversion can be possible
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in two ways. by directly modulating the intensity of the light source or using a

constant-intensity source followed by an externa modulator.

Consider asingle OFDM symbol,

N

—1
s(t) = Zﬂ:—n‘/: d,cos((w, —nAw)t+ @(n)) (4.2)
where N is the number of subcarriers separated by Aw and centered at

w, Whered,, and @(r) are the magnitude and phase of n subcarriers.
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Fig. 4.3 System model

The output power after the signal has travelled through alength L; of fiber is,
Py o 1 {cos *(MDLAZEE/C)} (4.3)

where D is the dispersion parameter normally expressed in units of ps/nm/km,
Ao is the wavelength of the optical source and ¢ is the speed of light in free

space.

Performance Improvement of Radio over Fiher Communication System with Dispersion and Nonlinearity Compensation



Chapter 4

Power gain Griber IS Only assumed for the fiber without other fiber
distortions and therefore at the input of the photodetector the optical power

becomes,
Po, rt)= GriberPo, 1) (4.4)
Where Poyt) isthe optical output of the MZM.

Neglecting all the noises in the link, the received signal of the
photodetector at aload of R ohms is,

V ' (t) = RL (Rep GriberPo, Poiy)+ Nir (4.5)

where Rpp is the responsivity of the photodetector expressed in  amps/watt
(A/W). N is the noise in the received optical signal from the photodetector.
Photodetector noise sources are thermal noise, shot (or quantum) noise, dark
current and surface leakage current. The dark current is the constant response
exhibited by a detector in the absence of light. Thermal noise, also known as
Johnson noise is the electronic noise produced by the thermal variation of the
electrons within a conductor at balance, without affecting any input voltage.
Thus s(t) is transmitted to the analog RoF link with a MZM and finally
expanding with the Taylor series, the electrical output of the optical link is,

O
VI(U:kl(I'I(ZsIﬂ)/vn)- <(r| TJ ‘31_) +

() ) o ()

= K35i(t) +PO+R N (4.6)

2 +1

2n+ i+ - ).) + R, N
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where Kz= (2k4)IT /vp and P,ED is the nonlinear distortion that is obtained by

all of thetermsin the Taylor expansion of order greater than unity.
4.4 M odulation schemes

4.4.1 OFDM modulated RoF System

RoF systems can handle wireless signals with different characteristics
for achieving multi-standard system operation. Therefore, ROF systems can
support single-carrier wireless signals having multilevel modulation formats
and wireless signals having multicarrier modulation schemes, such as OFDM.
In these systems, the sub-carriers themselves employ multilevel signd
modulation. Channel uniformity is very critical for single-carrier systems
[168]. The employed RoF links should ssmple as possible to reduce the cost
and to provide the needed performance.

Let N denote the number of sub-carriers used for parallel information
transmission and let 5,(0 < k < N — 1) denote the k™ complex modulated
symbol in a block of N information symbols. The outputs s, of the N point
Inverse Fast Fourier Transform (IFFT) of Si; are the OFDM signal samplesin

one symbol interval, or mathematically,

1 _ 211k
Sn = 75 Zied Swexp(— ) (4.7)

4.4.2 DPSK Modulated RoF System

Differential Phase Shift Keying (DPSK) is a common form of phase
modulation which conveys data by changing the phase of carrier waves. DPSK
IS a modulation technique that converts information by using the phase
difference between two neighbouring symbols. At the transmitter, each symbol

is modulated relative to the previous symbol. At the receiver, the current
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symbol is demodulated using the previous symbol as areference. The previous
symbol acts as an estimate of the channel. A no change condition makes the
modulated signal to remain at the same 0 or 1 state of the previous symbol.
We choose 8-DPSK scheme to analyze the  SNR in different fading channels
[169].

4.5 Channd Modd

45.1 AWGN Noise Channel

AWGN is a noise that affects the transmitted signal when it is passing
through a channel. It has a uniform continuous frequency spectrum over a

particular frequency band.
4.5.2 Rayleigh Fading Channel

When there is no Line of Sight (LOS) path between transmitter and
receiver, the received signal is the sum of all the reflected and scattered waves.
In wireless telecommunications, the multipath creates constructive and
destructive interferences, and phase shifting of the signal. This causes
Rayleigh fading. The standard statistical model of this gives a distribution
known as the Rayleigh distribution [170]. Mathematically, the multipath
Rayleigh fading wireless channels are modeled by the Channel Impulse
Response (CIR),

Lp—1
=i

h(t) = %aa—o (4.8)

where, Lp isthe number of channel paths, «; and T are the complex values
and | is the delay of path, respectively. The paths are assumed to be
statistically independent and having normalized average power. The channel is
time variant with respect to the motion of the mobile terminal, but we will

assume that the CIR is constant during one OFDM symbol.
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4.5.3 Rician Fading Channel

A Rician modd is obtained in a system with LOS propagation and
scattering effect . The model is specified by the Rician factor, denoted by k
and is defined as the ratio of the line of sight and the scatter power

components. The pdf of a Rician random variable x is given by
P(x) = 2x(1 + k)e KO+l 1,@x/kl=1)) >0 (4.9)
where k=D?/2¢* and D? and 20 are the powers of the LOS and scattered
components, respectively [171].
4.6 Wiener Filter for Additive Noise Reduction

Consider a signa x(t) which is mixed with a broadband additive noise
n(t), then the output signal, y(t) is represented as,
y(t) = x(t) + n(t) (4.10)

Consider that the signal and the noise are uncorrelated, and the
autocorrelation matrix of the noisy signal is the sum of the autocorrelation

matrix of the signal x(t) and the noise n(t).i.e.,
Ryy= Rxxt Rm (4.11)

where Ryy, Rxand Rnnare the autocorrelation matrices of the noisy signal, the
noise-free signal and the noise, respectively. Substituting equation (4.9) and
(4.10) in the Wiener filter Equation (4.11),we get,

W = (Rux + Rnn)_l I'xy (4.12)

Equation (4.12) is the optimal linear filter for the remova of additive
noise [172]. Where ryy is the cross-correlation vector of the noisy signal and

the noise-free signal.
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The frequency response of the Wiener filter provides useful
information about the operation of the Wiener filter. In the frequency domain,
thenoisy signa Y (f) isgiven by,

Y (=X (F)+N (f) (4.13)

Where X (f) and N (f) are the signal and noise spectra respectively. For
asignal having additive random noise, the frequency-domain Wiener filter can

be represented as,

R®

O = D e @ (4.14)
and

W) =5 01D (415)

where Py (f) and Py (f) are the power spectra of the signal and noise. The
SNR(f) is expressed in terms of the power-spectral ratio. For additive noise,
the Wiener filter attenuates each frequency component in proportion to an
estimate of the signal to noise ratio. The Wiener filter can be considered as one

of the most fundamental noise reduction techniques.
4.7 Signal to Noise Ratio (SNR)

SNR is the ratio of the received signal power over the noise power in
the frequency range of the operation. It is an important parameter of the Local
Area Wireless Network (LAWN). The BER is inversely proportional to the
SNR. High BER causes large amounts of packet loss, high delay and low
throughput. It is tedious to find an exact relation between the SNR and the
BER in the multi channel environment. The SNR is used to find out the

quality of acommunication link and measured in Decibels.
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4.8 Simulation Setup of Radio over Fiber System Using OFDM

The simulation setup of the RoF transmission system is shown in Fig.
4.4. The signal is generated from a PRBS source and then modulated using
QAM. Here 64 QAM modulator is used. The resulting signal is OFDM
modulated using a MATLAB program, and then the OFDM signa is
upconverted to 25 GHz. Two OFDM sidebands having center frequency of
25GHz, with a combined bandwidth of 2 GHz is formed. Both side bands
transmit through the RoF system. Because the subcarriers are transmitted
independently, and are demodulated independently at the receiver, the total
bit-rate of the 2 GHz-wide OFDM signal is double that of the original OFDM
signal generatedby the MATLAB program.

The 2 GHz OFDM signal at 25 GHz is amplified and combined with a
35.5 GHz Local Oscillator signal generated by a signal generator, as shown in
Fig. 4.4. The composite signa then drives a single-electrode MZM located at
the Head-End Unit (HEU).The frequency of the optical transmitter isat 193.1
THz[173].

In the RF OFDM transmitter, the input data is split into multiple parallel
branches. This is called as “serial-to-parallel”conversion. The number of the
multiple branches equals to thenumber of subcarriers. Then the converted
signa is mappedon to quadrature amplitude modulation (QAM). The IFFT

isused to convert the mapped signal from frequency domain intotime domain.

Two-dimensional complex signal is used tocarry the information. A
pair of electrical low-pass filters isused to remove the alias sideband signal. At
the up-converter, the baseband OFDM signal is up shifted onto optical
domain using an optical 1/Q modulator,which is comprised by two Mach-
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Zehnder modulators (MZMs) with a 90 degree  optical phase shifter. The
OFDM signal in optical domain is given by

E(t) =exp [joup1ttp1] (4.16)

Where 'wwp1? and “'*p1’ are the frequency and phase of the transmitter laser,
respectively and Sg(t) is the baseband OFDM. The optical signal * E (t)’ is
applied into the optical fiber link, with an impulse response of * h (t)’. The
received optical signal ‘£’ (t) becomes

E'(1) = exp [Joupit+p1]Sa(t) *h(t) (4.17)

Table 4.1 Simulation Parameters

Sl. | Parameter Specification

No

1 Photodetector 1A/w
responsivity

2 Photodetector dark 10 nA
current

3 Photodetector center | 193.1 THz
frequency

4 Fiber length 250 km

5 Photodetector 5Hz
samplerate

6 Photodetector 102 w/Hz
thermal noise

The MZM modulator is biased at the point of minimum transmission in
order to suppress the optical carrier. The modulated signal is amplified by an

EDFA and filtered by a BPF. The modulated signal is transmitted through a
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SSMF with an attenuation of 0.2 dB/km and dispersion of 16.75 ps/nm/km
[Table 4.1]. The modulated optical signal is converted to an electrical signal
at the Remote Access Point (RAP) isshown in Fig. 4.5. The electrical signal is

amplified and transmitted in the air.
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Optical SIncwave

1TX Crenerator

Fig. 4.4 Block Diagram of RoF transmitter unit

The wireless channel is modeled using a MATLAB software. Three
different channels are considered like, AWGN channel, Rayleigh channel and
Rician channel. An antenna at the receiver receives the signa which is then
amplified by an electrical amplifier and up converted to a higher frequency by
a local oscillator. The spectrum analyzer and oscilloscope visualizer are used

to analyze the output parameters.
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The signa finally reaches at the receiver as shown in Fig. 4.6. The

received signal isamplified at the receiver.

Fiber

Oplical 1o Flectrical
Kleetrical  frm—iyy

conversion Amplifier

Fig. 4.5 Block diagram of remote access point

|

Electrical
Amplifiar

Spectrum
™ Analyzer

Sine Wava Oseilloscops

Generator | Visuslizer

Fig. 4.6 Block diagram of receiver unit

The nonlinearities in the channels are reduced by using a Weiner filter
a the receiver. The performance of Weiner filter is anadyzed in AWGN
channel, Rayleigh channel and Rician channel.
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4.9 Results and Discussion

By using the proposed method, the RoF system was simulated for the
multiuser modulation scheme (OFDM) and single user modulation scheme
(DPSK) in AWGN and fading channels. The amplitude spectrum and power
spectrum were simulated. Results show that the SNR is very high in Rayleigh
channel as compared to Rician and AWGN channel. The amplitude spectrum
of RoF transmissionin AWGN channel, Rayleigh channel and Rician channel
are shown in fig.4.7, fig.4.8 and fig. 4.9 respectively.
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Fig. 4.7 Time domain plot of RoF in AWGN channel
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Fig. 4.8 Time domain plot of RoF in Rayleigh channel
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Fig. 4.9 Time domain plot of RoF in Rician channel

Fig.4.10 shows the power spectrum of RoF in AWGN channel. The
power varies from 10 dBm to 40 dBm.
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Fig. 4.10 Power spectrum of RoF in AWGN channel
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Fig. 4.11 Power spectrum of RoF in Rayleigh channel

Fig.4.11 shows the power spectrum of RoF in Rayleigh channel

. The
maximum output power is-18 dBm.
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Fig. 4.12 Power spectrum of RoF in Rician channel

Fig. 4.12 shows the power spectrum of RoF in Rician channel. The

maximum output power is -8 dBm. The output power is higher than Rayleigh
channel.
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Table 4.2 Comparison of Results (OFDM Modulation)

arameters Channels
P AWGN RAYLEIGH RICIAN
Signal Power(dBm) 69.56 66.56 65.56
Noise Power(dBm) 46.73 48.73 50.72
SNR (dB) 22.83 19.83 14.8

Table 4.3 Comparison of Results (DPSK modulation)

Parameters ClETRES
AWGN RAYLEIGH RICIAN
Signal Power(dBm) 67.32 65.24 63.56
Noise Power(dBm) 48.34 50.76 52.85
SNR(dB) 18.98 14.48 10.71

For high speed DPSK optical communication systems, the nonlinear
phase noise become severe.Therefore the noise power becomes high in single
user DPSK modulation, as compared to multiuser OFDM modulation (Table
4.2&4.3). Tables 4.2 and 4.3 show the total power, signal power and noise
power of OFDM modulation and DPSK modulation. By using Weiner filter,
nonlinearities can be reduced and SNR can be improved for both DPSK and
OFDM (Table 4.4&4.5) schemes.

Tables 4.3 and 4.4 show the signal power and noise power of
compensated systems with OFDM and DPSK modulation. For nonlinearities,
the Wiener filter attenuates each frequency component in proportion to an
estimate of the SNR. The Weiner filter can improve the signal power from that
of uncompensated systems. The Weiner filter is implemented in both the
OFDM and DPSK modulation methods. Table 4.4 and 4.5 show that Weiner
filter can improve the SNR in OFDM and DPSK modulation techniques. The
SNR can be improved in Rayleigh and Rician channels rather than AWGN
channel. Their effect is more pronounced in fading channels like Rayleigh and
Rician channel.
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Table 4.4 Comparison of Results (OFDM modulation using Weiner filter)

Parameters Channels
AWGN | RAYLEIGH | RICIAN
Signal Power(dBm) 76.6 73.56 72.64
Noise Power(dBm) 43.44 45.42 46.62
SNR(dB) 33.2 28.14 26.02

Table 4.5 Comparison of Results ( DPSK modulation using Wiener filter)

Parameters Shiaics
AWGN RAYLEIGH RICIAN
Signal Power (dBm) 71.56 69.32 67.86
Noise Power (dBm) 44.67 46.65 48.76
SNR(dB) 26.89 22.67 19.10

4.10 Conclusion

From the ssimulation results, the SNR of a RoF communication system,
which is an important figure of merit,is used to quantify the integrity of data
transmitted through the system. The SNR ofdifferent channels were compared
by using DPSK and OFDM modulation schemes. It has been found that the
SNR is maximum for an AWGN channel and for Rayleigh channdl it islower
than that of Rician channel. And also, if Weiner filter is used to reduce the
noise, the SNR can be improved effectively in RoF communication.

Table 4.5 shows the performance comparison of existing and proposed
methods. The performance is analyzed using data rate, the Q factor and
transmission distance. Results show that signals in the proposed method can
be transmitted to a long distance with high Q factor. The existing methods
used a maximum data rate of 40 Gbps with a maximum Q factor of 10 dB.
The proposed method can provide a Q factor of 14.4 dB for 1000 km
transmission distance. This aso provides a Q factor of 11 dB for a
transmission distance of 1000 km at a data rate of 100 Gbps. Result analysisis
shown in table 4.6.
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Table 4.6 Result analysis of the existing and proposed methods

Author Datarate | Q Length of
(Gbps) factor thefiber
(km)
Mutsam A Jargjreh | 40 10 1000
[174]
JiePanet.a [175] 20 10 1500
Shieh W et.a [176] | 20 6 200
Hwan Seok Chung | 20 13 1040
[177]
Proposed method | 20 144 1000
40 125 1500
100 11 1000

4.11 Validation

The performance of the proposed method is validated with the results obtained
in [174]. The Q factor obtained in the existing method [174] is 11 dB for a
data rate of 40 Gbps and a transmission distance of 1500 km. The proposed
method outperforms the existing method on a Q factor about 1.5 dB as shown
inthetable4.7.

Table 4.7 Vaidation of results

Datarate Q factor L ength of the fiber
Proposed method 40 Gbps 125dB 1500 km
Mutsam A Jargjreh | 40 Gbps 11dB 1500 km
[174]

kkkkkk
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Nonlinear Distortion Reduction in the Fiber
5.1 Introduction
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Fhase Conjugation in Semiconductor Optical Amplifier
5.3 Case 2: Group Velacity Dispersion and Third Order
Drispersion in External and Direct Intensity Modulated ReF Link
. 5.4 Casc 3: Fiber Dispersion Compensation in Single Side Band
optical Communication system wsing ldeal  Fiber Bragg
- Grating and Chirped Fiber Bragg Grating without DCF
5.5 Case 4: Chromatic Dispersion Compensation using

SFmrn::trica] {:_n::mpcn:ia!.iun Method

Abstract

This chapter considers different methods for the reduction of nonlinear
distortions and chromatic dispersion in the optical fiber. Four different
nonlinearity compensation methods are proposed. The performance of different
method is analyzed. The OSNR and Q factor performances of the existing
system and proposed system are compared. This chapter ends up with the
conclusion that the proposed system has better performance as compared to
the existing system.

5.1.Introduction

Chromatic dispersion in the fiber limits the transmission distance of
optical systems. Dispersion Compensating Fibers (DCF) are commonly used
for dispersion compensation. Chirped Fiber Grating (CFBG) with inverse
dispersion has been widely used to reduce dispersion. These two dispersion-
compensating techniques require accurate information about the dispersion of
a span, channel wavelength, channel data rate, channel spacing and the number

of channels [178]. Dispersion resistant modulation formats are used for
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reducing the dispersion [179]-[180]. A Mid-Span Spectra Inversion (MSSI)
technique has recently been used for the dispersion compensation in metro
networks. In the MSSI technique, the dispersion compensation is performed
by the use of an Optical Phase Conjugator (OPC) at the middle of a complete
transmission link, which inverts the spectrum, and the phase of the optica
signas distorted by the chromatic dispersion. If the phase-conjugated optical
signals are passed through the same amount of dispersion throughout the link,
phase distortion can be limited to a minimum value. Using the MSSI method,
a 40 Gbps data transmitted through a SSMFof length 800 km [181]. The
reduction of nonlinear impairmentsis shownin [182].

The MSSI technique avoids DCF in the optical transmission systems.
So it reduces the number of amplifiers used in a link and has provided the
lowest price. Cost effective transmission systems can be possible by using
Semiconductor Optical Amplifiers (SOA) instead of EDFA [183]. This
technique alows fractional cancellation of signal distortions due to Kerr
nonlinearity and self-phase modulation [184]. In conventional FWM schemes,
optical spectral inversion is associated with a net shift in the original signal
frequency. The frequency shift is undesirable in both ultrahigh-bit rate Optical
Time Division Multiplexing (OTDM) and ultrahigh capacity Wavelength
Divison Multiplexing (WDM) systems [185]. Optical spectral inversion
without any shift of the central frequency is achieved by optical parametric
loop mirror [186], and SOA [187]. The optical parametric loop mirror
technique is not easy to apply in practical MSSI systems because a dispersive
element cannot extract a generated conjugate wave from the input waves.
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5.2. Case 1. Chromatic Dispersion Compensation Using
Optical Phase Conjugation in Semiconductor Optical
Amplifier

5.2.1. Overview

Dispersion Shifted Fiber (DSF) and SOA are the most promising
methods for OPC and wavelength conversion using FWM [188], [189]. They
can be effectively used in future high bit rate transmission systems for
dispersion compensation using MSSI [190], [191] and in WDM networks.
However, the major issues like conversion efficiency, the low efficiency in
DSF [192], and polarization independence, affect the transmission. The
efficiency has been increased by using both new fibers [193] and SOAs [194].
Polarization independent FWM has been established in both SOA [195] and in
DSF [196], using two orthogonally polarized pumps. With this technique, 40
Gbps 102 km MSSI transmission has been demonstrated using SOA based
conjugator [197]. But this configuration has high complexity and component
count. A SOA based technique is used to generate the conjugate of an optical
signal [198].

FWM supports high bit rate and conserves phase and amplitude
information. FWM is the only method with transparent optical properties in
the conversion process occurring within the SOA [199]. SOA based FWM
wavelength conversion has high bit rate capacity up to 10 Gbps [200] or even
20 Gbps [201] have been demonstrated. FWM methods can aso operate at
high data rates without reducing the extinction ratio.
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The SOA based phase conjugator provides higher conversion efficiency
than the DSF based method for the same input powers. The ASE noise
introduced by the phase conjugator must be carefully controlled to ensure the
required system performance [202]. The dispersion induced carrier
suppression effect is reduced in RoF communication using a phase conjugator
based on a SOA [203].

The FWM method in a SOA consists of two input optical waves, each
having the same state of polarization, as in Fig. 5.1[203]. The two co-
propagating waves, Epump and Eprobe beat together to modulate the carrier
density and generate dynamic gain and index grating. This nonlinear
interference produces new waves (£ s , Eg g ) and they
do not overlap with wavelengths. The intensity of the newly generated waves
is proportional to the product of interacting wave intensities. Eprobe IS UP-

converted to a longer wavelength. k. g isa an optica frequency

of we =wp +Aw, where Aw refers to the  detuning

frequency. E. 5 is the phase conjugate copy of the original input
signa.
E
—) % converted
Epruhe EP"”"E signal
satellite
— | | SOA sigmal [ 4o |
/ f
m;:“ m;.'ﬁ‘: u:: N;':':'f m:_"; WI:

Fig. 5.1 FWM method of SOA
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The conversion efficiency (dB) and the OSNR (dB) are important
performance parameters that need to be considered for practical high-quality
wavelength converters. The conversion efficiency (1) of any wavelength
converter is defined as the ratio of the converted signal power (Pou) to the
input pump power (Pin), as shown in equation (5.1) [204]. The efficiency of
the wavelength converter decreases with increasing detuning of frequency.
The conversion efficiency of FWM depends on various factors like pump
frequency, signal frequency and the size of the active region of the SOA. The
conversion efficiency of an FWM wavelength converter can be improved by
increasing, the gain, saturation power, and carrier recovery rate of an SOA
[205].

J"i] ()\L )
Fy Qp )

n = 10log (5.1

The optical filters used in the existing method [203] are replaced by
FBGs. The proposed method here uses FBGs to filter the phase conjugated
signa and to reduce ASE noise. This method can increase OSNR, optical
power and electrical output power of existing methods. This method can
transmit an 80 Gbps data through a 400 km fiber with sufficient OSNR, which
is higher than the existing methods.

5.2.2 Simulation Setup

The system performance is presented through visualizing tools, such as
optica spectrum anayzer, RF spectrum andyzer, and eectricd carrier visudizer.
They are used to display the spectrum at the output of the circuit components.
Table 5.1 showsthe globa parameters of the componentsin the setup.

Fig. 5.2 shows an 80 Gbps externally modulated RoF transmission
using single Electrode MZM. A user defined random sequence with analog RF
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signa asinput is used to modulate the MZM. A tunable external cavity pump
laser (laser 1 with 1541nm) is externally modulated by a single electrode
MZM with an extinction ratio of 30dB.The result of the intensity modulation
is an optical carrier with a DSB transmission. When the optical signal is
transmitted through an optical fiber, the spectrum is spread over a wide range
of frequencies and the quality of the signa is reduced. The optical link split
into two paths. After the first half of the fiber, the signal is dispersed.

The spectral inversion is formed by using a coupler, travelling wave
SOA and ideal dispersion compensation FBG. The second input of coupler isa
continuous laser with 1540 nm.When the dispersed signal is fed through a
gpectral inverter, the signal is phase conjugated. The combined signals are
passed through a travelling wave SOA of injection current 0.15A to generate

the phase-converted spectrum asin Fig.5.3.

[
Ren]

Fig. 5.2 Block diagram of optical phase conjugation using travelling wave SOA
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The phase conjugated signal is filtered using an ideal dispersion
compensated FBG at 1539nm and dispersion, D= -800ps/nm as in Fig. 5.4.
Ideal FBG means uniform FBG, it has constant period and constant peak
amplitude of the refractive index variation throughout the length of the FBG.
Thefiltered signal is amplified by an EDFA of length 5m. An EDFA is used to
improve the combined signal power. A 125 GHz bandwidth ideal FBG is used
with the EDFA to reduce additional ASE noise outside the signal bandwidth.
Therefore, the OSNR of the converted signa is increased. This signa is
passed through the second half of the fiber and the dispersion is compensated.
The signal is obtained at the receiver by using a PIN photodiode with a
responsivity of 1A/W and dark current 10nA.

- Phase conjugated
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power
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Fig. 5.3 Optical phase conjugated output spectrum of SOA
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Fig. 5.4 Filtered optical phase conjugated signal of SOA
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Fig. 5.5 Optical output power of the existing method (pd) and proposed method (eg)
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Fig. 5.6 OSNR of the converted signal using proposed method (pd) and existing method (eg)
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Fig. 5.7 Electrical power output of proposed (pd) and existing method (eg)
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Fig. 5.8 FWM conversion efficiency of the SOA for proposed (pd) and existing method (eg)
5.2.3 Resultsand Discussion

Fig.5.3 shows the optical phase conjugated output spectrum of the
SOA. The phase converted signa is filtered through an FBG and the resultant
signa is obtained as in Fig.5.4. Fig.5.5 shows the optical power of both
proposed method (pd) and existing method (eg). The graphs show that the
proposed method can increase the output power by about 18dB from the
existing method. Fig. 5.6 shows the OSNR of the proposed method (pd) and
existing method (eg). The graphs show that the proposed method can improve
the OSNR by about 38dB from the existing method. Fig. 5.7 shows the
electrical power output of the proposed method (pd) and the existing method
(eg). Results show that the electrical power of the proposed method is 14dB
better than the existing method. Fig. 5.8 shows the FWM conversion
efficiency of proposed (pd) and existing (eg) method. The graphs show that
efficiency of the proposed method isimproved by about 3dB from the existing
method.
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5.2.4 Conclusion

We have demonstrated a novel chromatic dispersion compensation
method using FWM technique of traveling wave SOA. Its performance is
compared with the existing method [203] in terms of output optical power,
OSNR, conversion efficiency, and output electrical power. The results show
that our method can improve the performance of the existing method. It can
also transmit at a higher datarate of 80 Gbpsto along transmission distance of
400 km, which is higher than the existing methods. Therefore, this highly
efficient configuration can give better results in future optical transmission
systems. This configuration has shown good performance over the

conventional external modulated system.

5.3 Case 2. Group Veocity Dispersion and Third Order
Dispersion in External and Direct | ntensity Modulated RoF
Link

5.3.1 Overview

There is a considerable growth in the use of analog optical links in the
remote areas, RoF, and optical signal processing [206]-[210]. Recent research
has focused to enhance the performance of RoF links. The limitations include
the undesirable effects of electronic-optical conversion at the transmitter, and
optical-electronic conversion at the receiver. In addition, GVD, TOD and
nonlinearities in the fiber affects the transmission performance.

MZM is a common modulator used in RoF system, and its intrinsic
nonlinearity can introduce nonlinear distortion in the process of modulation,
which affects the Spurious Free Dynamic Range (SFDR) of the RoF system.
The linearity and dynamic range of the RoF system shall be highest in wireless
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applications especially for complex modulation methods. Therefore,
dleviating the system's nonlinear distortion and enhancing its dynamic range
are important research subjects in this field. Many works have been done to
eliminate nonlinear distortions such as Inter Modulation Distortion (IMD), and
AM-AM and AM-PM distortions. Few works has been done on OSSB-RoF
systems based on MZM and succeeded in eliminating the harmonic
components. But the effect of third-order inter modulation distortion (IMD3)

has not been analyzed on the system's nonlinearity [211]-[214].
5.3.2TheOptical Link Challenges

The nonlinear modulation process produces harmonics on both sides of
the optical carrier. The optically modulated mm wave undergoes different
impairments while propagating through the RoF link. The nonlinearity of the
electrical-optical modulator, nonlinearities in the optical fiber and weak

modulating process resultsin fragile optical signals[215].

Severa Dispersion Managed (DM) techniques are used to compensate
the dispersion effects. Three methods are very useful, one using the DCF,
optica Fiber Bragg Grating (FBG) and High-Order Mode (HOM) fiber [216].A
higher order adaptive filter based nonlinearity compensation scheme is proposed
in [217].Chirped Fiber Bragg Grating (CFBG) can be effectively used up to
ultra high capacity (100 Gbps) long haul transmission systems for dispersion
dope compensation. It is shown that the FBG effectively compensates for the
dispersion slope while keeping intact in-line filtering [218].

A VCSEL has higher RF to optical power conversion efficiency than an
externa MZM and a DFB laser diode with the same output optical power

[219]-[221]. Also it has less nonlinearity compared to MZM for the same

Performance Improvement of Radio over Fiber Communication System with Dispersion and Nonlinearity Compensation



Nonlinear Distortion Reduction in the Fiber

output power [222]. In practice, higher modulated power can be obtained with
MZM for higher input optical power.

Many UWB RoF systems have used SMF which is suited for long-
distance access applications. A RoF system using VCSEL direct modulation of
impulse radio UWB signals in the 3.1 GHz - 10.6 GHz band has been
demonstrated over 100m MMF [223]. The MZM modulator is biased in the
linear range (between maximum and minimum) and the modulation signal is
superimposed onto the bias voltage. We should sacrifice the extinction ratio

for high linearity.

The theoretical modeling and comprehensive software simulations of the
performance characteristics of VCSEL and MZM based RoF links are
performed over a wide range of data rates and optical powers. Both the GVD
and TOD under external modulation and direct modulation are analyzed. The
noise performance of the VCSEL is estimated by smulation at data rates
ranging from 20 Gbps to 90 Gbps. The obtained results can be used to design
and characterize a RoF link using a direct modulation with VCSEL, SMF and a
PIN photodiode. We quantify the contribution of the MZM on GVD, TOD and
the noise performance of the RoF link by evaluating the Q-factor, received RF
signa power and eye diagram. In addition, we consider both a short fiber link
(20 km) and a relatively long fiber link (90 km). We have compared the Q-
factor, RF power and eye diagrams of both links at a high frequency of 10 GHz.

5.3.3 Theoretical Analysis

Spatial evolution of the pulse envelope in a moving frame a a
transmission distance z and atime t is described by the following generalized

nonlinear Schrédinger equation [224]
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dA _ —aA B, dAg B, fAAY | . 0o
7= G G+ Al (52

where A is slowly varying envelope of the electric field, ais the fiber loss, 3,

and B,are GVD and TOD, respectively, and y is the nonlinear parameter that

represents the Kerr non-linearity [225].T = t—;ri(t is physica time, V,is
. 4

group velocity). The parameters 32, B andy are related by commonly used

parameters as follows,

Y
B:=—— (53)
_ (M Napye A
Ba = (EHL) D™+ ZniL3 (54)
Y=1n (55)

where A isthe center wavelength of pulse andC is the speed of light in vacuum.
As andn; are the effective beam cross section and the nonlinear refractive

index of the DCFs, respectively [226]. The dispersion parameter is,

D= Zunl

T azks

(5.6)

The phenomenon of dispersion has two contributions, intermodal
dispersion and intramoda dispersion. The main advantage of SMF is that
intermodal dispersion is absent. However, intramodal dispersion still takes
place and pulse broadening does not completely disappear [226]. The group
velocity linked with the fundamental mode is frequency dependent because of
chromatic dispersion. Each frequency travels at different group velocities and
this phenomenon is related to Group Velocity Dispersion (GVD). A specific

spectral component travels through a fiber of length L in atime T=L/vg,

where Vgisthe group velocity and is defined as,
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v, = @™

=2 (5.7)

10T

where {3 is the propagation constant, i1, 3 = ?.The group index ig is given
by,

_ di
ng = n+w (E} (5.8)

Group velocity causes pulse broadening because different spectral
components of the pulses are distributed during propagation and do not reach
simultaneously at the fiber output. GVD and TOD can be expressed by

expanding B(w) inaTaylor series as,
B(w) =B, +B,(Aw)" + %(Am): +

S (00)? 4 (5.9)

W = Wg.The parameter B, = DF is known as the

dA™E () :
=

where B andB, = ( ot J

GVD parameter.

Generdly, fiber dispersion is defined by two parameters [226].

_d i"‘| _ — 2
D= m(vg )= ==, (5.10)
_d _d 1
5= dan dA*(vg) (5.11)
_ e 4anp,
=7 Bt (5.12)

where D is the dispersion parameter, in units of [ps/(nm-km)] and S is the

dispersion slope, measured in [ps/(nm?.km)].

For afiber link containing two different fibers of lengths L1 and L2, the

conditions for broadband dispersion compensation are
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Bz Ly + Bz Lz=0 (5.13)
and

Bz Ly + By Lz=0 (5.14)
where 3, and B3 arethe GVD and TOD parameters of fiber .

5.3.4 Simulation Setup and Results

The Optisystem software is used to simulate the optical communication
experiments. The system performance is analyzed through visualizing tools,
like optical spectrum anayzer, RF spectrum anayzer and constellation
visualizer. They are used to display the spectrum at the output of the system
components. Fig. 5.9 shows a 10 GHz, 90Gbps externally modulated RoF
transmission system with DEMZM, which is operated at the quadrature
operating point. A user defined random sequence with RF analog signal as
input is generated to modulate the DEMZM. The intensity modulation results
an optical carrier with a Double-Sideband (ODSB) spectrum. The optical
spectrum at the output of the MZM is symmetric and is centered at a
frequency of 193.1 THz. The optical spectrum is spread over a wide range of
frequencies which affects the quality of the signal when it is transmitted
through the optical fiber link. The two sidebands produce two beat frequencies
at the receiver and they join to form the RF signal. When the ODSB signal has
propagated through the optical fiber, GVD and TOD produce pulse broadening
and introduce a phase difference between the sidebands and the optical carrier.
A SSMF of attenuation 0.2 dB/km and dispersion 16.75 ps/nm/km is used. At
the photodetector, the square-law process has generated two components,
which are shifted in phase with respect to the carrier. This causes degradation
in the output RF power. Fig. 5.10 shows the Q factor and RF signa output of
MZM in the presence of TOD for data rates ranging from 20 Gbpsto 90 Gbps. Q
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factor is 40 dB for 20 Gbps and 8 dB for 90 Gbps. RF signa amplitude is -12
dBm for 20 Gbps and -45 dBm for 90 Gbps. Q-factor and RF power decrease
with theincreasein datarate. Fig. 5.11 showsthe Q factor and RF signal output of
MZM in the presence of GVD. Fig. 5.12(a) and Fig.5.12(b) show the eye
diagrams obtained at the receiver for transmission distance of L=20 km and L =90
km. Eye diagrams show that as the transmission distance increases, the eye
becomes more distorted. Fig. 5.13(a) shows the relation between Q factor and
BER.

As the Q factor decreases BER increases. Fig. 5.13(b) shows the
relation between eye amplitude and Q factor. Noises decrease with the
increase in eye amplitude. Fig. 5.13(c) shows the variation of amplitude of the
eye for different data rates (D). Eye amplitude is highest for D= 20Gbps and
lowest for D=90Gbps.

Table5.1 Typical Valuesof Parameters

Parameters Value
Optical Fiber
Length 90 km
Attenuation 0.2dB/Km
Differential group delay 3psKm
Effective Area 80um?
Nonlinear index of refraction,(n 2 26*E2
EDFA
Noise Figure 4dB
Noise center frequency 193.1THz
Photodetector
Responsivity 1A/W
Dark current 10nA
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Table 5.1 shows the simulation parameters of optical fiber, EDFA and
photodetector . Table 5.2 shows the parameters of CW laser, VCSEL and
MZM used for the simulation of the system.

Table5.2Typical Vauesof Parameters

Parameters Value
CW Laser
Frequency 193.1THz
Noise threshold -100dB
VCSE Laser
Center frequency 193.1THz
Bias current 5mA
Maximum input current 40mA
MZM
Exinction ratio 60dB
SME
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Fig. 5.9 External modulation using dual electrode MZM
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Fig. 5.11 Q factor and RF signal output of MZM in the presence of GVD
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Fig. 5.14 shows the direct modulation scheme, where a Gaussian pulse is
applied directly to the VCSEL to modulate its optical density. VCSEL is
operated at a center frequency of 193.1 THz. A SSMF of attenuation 0.2
dB/km and dispersion 16.75 ps/nm/km is used for simulation. A PIN
photodetector is used as the optical receiver. All the global parameters used in
the direct modulation and external modulation using MZM are same. The
parameters of the optical filter following the VCSEL are changed to
implement a pass band well-suited with the optical carrier and the upper side
band. The optical spectrum of the VCSEL is not entirely symmetric (Fig.
5.15(b)), but the optical spectrum created by the MZM in quadrature operating
point is perfectly symmetric (Fig. 5.9). The optical carrier is centered on 193.1
THz, with upper and. Lower sidebands located at 193.11 THz and 193.09
THz, respectively.
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Fig. 5.14 Direct modulations using VCSEL
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Fig. 5.15 Spectrum of (a) Direct laser  (b) VCSEL (c) Saturated VCSEL

As in the new spectrum at the output of the VCSEL (Fig.5.15 (b)), the
spectrum symmetry is enhanced but it is not centered at 193.1 THz and it
contains adjacent harmonics. The source power of the VCSEL is important,
because a high-power input signal causes VCSEL to saturate (Fig. 5.15(c))

Fig. 5.16(a) showsthe V-l curve of VCSEL biased at 5mA.
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Fig. 5.16 (a) Measured V-1 curve (b) Measured L-I curve of VCSEL

Fig. 5.16(b) showsthe L-I curve of aVVCSEL for different temperature
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values at a biasing current of 5 mA. In order to avoid nonlinearity in the gain
and saturation at 20°C, the bias current should not go above 5 mA. When the
temperature becomes greater than 20°C due to self-heating of the device a

nonlinear response is obtained.
5.3.5 Resultsand Discussion

Fig. 5.10 shows the Q factor and RF signal output of MZM in the
presence of TOD for data rates ranging from 20Gbps to 90 Gbps. Qfactor is
40dB for 20Gbps and 8dB for 90Gbps. RF signal amplitude is -12dBm for
20Gbps and -45dBm for 90 Gbps. The Q factor and RF power decrease with
the increase in data rate. Fig. 5.11 shows the Q factor and RF signa output of
MZM in the presence of GVD. Fig. 5.12(a) and Fig.5.12(b) show the eye
diagrams obtained at the receiver for transmission distance of L=20 km and
L=90 km. Eye diagrams show that as the transmission distance increases, the
eye becomes more distorted. Fig. 5.13(a) shows the relation between Q-factor
and BER. As the Q factor decreases BER increases. Fig. 5.13(b) shows the
relation between eye amplitude and Q factor. Noises decrease with the
increase in eye amplitude. Fig. 5.13(c) shows the variation of amplitude of the
eye for different data rates (D). Eye amplitude is highest for D= 20Gbps and
lowest for D=90Gbps.

5.3.6 Conclusion

In this chapter, we have presented the effects of GVD and TOD on
VCSEL-based direct modulated and MZM-based externally modulated RoF
link. The performances are examined in terms of Q factor, eye diagram and
BER. Thisis done at data rates ranging from 20 Gbps to 90 Gbps at different
transmission distances. In the ssmulation, all other nonlinearities are kept at
zero except GVD and TOD. From the results, we can see that the VCSEL
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transmission can reduce the effect of GVD in terms of Q factor by about 20
dB[223]. In the presence of TOD, Q factor can be increased by about 18 dB.
Also RF output power isincreased up to 17 dBm approximately. Eye diagrams
also show that noise is high in MZM modulation compared to VCSEL
modulation. The performance analysis recommends that RoF architecture
using VCSEL modulation can support high data rates with less GVD and TOD
and is a suitable solution for the future RoF access networks. The results
presented here will be useful for designing and implementing high speed long

distance optical fiber communication system.

54 Case 3. Fiber Disperson Compensation in Single Side
Band optical Communication system using ldeal Fiber
Bragg Grating and Chirped Fiber Bragg Grating without
DCF

5.4.1 Overview

RoF communication is used in many microwave applications, 4G/5G
wireless communications, radar and radio telescopes [227]. Optica fiber has
many merits like low loss, high bandwidth, low weight, and immunity to
electromagnetic interference over conventiona transmission lines [228]. But
the performance of the RoF is reduced by the chromatic dispersion (CD) of the
optical fiber [227]. Dispersion reduces the information carrying capacity at
high transmission speeds and effective bandwidth. It is important to develop
an effective dispersion compensation technique in optical communication
systems [229]. The optical amplifiers (EDFA, SOA) have reduced the problem
of optical fiber losses in the long distance transmission without electronic
regenerators. The wavelength is varied the group refractive index and the

chromatic dispersion is generated. Chromatic dispersion compensation can be
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reduced by Dispersion Compensating Fibers (DCF) and dispersion
compensators [230], [231]. A DCF can be used to compensate the dispersion
effects of the fiber. But a DCF can increase the optical loss, nonlinear effects

and cost of the optical transmission system [232].

CFBG is proposed to reduce the chromatic dispersion instead of DCF.
The CFBGs can help in reducing the nonlinear effects and cost. The dispersion
compensation using CFBG was proposed by Qulette [233] and Williams et.al.
[234]. A FBG consists of an optical fiber with a variation in the core refractive
index along the propagation direction. Different portions of the grating reflect
different wavelengths. The delays that are generated by wavelengths are at
different amounts of time. This will produce pulse narrowing and the
compensation of the chromatic dispersion of the fiber link. FBGs are widely

used in optical communication systems [235] and optical sensors [236].

Automatic dispersion compensation for digital optical communication
systems is verified in [237] but this method is not proposed for the RoF
system. Tunable dispersion compensation with nonlinearly chirped FBGs for
both single and multichannel 40 Gbps transmission system has been studied.

The dispersion of a 10 Gbps system with 1000 km transmission
distance is fully automatically equalized [238]. Different methods have been
proposed and verified to achieve Single Sideband (SSB) modulation [239]-
[249]. The SSB modulation is obtained by filtering one of the sidebands [243]-
[245], with the SSB modulators [242]-[244], and amplifying one of the
sidebands [245]. SSB modulation is generated using injection locked
semiconductor lasers [246]-[247]. The longer wavelength of the modulated
sidebands is amplified by the injection-locked laser [246]. The distributed
feedback (DFB) laser is used as a wavelength-selective modulator [247].
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These methods suffer from a low level of receiver sensitivity due to the

difference of the power of the optical carrier and the modulated sideband.

5.4.2 Theoretical analysis
5.4.2.1 Single Sideband Theory

The optical SSB signa can be generated asin Fig.5.17[252].
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Fig. 5.17 Generation of optical SSB signa

The output electric field of the dual arm MZ modulator as in Fig.5.17

can be represented in a complex exponential form [252] as,
E, = L% exp (]ni—nj + L% exp (]ni—;j (5.15)

where ¥, is the modulator’s switching voltage, d; and d; are the electrica
drive signals for each arm of the modulator, and E;; is the amplitude of input
electric field. The time dependent drive signals for each arm of the MZ

modulator to generate a chirp free optical SSB signal are,

dya(t) = xV, (m(t) + @) — = (5.16)
dza(t) = xV, (—m(®) + @) + "'T (5.17)

where 'x" is a modulation parameter,m(t) is an ac coupled version of the
origina Non Return to Zero (NRZ) binary data, and ni(t)is the Hilbert
transform of the binary data. The DC component of the NRZ data is removed

in m(t) sinceit would affect the modulator bias position.

110 Performance Improvement of Radio over Fiber Communication System with Dispersion and Nonlinearity Compensation



Nonlinear Distortion Reduction in the Fiber

5.4.2.2 Fiber Bragg Grating (FBG)

The maximum reflectivity of FBG is produced at the wavelength,
which satisfies the Bragg condition [250] , and is given as,

Au 20, A (5.18)

Here n, , A and Ay represent the effective core refractive index,
grating period, and Bragg wavelength, respectively. The forward and
backward propagating fields of auniform Bragg grating are given as [246],

£=i6V(2) + iKU(2) (5.19)
S = —i6U(z) - iIK'V(2) (5.20)

Here, V and U are the transmitted and reflected fields, respectively. K
isthe AC coupling coefficient and & isthe DC self-coupling coefficient. For
asingle mode Bragg reflection grating, K is represented as [251],

K(z) = K*(z) = ;VE(Z) (5.21)
Nz)=8+0— 51? (5.22)
o =3n, (5.23)
5=2m, (5- ﬁj (5.24)

Here ‘8’ is the detuning parameter that is measured by the frequency
deviation ratio and the design wavelength. The design wavelength 2, is the
wavelength at which the Bragg condition is obtained. The grating fringes are
generated by sinusoidal modulation of the refractive index of the fiber core
and given as[252],
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on, (2) =0n. (z) {1 + Vcos [%Z + (Z)(Z)B (5.25)
Here ‘dn, ’ isthe average refractive index difference of the grating, v
is the fringe visibility of index change; A is the grating period and @(z) isthe
grating chirp. The group delay and dispersion are calculated from the phase

information is given [238] and is given as,

T o (5.26)

P

__ N do 527

T 2McdA (5:27)
_ 4t _ Iy N dog

D = dv A EI'IL'(cl)\) (5.28)

Here 1, Dand @ are the group delay, dispersion parameter and
phase of the power reflectivity spectrum respectively.

5.4.3 Simulation Setup

All the simulations are done in Optisystem 7.0 simulation software.
The global parameters used in the system simulation are shown in Table 5.3.
Fig. 5.18 shows the block diagram of the system. In the simulation, the
transmitter section consists of data source with analog RF signal as source,
Gaussian pulse generator, laser source, and MZM. We use a Continuous Wave
(CW) laser with a frequency of 193.1THz and a Gaussian pulse generator to
operate MZM with an extinction ratio of 30 dB. MZM is operating at
guadrature operating point and one of the MZM arm is applied with 90 degree
phase shift to obtain SSB modulation. A SMF of length 10 km is used as the
transmission medium. The transmission length is varied from 20 km to 80 km.
FBG and chirped FBG are used as the dispersion compensators. Their
performances are compared with the help of BER anayzers. At the receiver
side, the PIN diode is used as a photo detector, which converts the optical
signalsinto electrical, with 1 A/W responsivity and 10 nA of dark current.
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Fig. 5.18 Block diagram of dispersion compensation in SSB optical communication using
FBG and chirped FBG

Table 5.3 Simulation Parameters
parameter Value
CW laser
Frequency 193.1 THz
Power 0dBm -8 dBm
MZM
Extinction Ratio 30dB
Insertion loss 4dB
EDFA
Gain 20 dB
Noise figure 4dB
Photodetector
Responsivity 1AW
Dark Current 10 nA
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5.4.4 Results and Discussion

Figs. 5.19 and 5.20 show the performance of CFBG and FBG for
different fiber lengths ranging from 20 km to 80 km. Fig 5.19 and fig.5.20
show that the performance parameters like Q factor, Extinction Ratio (ER). ER
is the ratio of energy used to transmit a logic level 1 to the energy used to
transmit alogic level 0. Q-factor depicts the quality of adigital signal from an
anaog point of view; therefore, it is judged as a signa/noise ratio. From Fig.
5.19, ER and RF power are decreased with increased length of fiber. Fig.5.19
shows maximum Q factor is 42 dB, maximum ER is 49 dB and RF power is
7.5 dB. Fig. 5.20 shows that maximum Q factor is 22 dB, ER is 6 dB and RF
power is 11 dB. Results show that CFBG can improve the Q performance by
about 20 dB, ER by about 42 dB and output RF power by about 3.5 dB in SSB
communication system. Table 5.3 shows the global parameters used in the

system.
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Fig. 5.19 Performance of ER, Q-factor, and RF output power for chirped FBG
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Fig. 5.20 Performance of ER, Q-factor and RF output power for FBG

Fig. 5.21 shows the Q factor, BER and signal power of FBG for input
power varies from O dBm to 8 dBm. The graph shows that the Q factor is

improved from 3dB to 21dB for FBG. The signal power varies from 11 dB to
25 dB for FBG. The BER isincreased from -20 dB to -1 dB for input power

variation from OdBm to 8 dBm.

Fig. 5.22 shows the Q factor, BER and signal power of FBG for input
power varies from O dBm to 8 dBm. The graph shows that the Q factor

increases from 16dB to 23 dB for CFBG. The signa power varies from 9 dB

to 25 dB . The BER decreases from -32 dB to -35 dB for input power varies

from O dBmto 8 dBm.
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length 20 km [input power = 0dBm to 8dBm)]
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5.45 Conclusion

A novel SSB communication system with dispersion compensation
using CFBG is proposed here without any DCF. The simulations are
conducted for short length and long length fibers from 20 km to 80 km and for
different input optical powers ranging from 0 dBm to 6 dBm. Results show
that CFBG can improve the Q factor maximum by about 20 dB for various
transmission distances. ER is increased by about 21 dB and RF power is by
about 3.5 dB. The Q factor is improved by about 3 dB for CFBG with input
powers ranging from 0 dBm to 8 dBm. The BER is 15 dB lesser in CFBG than
FBG. The performance deviations are high for short distances and low for long
distances. These results are helpful for future SSB communication systems.

55 Case 4. Mitigation of Chromatic Dispersion using
Symmetrical Compensation

5.5.1 Dispersion Compensation Using DCF Technology

DCF has become a more useful method of dispersion compensation.
There is positive second-order and third-order dispersion value in SMF (single
mode fiber), while the DCF dispersion value is negative. So by placing one
DCF with negative dispersion after a SMF with positive dispersion, the net
dispersion will become zero. Thus, for DCF compensation,

DS X LE = —DD X LJ_; (529)
Here D and L are the dispersion and length of each fiber segment
respectively [253].

Dispersion compensation has a high negative dispersion parameter of -
70 ps/nm.km to 90 ps/nm.km and can be used to compensate the positive
dispersion of transmitter fiber in C and L bands. According to relative

position of DCF and SMF, post-compensation, pre-compensation, mix
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compensation is proposed. DCF Pre-compensation scheme achieves dispersion
compensation by placing the DCF before a certain conventional single mode
fiber. Post compensation scheme achieves dispersion compensation by placing
the DCF after a certain conventional SMF. Mix compensation scheme consists
of post compensation and pre-compensation i.e. the DCF is once placed before
SMF and then placed after SMF. Mix-compensation method largely reduces
the non-linear effects as compared to pre-compensation and post-
compensation method. Symmetrical/mix compensation has a minimum bit
error rate indicating best performance in comparison to pre and post
compensation. Advantages of DCF are that they can be easily constructed and
are highly reliable. DCF provides continuous compensation over a wide range
of optical wavelengths. A DCF module should have low insertion loss, low
polarization mode dispersion and low optical nonlinearity. In addition to these
characteristics DCF should have large chromatic dispersion coefficient to
minimize the size of a DCF module. However, a DCF has a high insertion
loss. A 60 km compensator can exhibit 6 dB of loss or more. Because of this,
DCF's are usualy co-located with EDFA's which also increases the overal
cost of the fiber. DCF has asmall core size which may make it prone to certain
types of nonlinearities and also has high optical nonlinearities. DCF
compensation depends on the wavelength and they can perfectly act only in a

narrow band of frequency [253] -[255].

5.5.2 System Description and Simulation Details

An opticad communication system involving external modulator has been
smulated usng Optisystem 7 s0 as to investigate the effect of chromatic
dispersion on system performance. Chromatic dispersion is reduced using post-
compensation in Fig. 5.23, pre-compensation in Fig. 524 and symmetrica
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compensation in Fig. 5.25. Here, the system being considered is a RoF optica

communication system.

In the pre-compensation method, compensation has been done before
SMF and in the post-compensation method, the compensation has been done
after SMF. In the symmetrical compensation method, the compensation has
been done before and after the SMF. The symmetrical compensation method
has the benefits of pre-compensation and post-compensation methods.

The LiNbO3 MZM is driven by an RF signal of frequency frr which is
equal to 0.1THz. The CW laser source is taken with power of 0 dBm and
center emission frequency 193.1THz. The haf wave switching voltage V; of
LiINbOs MZM is 4V. After being modulated at the external modulator, the
intensity modulated optical carrier will be transmitted through the optical fiber
and detected by the photodetector. We use the parameters in Table 5.4 in

mandate to simulate the system.

Table 5.4Simulation parameters

Parameter Value
Bit rate 100 Ghps
Frequency of sine generator 0.1THz
Frequency of CW Laser 193.1THz
Power of CW laser 0dBm
Half wave switching voltage ¥ of LiNbOzMZM 4V
Extinction ratio of LiNbOsMZM 20dB
Insertion loss of LiNbOzMZM 5dB
Switching RF voltage of LiNbOzMZM v
Fiber dispersion 16ps/ng’km
Photodetector responsivity 1A/W
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Fig.5.25 Symmetric/mix compensation using DCF

5.5.3 Results and Discussion

In optica communication systems, OSNR aone could not accurately
measure the system performance, especially in WDM systems. The eye
diagram is a common indicator of performance in digital transmission systems.
The eye diagram is an oscilloscope display of adigital signal, sampled to get a
good representation of its behavior. For effective communication, eye is
closed. Asthe noise increases, the distortions also increase.
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DCF

When the intensity modulated optical carrier along with the two
sidebands is transmitted through the dispersive fiber, RF power fading occurs.
As a result, the eye diagram obtained will be distorted as shown in Fig.
5.26(a).
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Fig.5.27 Eye diagram obtained (a)with post compensation using DCF (b) with symmetric
compensation using DCF

But when dispersion compensation is provided with the DCF, better
eye diagram is obtained and it indicates that dispersion has been reduced. The
eye diagrams for the three DCF compensation schemes are shown in Figs.
5.26 (b), 5.27 (a) and 5.27 (b).

Fig. 5.28 shows the Q factor comparison of pre-compensated, post
compensated and symmetric (mixed) compensated 100 GHz externa
modulated RoF communication system. Q factor is highest for mixed

122 Performance Improvement of Radio over Fiber Communication System with Dispersion and Nonlinearity Compensation



Nonlinear Distortion Reduction in the Fiber

compensation. Fig. 5.29 shows the received signa power of symmetrical
compensated and uncompensated RoF communication system. The output
signa power is high for compensated system. The power varies from -13 dBm
to 8 dBm for compensated system. It varies from -26 dBm to -15 dBm for
uncompensated system. The difference is high for high input powers. The
compensated system provides a power variation of 25 dB from the
uncompensated system.

COMPARISON OF DCF COMPENSATION TECHNIQUES

DCF{pre.)

Q FACTOR

e [ W st )

DCFTmix )
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Fig. 5.28 Comparison of DCF compensation techniques
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Fig. 5.29 Signal power of the symmetric compensated and uncompensated system

5.5.4 Conclusion

Table 5.5 shows the different performance parameters of existing and
proposed methods. Four different methods have been used to reduce the
nonlinear distortion in the fiber. The methods are Symmetrical Compensation
(SC), dispersion reduction using CFBG, nonlinear distortion reduction using
VCSEL, and chromatic dispersion using SOA respectively. Results show that
dispersion has been effectively reduced by using SOA. Performance of the
different methods are compared in terms of transmission distance, OSNR,

received power, and Q factor.
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Table 5.5 Result analysis of various existing and proposed methods

Author Transmission Received OSNR Q factor
distance (km) power
(dBm)
Meenakshi et.al 100 -10 13 11
[ 248]
Herrera et.al [249] 120 -50
Ying Wang et.al [250] | 120 -29 10 8
Lim A et.al [251] 100 -14 9 7
H K Sung et.al [252] 40 -2 25 28
Christina Lim et.al 100 -28 93 71
[253]
Farah Diana et.al [254] | 100 -21 22 20
Symmetrical 40 -17 32 42
Compensation 100 11 31 »
120 -15 29 14
CFBG 40 -18 49.8 41.7
100 -10 37.8 115
120 -13.4 33.8 6.4
VCSEL 40 -16.5 38.8 4
100 -17.8 26.6 3.9
120 -19.7 22.2 3.7
SOA 100 -9.5 91.8 89
140 -10.7 89 86
200 -15 85 82
400 -18 82 79
600 -41 59 56
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5,5.,5 Validation

The symmetrica compensation [Transmission distance- 100 km]
method is validated with the method in [248]. The OSNR and Q factor are 30
dB and 22.6 dB respectively for [248]. The OSNR and Q factor have been
improved about by 1dB and 1.4 dB respectively for the proposed method as
shown in the table 5.6. The performance of CFBG is compared with the results
in [250]. The OSNR and Q factor could be improved by about 1.5 dB and 2.5
dB respectively as shown in the table 5.6. The performance of VCSEL is
validated with the results in [251]. The OSNR and Q factor are improved by
about 0.6 dB and 0.7 dB respectively as shown in the table 5.6. The
performance of SOA is compared with the method in [254]. The obtained
values for OSNR and Q factor are 55 dB and 54 dB respectively. With the
proposed method, the results could be improved about by 4 dB and 2 dB
respectively as shown in the table 5.6.

Table 5.6 Validation of results

Transmission distance | OSNR Q factor

Proposed method- | 100 km 31dB 24dB
symmetrical compensation

Meenakshi et.al [ 248] 100 km 20dB 14 dB
Proposed method-CFBG 120 km 33.8dB 6.4dB
Ying Wang et.a [250] 120 km 32.3dB 3.9dB
Proposed method-VCSEL | 120 km 21.6dB 3dB
Lim A et.al [251] 120 km 22.2dB 3.7dB
Proposed method- SOA 600 km 59 dB 56 dB
Farah Dianaet.al [254] 600 km 55dB 54 dB

% ok ok ok k k
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Chapter

Multiband Access ROF Link Optical
Millimeter Wave Dispersion Tolerant Transmission

6.1 Introduction

6.2 Theoretical Analysis

~_ 6.3 Simulation Setup and Results

6.4 Conclusion

Abstract

This chapter deals with a multiband RoF communication system with simple
decomposition method. Three bands of mm frequencies are generated. The Q
factor and eyediagram performance are measured. This method of mm wave
generation helpsin reducing different nonlinearities in the existing method.
This chapter ends up with the conclusion that the proposed system has better
performance as compared to the existing system.

6.1 Introduction

Current high definition video services need higher bandwidth for wired
and wireless data transmission. The mm wave technology is a dominant
method to support multi-gigabit services [255],[256]. It has a wide frequency
band to handle high data rate signals. Hybrid Access Networks (HAN) can
support different data networks [257]-[260]. They can integrate different RoF
and Fiber to the Home (FTTH) technology. They can transmit RF and
baseband signals through a single fiber. The multi-band signals generation
techniques can improve the efficiency of RoF and HAN configurations [263]-
[267]. These configurations can support multi-gigabit services in different
wireless and wire-line applications. In [263], multiband signals are generated

by connecting a phase modulator and a MZM with an Optical Signal to Noise
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Ratio (OSNR) boosting circuit for Fiber to the X (FTTX) and RoF networks.
The mm wave band is a significant research topic for high speed wireless data
transfer [268]. The RoF technologies can be used for fixed and mobile users
with huge capacity, coverage, and mobility [269]-[270].To get full advantage
of integrated optical fiber and wireless system, the RoF technology has been
selected as one of the smartest solutions for the wireless network. It can
improve the coverage of the mm wave band wireless signals [271]-[272]. The
multiband modulation and transmission have been demonstrated [273]-[274].
The Electro-Absorption Modulator (EAM) nonlinearity, chirp, and the
crosstalk among three signals reduce the performance in [271]. The scheme

proposed in [274] is very expensive and complicated.

An emerging technology is developed with huge communication
capacity and low cost [275]. Recently, the generation and transmission of the
multiband signals have been demonstrated in [276]-[286]. In [276]-[278], the
multiband electrical signals are combined and then converted into an optical
signal through a single EAM. In these schemes, the optical modulator must be
properly operated at its optimal operation point. Its performance is affected by
the distortion produced by the nonlinearity of EAM. The signal performance
in these schemes is limited by the EAM nonlinearity, residual chirp, and the
crosstalk between multiband signals. A method is proposed with a wavelength
division multiplexed-passive optical network and a 60 GHz RoF system using
Npl single-drive MZMs for an N-channel wavelength-division multiplexed
passive optical network is proposed in [279]. In this method, the electrical
wired and 10 GHz wireless data are combined in the electrical domain. So the
wired and wireless data are independent of each other. They are modulated on

the first order sideband and optical carrier.
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At the optical network units/base stations, the wired and wireless users can
only receive their data and the method can only provide two-band signals. A
hybrid mode-locked laser with 5 WDM-PON is presented with RoF channels
[280]. This scheme has the same issues in [279]. In [281], an Arrayed Waveguide
Grating (AWG) multiplexer is used to enable the integration of dense WDM
multiband signals with channel spacing of 12.5 GHz. This method uses three laser
sources along with three modulators in the central office and makes the system
more expensive. In the work presented in [282], a scheme has been proposed
based on a dual-parallel MZM followed by a single-drive MZM to generate the
multiband signals through optical carrier suppression and frequency shifting
techniques. The multiband signal generation is expensive with a complicated
modulator. The spectrum structure of the optical mm wave signal iscomplex. In
the spectrum, each sideband carries the downstream data and the beating tones
induce amplitude fading effects.

To improve the dispersion tolerance, a method with multiband
generation is proposed in [283]-[284] using two cascade MZMs. The first one
is used to generate a DSB optical signal and the second one is operated at the
minimum transmission point to generate an optical carrier suppression signal.
The scheme has high dispersion tolerance, but an optical filter must be used to
convert the DSB optical mm-wave signal to the SSB one after the first MZM.
They have proposed a full-duplex RoF system, transmitting downlink wireless
20GHz, 60GHz, mm-wave, and wired baseband data via a single MZM [285].
However, it has the same problems as [282] with complex spectrum. A
bidirectional three-band lightwave transport system is proposed [286]. By
cascading a Phase Modulator (PM) and a MZM, multiple coherent beams are
used to generate downstream Base Band (BB) /microwave (MW) / mm Wave

signals. All multiple coherent light waves carry the downstream data which
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induces the fading effect due to the fiber dispersion and degrades the generated

RF signal performance as they are heterodyne beating at the base station.

Compared with the previous reports [286]-[290], this method is
potentially novel with several advantages. One single mm wave oscillator and
a nested MZM are required in the CS, which makes the CS cost-efficient. One
frequency of the optical signal carries the downstream data, so the effect of the
fiber chromatic dispersion can be significantly reduced. Compared with the
report [291], this method can reduce the cost of CS in the optical domain since
no FBGs and optical filters are used in the circuit. This method has employed
a novel baseband decomposition method at the BS. This proposed method is
also used at a higher data rate of 80Gbps. It has offered more signal power by
about 15dB than the existing method. Q factor is in the range of 14 dB. BER is
also low for two bands. Simulation results show that the proposed method can
perform better in terms of BER, Q factor, OSNR and data rate.

6.2 Theoretical Analysis

Fig.6.1 presents the architecture of the proposed multiband RoF
transmitter using a nested MZM and a laser source. In the CS, the light wave
from the Continuous Wave (CW) laser, represented by Ec(t) = Ec exp(jo t), is
divided into two beams by the first Y-branch in the nested MZM. Then the two
beams are independently injected into two sub-MZMs in the main MZM. The
two arms of the upper sub-MZM-1 are operated by the Local Oscillator (LO1)

at 2ogg, as shown in Fig.6.1. The amplitudes of the two driven signals are

same and the phase difference between them is iz The relative DC bias

voltage between the two arms is set to V? Here, V_ is the half-wave of the

sub MZM-1, and it has worked on the SSB modulation scheme. The two arms

of the lower sub-MZM-2 are biased at the OCS modulation point and it
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collaborates in a push pull pattern by another local oscillator (LO2) as shown
in Fig. 6.1.The phase difference between the two driven signals with the same
amplitude is and the relative DC bias voltage of the sub-MZM-2 is V_.Here,
ogg IS the angular frequency of the RF LOz2. In the upper branch, the RF LO1

is mixed with the QAM signal and can be expressed as,

Drp — QAM(D) = Vg [1(t)cos20k(D-Q(t)sin2ogp(1)]
= I2(1) + Q*() Vg €08 [20gst + o, (D](6.1)

Here, Vi, IS the amplitude of the upper driven RF signal, and I(t) and

Q(t) are the in-phase and quadrature branches of the downstream QAM signal,

respectively. We take the 4-QAM modulation format as an example. So,

JI2( + Q%() = V2, and ¢, (1) = arctan(Q(t)/I(t)). It represents the phase
information of the 4-QAM data. The negative first order sideband is
suppressed and the second and higher order sidebands are avoided due to their
small amplitudes. So the generated SSB optical signal mainly consists of two
tones with the frequency spacing of 2wy : the center carrier at o, , and the
positive first-order sideband bearing the downstream data at ®..+2 wgg. The

SSB optical mm-wave signal can be expressed as,

Jn
Egsp (0, t) =Y2—a E.(t) [eVn\/fVRFl cos[2mppt + 0, ]+
j_n T
eVr\2Vgg, Sin[2oggt + ¢, (O] + j;] (6.2)

V2 i
= fyaEcel ct+my,Ecy_ [(0c + 20gp)t— 0, (D] (6.3)

where y_ is the sub-MZM-a insertion loss, mh, = ’t‘;ﬂ is the modulation

T

index and ] (.)is the ki order Bessel function of the first kind. In the lower
branch, the light wave is modulated by the RF LO2 at wgg in push—pull pattern

via the sub-MZM-2. The generated OCS optical mm-wave signal mainly
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contains the two first-order sidebands ato: — wgr and o + wgp, respectively,

and can be expressed as,

ZinVRF2 _ ZJnVRF2
EOCS(O’t ) :Yz_b E. (v) [e vr €0s (ORFY) 4ir +e v cos (DRFt] (6.4)
== 2 E¢joc t[expj(my;, cos o gt)-expj(-my, cosoggt)] (6.5)
= YpEexz__ [1- (=D ]Jjmy el et onr)t (6.6)

where vy, is the sub-MZM-2 insertion loss, and my,;, = IVRrzjs the modulation

v
index. If the modulation index is small, there is ]f‘) = x. The residual central
carrier at o, and the high-order sidebands can be neglected, due to their small
optical power compared with the first-order sidebands. Then the generated
SSB and OCS optical signals, respectively, from the upper and lower branches
are coupled via the second Y-branch in the nested MZM to constitute the

optical signal which can be expressed as,

. /ZYaEc
e](wc— ORp)t + X
Yo ECmyy, 2

mhaEC,\{aej((wc+2wRF)t—®i)t (6.7)

J((Oc+ ORp)t+3) n

Ep(o.0)= el t+ VpE. Mhb®

It can be seen that the four tones keep the frequency spacing of wgg
between the adjacent tones and only the tone at .+ 2wy carries the
downstream data, while the other tones are unmodulated. Here, it is worth
noting that since the downstream data is modulated in SSB pattern, it only
carried by one tone, which significantly reduces the effect of the fiber

chromatic dispersion [290].

After being transmitted over the optical fiber with the amplitude
attenuation coefficient of a and propagation constant of B(®) at the angular

frequency of w, the optical signal becomes,
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ED (Z, t) — e—aZ{[Yb Ethb ej[(wc_@RF)t‘";_B[(mc_‘”RF) z] +

V2
2

yaEcmha

Y, Ec ej(‘”ct_ﬁ(‘”c))z+yb E.my, ej[(“’c +ogg)t+ S-B[(0 -~ 0rE)z] +

ei[(wc+2<DRF)t%—ﬁ[(@c—zﬂbm)z—%[t—[@c”“’RF ]—1B((mc+2pr)Z]] (6.8)

Fig. 6.5 shows the Base Station (BS) of the multiband access. The
four-tone optical signal can be decomposed as three different SSB optical
signals, as demonstrated by the optical spectra in Figs. 6.7(a), 6.7(b) and
6.7(c), respectively, at the BS. After a high-speed square-law photodetector,
the mm wave signal is generated based on heterodyne beating. In the first case,
the RF signal is generated with a frequency of wgr with the help of product
modulator with a local oscillator frequency of wgg. In the second case the mm
wave at 2oy IS produced by the photodetector and product modulator tuned
with a local oscillator frequency of 2wgg. The last case is to generate the mm
wave signal at 3mge. The local oscillator of the product modulator is tuned
to 3oge. An antenna is used to radiate the mm wave signals to the user
terminals for wireless transmission in the real system. The wireless end users
can receive the wireless signal and recover the downstream baseband data
through the coherent demodulation in the electrical domain. So, the proposed
scheme generates the multiband mm wave wireless accesses and the most
significant advantage of our proposed scheme is that the downstream data is
only modulated on one frequency of the optical signal with single sideband
modulation technique. The three generated RF signals with different
frequencies highly tolerate to the fiber dispersion. In other words, the limit of
transmission distance caused by chromatic dispersion can be mitigated

theoretically.
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6.3 Simulation Setup and Results

The multiband RoF-based link with SSB optical mm-wave signals is
shown in Fig.6.1, to prove our proposed scheme for simultaneous multiband
generation and transmission. In the CS, the light wave with a frequency at
193.1THz, an output power of 15dBm and a line-width of 10MHz is emitted
from the CW laser. Its power is divided into two beams. Then they are applied
into the sub-MZM-1 and sub-MZM-2 to generate the SSB and OCS optical
mm-wave signals, respectively. In the upper branch of the main MZM a 80
GHz sinusoidal wave is mixed with the downstream baseband 4-QAM signal
mapped from the 80 Gbps Pseudo Random Binary Sequence (PRBS) with a
word length of 27 -1 to drive the sub-MZM-1. The half-wave voltage of the
MZM-1 is 4V and the relative DC bias tension between the two arms is 2 V.
The generated SSB optical mm-wave, as in Fig.6.2 (a), mainly consists of two
optical frequencies with the optical Carrier to Sideband Ratio (CSR) of 11 dB
with a resolution of 0.01 nm. The negative first order sideband is suppressed
with a sideband suppression ratio (SSR) of about 8dB, and the other high-
order sidebands are avoided due to their smaller power. The OCS output at the

lower MZM-2 is shown in Fig. 6.2 (b).

In Fig.6.2 (a), the central carrier at 193.1THz is an unmodulated optical
frequency and the positive first order sideband at 193.18THz is broadened due
to the QAM data modulation. The frequency spacing between them is 80GHz.
The lower branch of the main MZM is modulated by a 40GHz RF clock with a
driving voltage of 1V through the sub-MZM-2 that is biased at the minimum
transmission point with a half-wave voltage of 4V and with a relative DC bias

tension between the two arms as 4 V. The even-order sidebands and the
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central carrier are suppressed completely, and the other high-order sidebands
are at least 32 dB smaller than the first order ones as shown in the optical
spectrum of Fig. 6.2 (b). From Fig. 6.2 (b), we can also see that the frequency
spacing between the two first order sidebands at 193.06THz and 193.14THz is
80 GHz. The SSB optical signal generated from the upper branch is coupled
with the OCS optical signal from the lower branch to form the optical signal.
An optical band pass filter with a central wavelength of 193.1THz and
bandwidth of 100GHz is used to filter out the high-order smaller sidebands
and the out-of-band noise. The optical signal mainly contains four tones as
shown in the Fig. 6.3. The frequency of 193.18THz carries the downstream
data and the other frequencies are unmodulated. The generated multiband is
transmitted forward to the Base Station (BS) through a SMF with a chromatic
dispersion of 16.75ps/nm/km, a power attenuation of 0.2 dB/km and a
dispersion slope of 0.075 ps/nm 2 / km. Fig. 6.4 shows the OSNR and output
optical power of the mm-wave transmission. Fig. 6.5 shows the block diagram

of multiband base station.

At the BS, they are directly injected into a photodetector with a
responsivity of 1 mA/mW, dark current and thermal noise of the photodetector
are 10nA and 1e22 W/Hz, respectively. The electrical signal is applied to a
product modulator. For the 80 GHz mm wave generation, the local oscillator is
adjusted to 80GHz and the unwanted sidebands are avoided with an electrical
band pass RC filter at a cut- off frequency of 80GHz. The 40GHz signal can
be generated by a local oscillator with a cut off frequency of 40GHz. The
120GHz signal is generated by a local oscillator. The unwanted sidebands are

reduced by using a band pass RC filter with a cut-off frequency of 120 GHz.

Performance Improvement of Radio over Fiber Communication System with Dispersion and Nonlinearity Compensation



Chapter 6

Fig. 6.6 shows the difference of optical received signal power of RF waves for
80 Gbps (proposed method) and 10 Ghbps (existing method [291]). For both
methods, the signal power decreases with increasing transmission distances.
The signal power has a maximum shift of 15dB from the existing method. The
output signal spectra of three frequency bands are shown as in Fig. 6.7(a),
Fig.6.7(b), and Fig.6.7(c) respectively. Fig. 6.8 shows the Q factor and eye
diagrams of 40GHz, 80GHz and 120GHz millimeter waves. For 40GHz and
120GHz, the eyes are more closed with minimum noise and high Q factors.
But for 80GHz, eye diagram is not closed and Q Factor is below 6dB except
for BTB transmission. So the performance of 80GHz is worse than other two

bands [292].
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Fig. 6.9 shows the graph between the measured BER and received
optical power of the 80 Gbps 4QAM signal for the mm-wave signals of
40GHz, 80GHz and 120GHz respectively. Their performances are analyzed
for transmission distance of 0 km (B-T-B), 10 km, 20 km and 30 km
respectively. The graphs show that the BER gradually decreases with increase
in optical powers. It is evident that 80GHz mm wave shows worst
performance compared to others. Thel20GHz band gives the best performance
and the 80GHz band shows the worst performance due to low Q factor as
shown in Fig.6.8. As the chromatic dispersion is low, B-T-B transmission

shows better performance in three-millimeter bands.

6.4 Conclusion

We have presented a novel low cost RoF link with a SSB optical mm
wave signal to carry the 40GHz, 80GHz and 120 GHz mm wave multiband
wireless accesses. In the proposed method a simple signal decomposition
technique instead of FBGs and optical filters are employed in the existing
method. So, the proposed low-cost method can reduce the nonlinearities in the
FBGs. The simulation results reveal that our proposed scheme can provide
multiband wireless accesses at a data rate of 80Gbps with higher transmission
performance in terms of low BER, higher Q factor and higher received optical
power. Results show that BER is around 10 -20 with the higher output optical
power of -4 dBm, even while using a SMF of length 30 km. The results show
that the proposed method can provide better performance in multiband RoF

communication.
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6.5 Validation

The performance of the proposed method is validated with the results in [291].
The received optical signal power and OSNR are -4 dBm and 88 dB
respectively. The proposed method could be improved the signal power and Q
factor about 2 dBmand 1.3 dB respectively as shown in the table 6.1.

Table 6.1 Validation of results

Received optical OSNR
power
Proposed method -4 dBm 88 dB
Ruijiao et.al [291] -6 dBm 86.7dB

%k %k %k %k k %k
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Peer-to-Peer 200 GHz Millimeter Wave
Long Haul RoOF Networks Through
AWGN Wireless channel

7.1 Introduction
_ 7.2 Generation of Optical Millimeter Wave
7.3 Characteristics of Millimeter Wave Signal

7.4 Theory and Principle
7.5 Simulation Setup

7.7 Conclusion

Abstract

This chapter discusses about a 200 GHz mm wave signal generation with
reduced phase noise and frequency instability. The peer to peer transmission is
considered with AWGN channel. Chapter ends with the performance analysis
in terms of Q factor and BER.

7.1 Introduction

RoF technique in the multi-gigabit wireless optical networks has
emerged as a dominant solution for increasing system capacity, mobility and
the cost of networks [293]. The combination of wireless and optical networks
can achieve the large bandwidth efficiency of the optical fiber and the benefits
of the wireless network. The RoF based optical wireless networks can be used
in conferences, shopping malls, airports and Olympics [294]. Multimedia
communication must have the Peer-to-Peer (P2P) communication between
wireless users in RoF access networks [295]. The signal from the transmitter
is sent to its nearest BS which then delivers to the BS close to the destination
through the branch network and finally transferred to the destination user. The
wireless-optical communication network can reduce the interference and

increase the system throughput [296].
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The fifth generation (5G) wireless networks have low wireless
bandwidth. As the mm wave has huge bandwidth from 30 GHz to 300 GHz,
mm wave transmission can be proposed to provide multi-gigabit
communication [297],[298]. Current experiments are conducted in the
bandwidth of 28 GHz, 38 GHz, 60 GHz and E-band. Complementary Metal-
Oxide-Semiconductor (CMOS) RF integrated circuits are used to design
electronic components in the mm wave band [299], [300], [301]. Commonly
used standards for indoor wireless communication are IEEE 802.11ad [299],
ECMA-387 [302], [303] and IEEE 802.15.3c [304]. Due to the differences
between mm wave communications and other systems operating in the
microwave band there are many challenges in physical (PHY), Medium

Access Control (MAC) layers of mm wave transmission.

The mm wave bands can be utilized to provide huge bandwidth and to
reduce the frequency jamming problem in the optical-wireless networks [305].
But it is essential to reduce the cost of the BS and complexity of the CS. As
mm wave band has high atmospheric attenuation, the area of coverage of the
BS is small. At the CS, the optical mm wave signals are produced and
processed by cost efficient optical methods. Optical networking technologies
are used to increase the transmission distance and to integrate the BS and CS.

The BS is designed to support full-duplex operation.
7.2 Generation of Optical Millimeter Wave

Due to distortions in the electronic components, mm wave frequencies
suffer from nonlinearity problems to a great extent. It can be avoided by using
optical components. Novel methods have been developed for the optical mm
wave production, processing and transmission. Three different methods are

traditionally used for the generation of mm wave signals. They are Direct
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intensity modulation, Remote heterodyning and External intensity modulation.
Even though the Direct modulation [305], [306] is the simplest method, it is
not suitable for mm wave frequencies. Higher cost of the generation of driving
signals and low dispersion tolerance are the disadvantages of external
modulation technique at mm wave frequencies. The heterodyning technique is
performed by transmitting two or more optical signals concurrently and
heterodyned at the receiver. But in this method, the phase noise is reduced by
an Electro-optic modulator or a complex optical source [307]. New methods
have been attempted for upconversion of radio signals. But they suffer from
nonlinear effects in the waveguide, the requirement of high input power and
low conversion efficiency [308]. The disadvantage of the method based on
cross gain modulation in a Semiconductor Optical Amplifier (SOA) [309], is
the requirement of large input power for the SOA. The Cross Phase
Modulation (XPM) method using SOA and MZM [310] requires low input
power, but the complex structure and the nonlinear crosstalk greatly affect the

signal quantity of wireless users.

A mm wave RoF access network [311] with a P2P connection consists
of high frequency clock sources and high bandwidth modulators at the BS for
signal upconversion. It increases, the architecture complexity and cost on the
user side [312]. The frequency conversion for a mm wave system is possible
by a self-heterodyne transmission technique [313] without high-bandwidth

millimeter-wave oscillator.

Another method has been proposed by beating of two phase-correlated
optical carriers in a high-speed photodetector [314]. Different techniques have
been proposed, like optical-phase locking [315], external modulation based on
MZM [316] and active mode locking [317]. With the method of optical phase

locking [318], it is difficult to reduce the phase noise of the mm
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wave signal. The frequency quadrupling technique for generating mm wave
signal with external modulation and optical carrier suppression has been
proposed in recent years [320]. The most common limitation of these schemes
is that since the modulation depth is high, the MZM requires additional
microwave amplifiers. The active mode locking technique is used to phase
lock the laser so that the modulation depth can be lower than that of the
external modulation technique and it generates high order optical sidebands. In
[321], rational harmonic mode locking technique has been proposed for
quadruple-frequency microwave signal generation, but the DC bias and the
modulation depth of the MZM must be optimized simultaneously, which

makes the system complicated and unstable.
7.3 Characteristics of Millimeter Wave Signals

The characteristics of mm wave signals should be considered in the
design of network architectures and protocols. The mm communication suffers
from huge propagation loss compared with other communication systems at
lower carrier frequencies. The losses due to rain attenuation, atmospheric and
molecular absorption of mm wave propagation reduce the range of mm wave
communication [322]. For smaller cells in the order of 200 m, the rain
attenuation and atmospheric absorption do not create large path loss [323].
Hence, mm wave communication can be mainly used for indoor regions, small
cell sizes of the order of 200 m. Major work has been done on mm wave
communication at 60 GHz bandwidth [324]. The free space propagation loss
increases with the square of the carrier frequency. With a wavelength of about
5 mm, the free space propagation loss at 60 GHz is 28 decibels (dB) more than
at2.4 GHz .
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A simple and effective method of optical generation of high frequency
200 GHz mm wave is presented and simulated based on a novel P2P
interconnection architecture for mm wave RoF access networks [325]. The
signal is upconverted by the beating of the light waves for downlink and P2P
transmission at the photodiode. An envelope detector on the user terminal is
used to down-convert the mm wave signals and eliminate the frequency

instability and poor phase noise characteristics of the two independent signals.

The signal conversion is done without any high frequency clock
sources or other high bandwidth devices. Millimeter wave signal at a data rate
of 1 Gbps can be transmitted over a SMF for a transmission distance 170 km

with low BER.
7.4 Principle

The schematic diagram of the proposed P2P architecture in a 200 GHz
mm wave RoF access network is shown in Fig.7.1. Here we consider one of
the users who is attached to the base station 1 to be communicating with
another user in the BS. The uplink and P2P signals at different mm wave
bands are joined at the user terminal 11. The signals are transmitted through

the antennas and down-converted at BS 1.

A radio frequency signal is generated from the P2P signal. For the
uplink and P2P transmission, the generated signals are modulated by two

different wavelengths.
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Fig. 7.1 Basic diagram of the proposed P2P interconnected system

The P2P signal from a user terminal is filtered using a Fiber Bragg
Grating (FBG) and transmitted through a 1: N WDM multiplexer to all base
stations. At the photodetector, the downlink signal and P2P signal with a
relative frequency spacing of 200 GHz are generated. An envelope detector is
used to down convert the received downlink and P2P signals to their
associated radio frequency signals. This can reduce the frequency distortion
and poor phase-noise characteristics of the two independent optical signals.
Then two RF clock sources with frequencies RF1 and RF; are used to separate
the P2P signal from the downlink signal and thus realize the communication
between the two wireless users. For downlink and P2P signal up/down-
conversion, this scheme is proposed, thus eliminating any high frequency

clock sources or other high bandwidth devices. Fig. 7.1 shows the basic
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diagram of data up/down conversion [324]. The two optical signals before

photodetector, can be represented as:

E(t) = Ael®c t + Al(t)eej(wc‘““’RFl) +

B, (t)elloctor—orm)t+00)] 4 Bell(@ctor)t+o(®)] (7.1)

Here A and B are the amplitude of CW lights from light sources used
for downlink and P2P transmission. The terms ®.,0grp;, aNd ggare the
angular frequencies of the CW light from downlink light source. The
intermediate RF frequencies RF: and RF2is around 200 GHz, which is the
relative frequency between two CW lights. The relative phase difference
between the two free-running heterodyned light sources is 0 (t). A1(t) and Bi(t)
are the downlink data and P2P transmitting data, respectively. Single sideband
signals can reduce the useless sidebands generated by the two beat frequencies
at the photodetector. The generated RF electrical signal in the 200 GHz mm

wave band can be expressed as,
R(t) = 2p, ABcos[ogt + 8(t)] + 2p1, AV Beos[ (of — wgp )t + 0(D)] +
241, AB; (1) cos (o — ogp)t + 0] + 21, A”B cos [(wf — wrpy —
orp2)t + 0(0)] (7.2)

Hereu, is the responsive efficiency of the photodetctor, 6(t),which is
measured as phase noise, makes the generated millimeter wave signals as very
unstable. when the signal is transmitted through the antennas, the undesired

sideband is nearly filtered out and signal becomes,
R(lt):2p1ABcos[wft+9(t)] + 2;,L1A(1t)Bcos[(u)f — opp)t+ 0(D)] +
21, AB{” cos [(w — wpp2)t+0(0)] (7.3)

This signals are fed in to an envelope detector which has its output at a

low-frequency band as
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2
V() =, [RY| (7.4)
= 2u,21,A%B? + 21, %1, AT (OB? + 2p, %, AZBE(D) +
4,2, ABAY B cos (0pp1-0rr)t +

t t
4H12 MZABZA(1 )COS((DRFl)H' 4u12u2BA2B§ )COS(OJRFZ) (7.5)

u, is the envelope detector’s responsive efficiency. Due to the low
output bandwidth of the envelope detector, the high frequency (>RF2) terms
are reduced. As in equation (7.5), the two desired signals at wgg; and wgg,do
not consist of the phase-noise termO(t) and is free of the local carrier
frequency og. Therefore, the frequency distortion and poor phase-noise
characteristics of the two free-running light sources will not have an effect on

the final required signals.

A fixed line of sight wireless channel is considered an AWGN channel
[307] with flat fading channel. The AWGN has a constant power spectral
density through the channel bandwidth and a Gaussian type amplitude
probability density function. This Gaussian noise is combined with the
transmitted signal before the receiver as shown in Fig. 7.2. The transmitted

signal ‘s(t)’, white Gaussian noise ‘n(t)’, and received signal
‘r (t)’ are expressed by the following equation as,
r(t) = s(t) + n(t) (6.6)

Here ‘n(t)’ is the sample function of the AWGN process.
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Fig.7.2 Schematic diagram of AWGN channel

The in-phase and quadrature components of the AWGN are considered
to be statistically independent, fixed Gaussian noise process with zero mean

and two-sided PSD of NO/2 Watts/Hz. Because variance is used to completely

characterize the zero-mean Gaussian noise, this model is particularly simple to
use in the detection of signals and in the design of optimum receivers [307].
So, it was developed using, “awgn” function which is also available in
MATLAB.

7.5 Simulation setup

The block diagram of the proposed scheme is shown in Fig. 7. 3. A 1
Gbps Pseudo-Random Bit Sequence (PRBS) stream is generated using a
Pseudo Random Sequence Generator and RZ pulse generator, is modulated on
a CW light from a 192.1 THz laser at a radio frequency of 6 GHz for the
downlink transmission. The generated RF signal is modulated by a MZM and
it is launched into a 25 km SSMF to the Remote access Network (RN). The
downlink signal is combined with the coming P2P light from the BS-1 by a
WDM multiplexer. The combined signals are transmitted through a long
distance SSMF of length 110 km into a PIN photodetector at BS- 2 . The mm

wave signals are generated through the beating of two carriers. When the
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signal is transmitted over an offline AWGN channel, the received downlink
signal at the remote station is down-converted by an envelope detector. The
experiments are conducted for different transmission lengths and different
input powers. Then they are demodulated and filtered to their associated 6
GHz RF band. The generated electrical spectrum is shown in Fig.7.4.

In the P2P transmission, a continuous wave with 192.3THz is generated
at a radio frequency of 10 GHz. Then the generated RF signal is externally
modulated by a MZM and combined with the downlink signal by a 2 by 1
WDM multiplexer. Then the P2P signal is amplified by an EDFA of length 5
m. Then it is transmitted through the AWGN channel and demultiplexed by a
1 by 2 WDM multiplexer at the remote station.

It is detected by an envelope detector and the combined millimeter
signal at 200 GHz is shown in Fig.7.4.The mm signal is demodulated using an

electrical demodulator and a 10 GHz electrical band pass filter at a cutoff

frequency of 10 GHz.
Table 7.1 simulation Parameters
Serial No. | Parameters Value
1 CW laser
1.1 Wavelength 192.1 THz t0193.1 THz
1.2 Power -2 dBm to 6 dBm
1.3 Line width 10 MHz
2 MZM extinction ratio 30dB
3 SMF attenuation 0.2 dB/Km
4 BPF cut off frequencies 6GHz, 10GHz
5 Photodetector
5.1 Responsivity 1 AW
5.2 Dark current 10 n/A

Table 7.1 shows the simulation parameters used in the mm wave
generated system. A SMF of dispersion 16.75ps/nm/km is used as the optical

channel. BER analyzers are used for BER measurement.
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Fig.7.3 Block diagram of 200 GHz peer to peer millimeter wave RoF transmission
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7.6 Results and Discussion

The optical spectrum of the combined mm wave signals are shown in
Fig. 7.4. It shows that the frequency spacing between the downlink and P2P
carriers is around 200 GHz. Fig.7.5 and Fig.7.6 can show the electrical
spectrum of the 6 GHz and 10 GHz mm wave signals after down convertion
by an envelope detector. The 200 GHz, RF spectrum cannot be shown due to
the limited bandwidth of the spectrum analyzer.

Fig.7.7 and Fig.7.8 can show the Q-factor performance of the
downlink and P2P signals, in both cases for and after 50 km (downlink) or 110
Km (P2P) SSMF transmission. The optical power is varied from -2 dBm to 6
dBm. As the input power increases, Q factor also increases. Fig.7.9 and
Fig.7.10 show the Q factor of downlink and P2P signals for different fiber
transmission lengths. The length of the fiber is varied from 20 km to 60 km.
The maximum Q factor obtained is about 20 dB for the 6 GHz downlink
frequency. When the transmission length is increased, the Q factor is
decreased from 20 dB to 8 dB for P2P and downlink. The high Q factor

provides a quality P2P millimeter wave signal transmission.
7.7 Conclusion

A 200 GHz mm wave RoF access network using a P2P interconnection
architecture is proposed and simulated using OptiSystem software. An AWGN
with long haul Single Mode Fiber of 170 km transmission length is used
against the wireless channel. Phase noise and frequency instability between the
two independent light waves have been reduced by an envelope detector in the
user terminal. It can also down convert the two mm wave signals to their
associated radio frequencies. The signal up/down conversion is done without

any high-frequency clock sources or other high bandwidth devices. Error-free
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transmission of the 1 Gbps signals is possible over 170 km fiber (downlink) or
110 km fiber (P2P) plus AWGN wireless link. A maximum Q factor of 20 dB
is secured for an input optical power of -2 dBm to 6 dBm with a maximum
downlink distance of 170 km. Results show that an effective downlink and
P2P transmission with high frequency mm wave is done with high Q factor
and low BER in the range of -60 dB.

7.8 Validation

The performance of the proposed method is validated with the results in
[324]. The received signal power (Existing method) and Q factor are -21 dB
and 16 dB respectively. The proposed method could be improved the received
power and Q factor about 5 dB and 4dB respectively as shown in the table
1.2

Table 7.2 Validation of results

Received optical | Q factor
power
Proposed method -16 dB 20 dB
J. Liu et.al[324] -21 dB 16dB
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8.5 Conchesion

Abstract

This chapter integrates the different methods proposed for the reduction of
nonlinear distortions in the previous chapters. The SNR performance of the
existing system and the proposed system is compared. This chapter ends up
with the conclusion that the proposed system has better performance as
compared to the existing system.

8.1 Introduction

RoF is consideredas akey technology for the distribution of future high-
capacity wireless signals over a large coverage area. Unfortunately, there are
many technical obstaclesto overcome, such as nonlinear distortion induced by
the transmission response of the optical modulator [326]. The nonlinearities
lead to the generation of harmonic and intermodulation distortion, which
severely degrade the performance of RoF distribution systems. Externa
modulators, such as LiNbO3z- MZM, and Electro-Absorption Modulator (EAM),
have been preferred for broadband RoF systems [327]. EAM has many
advantages over MZM, such as low driving voltage, being free from dc drift ,
low power consumption, small size, broad operational bandwidth, and

monolithic integration capability with other semiconductor devices[329].
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Both the intensity [329] and the angle [330] of theoptical carrier can be
modulated using external modulators.External intensity modulation can be
implemented using a Mach-Zehnder Modulator (MZM) or an Electro-
Absorption Modulator (EAM). External modulation is more expensive than
direct modulation due to the need for additional equipment, while the direct
modulation of lasers suffers from several drawbacks,thereby giving rise to the
cost versus performance tradeoff.

An optical fiber consists of an inner core through whichthe light
propagates and an outer cladding. Optical fibers mayoperate either in asingle-
mode or in multi-mode fashion,depending on whether single or multiple
propagation modes exist in the fiber. The cross-section of the core in the

multi-mode fiber is larger than that of the single mode fiber [331].

All the architectures considered Single-Mode Fiber (SMF), because it
provides a larger optical bandwidth and hence it is capable of supporting
longer transmission distances without a repeater . However, the cost of multi-
mode fiber is lower than that of a single-mode fiber, thereby giving rise to the
cost versus performance trade-off. Fiber impairments refer to the fiber
characteristics that affect the signal transmitted in the fiber. The signal power
decreases as the signal propagates through the optical fiber, which is due to the
impurities of the material and owing to Rayleigh scattering [331].
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Fig.8.1 RoF Challenges

The deployement of higher RF frequencies causes higher fiber
dispersion, which degrades the BER. The BER may be reduced by using
dispersion compensation techniques, which cause higher implementational
complexity and cost of the system. Otherwise, the BER may be reduced by
using lower-order modulation schemes, which could reduce the overall
throughput. The overall throughput can be improved by schemes like Dense
Wavelength Division Multiplexing (DWDM), but which will increase the
implementational complexity and cost[332].
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The network outage rate or probability featuring in Fig. 8.1 is defined
as the proportion of time for which the network is unable to serve the MSs
[330]. A common reason for outage is that the RAP is overloaded by a large
number of MSs and hence it is unable to maintain the minimum signal to
interference plus noise ratio required for communication with each MS [330].
The outage rate is aso increased by shadowing imposed by large obstructing
structures. The network outage rate can be reduced by having a larger number
of RAPs, which would reduce both shadowing as well as the load (or M Ss) per
RAP. However, this would increase the system’s cost and complexity. Thus,

most design questions usually boil down to a cost versus performance tradeoff.

There are severa challenges associated with good mm wave RoF
communication, like the generation and secure transmission of the wireless
signal over the optical channel. When designers have tried to improve the

performance, the cost has been increased.

In the previous chapters we have tried to reduce the distortions in the
photodetector, wireless channel, optical fiber and receiver. In chapter 3
reduction of nonlinear distortion in the photodetector using SQRT nonlinear
equalizer is proposed in optical single sideband and optical double sideband
suppressed carrier system and performance shows that SQRT nonlinear
equalizer could reduce the nonlinear distortion in the photodetector
effectively. In chapter 4, reduction of nonlinear distortion in the wireless
channel (AWGN, Rayleigh and Rician) is reduced using Weiner filter. In
chapter 5 different nonlinearities in the optical fiber is reduced. Chromatic
dispersion in the optical fiber is reduced using SOA. Group velocity and third
order distortion in the optical fiber is reduced using VCSEL. Dispersion is
compensated using CFBG and idea FBG. Chromatic dispersion is
compensated with symmetrical compensation method. In this chapter we
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integrate the different nonlinear distortion reduction methods in the previous
chapters to improve the performance of the overal RoF communication
system. All reduction methods are integrated to improve the overal
performance of the system. The SNR performance of the RoF communication
link is compared with the proposed optical source using VCSEL and existing
MZM external modulator.

8.2 Performance Improvement and Cost Reduction Methodsin

RoF Communication

Interleave multiplexing method can be used to improve the spectral
efficiency of the conventional WDM, but requires more complicated methods
for multiplexing and demultiplexing of the signals[333], [334].

The depth of optical modulation can be increased by suppressing the
optical carrier, and there by improve the receiver sensitivity [335]-[338]. The
carrier suppression has been done using FBG, bandpass filter, and Fabry Perot
filter [339], [340]. MZM can be operated at low bias voltages [341], [342].
Optica injection locking method was proposed for a fiber distance of 65 km
[343], [344].

Third order distortion was reduced with optical feed forward
linearization [336] and it has been demonstrated that fiber nonlinearities can
be reduced and chromatic dispersion compensated [337]. Some cost
reduction methods could be used with the existing Fiber To The Home
networks [338], [339] and wavel ength reuse technique [340], [341].
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8.3 Design Issues

Performance and cost are two design condraints in the RoF
communication system. Fig. 8.2 shows different parameters that are affected the
performance and cost of the RoF communication system. For effective RoF
communication, performance and cost are balanced. In this integrated system,
both are balanced by using two cost reduction methods and two performance
improvement methods. Performance is improved by a single mode fiber and
channd with equdizer. The equdizer is used to reduce the nonlinearity in the
wirdess channd. Cost is reduced by using direct photodetection and direct
modulation. As a direct modulator is used at the optical source, expensive optical
source and external modulator can be avoided. At the receiver since direct
photodetection is used, receiver complexity and cost can be reduced. Thus the

cost effective methods and performance improvement methods are integrated.

The performance and cost are very important constraints in the design
of a system. Both should be considered and a balanced system can only satisfy
these two.
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Fig.8.2 Design constraints of RoF communication

8.4 RoF communication System with Nonlinearities Reduction
Methods

Our main objective is to improve the overal efficiency of the RoF
communication system. So the different nonlinear distortion reduction
methods proposed in the previous chapters are integrated and the SNR
performance is analyzed. The performance of RoF communication system
with MZM externa modulator and direct modulation with VCSEL is
compared. In the first method MZM is used as the modulator and in the second
method direct modulator is used. In the direct modulation method, the VCSEL
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laser is used as the optical source which helps in reducing the cost, the GVD
and TOD effects of optical fiber as compared to external modulation. The
chromatic dispersion of SMF has been reduced using optica phase
conjugation with SOA. A Weiner filter is used to reduce the nonlinearities in
the AWGN channel. At the receiver, the nonlinearities in the photodetectoris
reduced by a SQRT nonlinear equalizer. The overal performance is analyzed
in terms of SNR performance. Fig.8.3 shows the architecture of the RoF

communication system with different nonlinearity reduction techniques.
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Fig.8.3 Integrated Nonlinearity Reduction Methods in RoF communication system with
VCSEL source
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8.5 Results and Discussion

Fig.8.4 shows the SNR performance comparison of RoOF system with
external modulation using MZM and direct modulation using VCSEL. SNR is
improved by about 30 dB from the existing system [335].
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Fig.8.4Performance comparison of VCSEL and MZM modulated integrated methods

8.6 Conclusion

The design issues show that for an effective RoF communication
system, the cost and performance have to be balanced. In the proposed system,
distortion and dispersion in the fiber, wireless channel and photodetector are
considered. Cost reduction methods and performance improvement methods
are integrated. Therefore, this balanced system has provided a good
performance. The SNR has improved by about 30 dB from the conventional
system.
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Conclusion and Future Work

g, Conclusion

0.2 Future Work

9.1 Conclusion

The thesis presents methodologies to improve the performance of the
RoF communication system through the reduction of nonlinear distortion and
dispersion. The RF signals suffer from a number of signal impairments in
RoF links such as harmonic distortions and intermodulation distortions. They
are due to the nonlinear modulation characteristics of the optical modulators.
The square-law characteristic of the photodiode produces nonlinear distortion
in the detected signal. The nonlinearities in the wireless channel and receiver
have reduced the performance of RoF communication. In addition, the impact
of fiber chromatic dispersion on the transported RF signals becomes more
pronounced with increasing RF carrier frequency. Different strategies are

proposed and demonstrated to measure and overcome these impairments.

In chapter 3, a method has been proposed to reduce the nonlinear
distortion in the photodetector using a SQRT nonlinear equalizer. This method
has been implemented in an SSB RoF communication system and ODSB-CS
communication system. Their performances are evaluated in terms of SNR,
the Q factor and BER. Results are compared with and without an equalizer.
Also the results are compared to existing and proposed methods. Their
performances are compared in terms of transmission distance, received power
and SNR. Results show that the proposed method has improved the
performance.
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The performance of the RoF communication system is affected by the
nonlinearities in the wireless channel. In chapter 4, amethod is to improve the
system performance in the AWGN channel, Rayleigh fading channel, and
Rician channel. Their performances are compared with OFDM modulation
and DPSK modulation. It is concluded that the proposed method using Weiner
filter has improved the SNR performance of the RoF communication system.

The performance of the RoF communication system is deteriorated by
the nonlinearities and dispersion in the optical fiber. Chapter 5 proposes
different methods for the reduction of nonlinear distortions and chromatic
dispersion in the fiber. Four different methods are proposed and their
performances have been analyzed in terms of transmission distance, Q factor,
OSNR, and received power. The performance of the system with the
employment of SOA is found to be better compared with the others. The
performances are compared with the existing methods and proposed methods.
Chapter 5 concludes with the findings that the proposed methods outperform
the existing methods.

Chapter 6 and chapter 7 describe the methods for the reduction of
nonlinearities at the receiver. In chapter 6, a novel low cost RoF link with a
simple baseband decomposition to carry the 40 GHz, 80 GHz and 120 GHz
mm wave multiband wireless accesses is presented. The proposed method uses
asimple signal decomposition technique instead of FBGs and optical filtersin
the existing method. Therefore, the proposed low cost method helps in
reducing the nonlinearities that may be introduced when FBGs are used. The
simulation results reveal that our proposed scheme has provided multiband
wireless accesses at the data rate of 80Gbps with higher transmission
performances in terms of low BER, higher Q factor and higher received
optical power. The proposed method is compared with the existing method
and results show that the proposed method has better performance.
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In chapter 7, a 200 GHz, mm wave RoF access network using a P2P
interconnection architecture is presented. An envelope detector is used at the
receiver to eliminate the frequency instability and phase noise. The proposed
method is compared with the existing method and results shows that the
proposed method has better performance.

The different methods proposed in the previous chapters for the
reduction of nonlinear distortions have been combined and presented in
chapter 8. The SNR performance of the existing system and proposed system
is compared. Results show that the proposed system has better performance as
compared to the existing system. The proposed system considers nonlinearities
in different parts of the RoF communication system. The nonlinearities in the

fiber, wireless channel and receiver are reduced.

The overal conclusion of the research work is presented with the
inference that the proposed method have helped in improving the performance
of the existing RoF communication systems. As we are considering different
nonlinearities in the RoF communication system, suppression techniques are

promising.
9.2 FutureWork

This thesis proposes different methods of reduction of nonlinear
distortion and dispersion in the fiber. The nonlinearities introduced by the
optical source and modulators can be considered in future work. As a scope
for future work, methods for the reduction of nonlinearities in the optical
source and modulators can be tried out. In addition, if al the electronic
processing methods are replaced by optica processing methods, the
performance of the system can be far better.
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Work can be attempted in certain research areas like, integrating
different mm wave techniques with RoF, probability of using multimode fibers
instead of single mode fibers in RoF, use of plastic fibers instead of single
mode fibers, and use of low cost optical sources.
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