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ABSTRACT
The ever-increasing demand for high capacity necessitates investigations on high-speed optical
transmission systems to achieve improved performance.
My investigations focus on ﬁber optic communications where the ﬁber link is considered one of
the main segments of the up-to-date telecommunication systems backbone. Developing low cost,
extremely reliable systems with very low latency for the massive machine to machine, and enhanced
broadband mobile networks is a hot research topic. I investigated the applications of the POL-MUX
(Polarization Multiplexing) technique in ﬁber optic links which can be used for increasing the
transmission capacity. POL-MUX can be utilized to double the bandwidth efﬁciency at 100 Gbit/s
QPSK (quadrature phase-shift keying) systems which are becoming widely deployed for optical
transport networks as the backbone of the mobile networks.
I also consider how I can use the linear dispersive problem to increase the capacity? At high
speed, the PMD (Polarization Mode Dispersion) becomes a signiﬁcant issue due to limiting the bit
rate. The POL-MUX method can mainly suffer from crosstalk between the two waves with
perpendicular polarizations because as a result, the two beams can disturb each other signiﬁcantly.
Crosstalk can appear due to any imperfection in the fiber and the optical circuitry of the transmitter
and receiver.
We propose a new approach to mitigate the effect of crosstalk even in the case of high-speed
long-distance transmission. This new concept is veriﬁed and validated by experimental results. A
BER (bit error rate) better than 10-6 has been achieved using a 10 km long ﬁber with 12 Gbit/s bit
rate modulation. The 5G mobile network targets wireless connection capacity up to 10 Gbit/s. I
proposed a method to considerably increase capacity. I illustrate how to compensate for the effects
of PMD in systems with double polarization. PMD in such systems could cause ﬂuctuations in optical
transmission due to crosstalk and cross-phase modulation. I illustrate how to enhance system
capacity by taking advantage of the POL-MUX technique which can provide double bandwidth
efﬁciency. Based on the simulation results, I have achieved optimum system performance and I was
able to reduce the PMD effect using pre-and post-compensation. I also have improved the POLMUX technique using coherent detection in the case of 16-QAM and 64-QAM (Quadrature
Amplitude Modulation). The results were achieved by implementing polarization controllers,
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combiners, and splitters, as well as polarization phase shifters. I characterize the measurement result
by BER and eye diagrams. The huge and speed technological developments in the network like 5G
and 6G require a higher spectral efﬁciency using a different technique which realizes the maximum
need for capacity to the ﬁnal customer using FTTH (ﬁber-to-the-home) networks.
In this dissertation, I propose the measurements on single sideband POL-MUX techniques for
radio over fiber systems achieving this way increased capacity by doubling the bandwidth. I could
generate millimeter waves for a frequency equal to 60 GHz. Moreover, I investigated the demand
for higher capacity in the case of RoF (Radio over Fiber) systems. I propose the application of single
sideband-based POL-MUX radio over ﬁber system to achieve increased capacity as well. The
performance of the QAM signal transmission is studied using numerical simulation. I also discuss
the effects of polarization scattering where the proposed approach can play a signiﬁcant role in future
5G integrated transport system designs. The performance of the orthogonal coherent POL-MUX
signal transmission in radio over ﬁber system for multiuser MIMO (Multiple-input multiple-output)
using linear polarized antennas technique is improved by using polarization beam splitter/combiner
and polarization controller with different polarization phase shift, different ﬁber length, and different
bit rate.
The RoF concept can be applied to different connections in a mobile network. One example is
when a central station is connected to a radio base station by an optical link. In that case, the aim is to
perform most of the signal processing in the central station and to obtain a very simple radio base
station [1] [2]. That arrangement is especially important in the millimeter waves band because then
we have smaller cells and therefore more radio base stations [3]. In this application, the radio over
ﬁber link is the best choice because besides transmitting information it also produces the millimeter
waves carrier modulated by the information [4] [5] [6] [7] [8]. Only amplification and filtering are
needed to radiate the signal. We propose to apply also the POL-MUX method to increase capacity
because the world needs more and more all types of information (video, voice, data, etc...). That
means a high data rate per channel (100 Gbit/s or more) must be designed in 4G, 5G, 6G systems.
That inspires the researchers and scientists to think of a different way to achieve this requirement.
I also study the application of soliton pulses in wavelength-multiplexed optical communication
systems WDM (Wavelength Division Multiplexing). WDM can signiﬁcantly increase transmission
capacity. But one of the key questions is how to reduce the pulse widening and the interaction
between channels due to nonlinear effects. The optical soliton comes to think again about this
9

question, this impulse can keep its shape during the propagation, it rests on a perfect balance between
the chromatic dispersion (ChD) and the second-order nonlinearity of Kerr effect, a principal physical
effect intervening in the propagation of the impulses in optical ﬁbers. In the soliton technique, the
pulse is strong enough to maintain the Kerr effect, but it is also weak enough to avoid the generation
of higher-order solitons. The ﬁnal phase of this dissertation consists of simulating the impact of
optical soliton on WDM systems, where we have numerically conﬁrmed the theoretical hypotheses
on the design principles of WDM transmission by soliton.
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Investigation sur les liaisons de
communication optique pour des haut débit
dans les system 5G

RESUME
L’année 2020 a de nombreux objectifs et des réalisations prometteuses dans le domaine de la
communication sans ﬁl et des réseaux mobiles 5G en particulier. Fournir à l’utilisateur ﬁnal un signal
sans ﬁl d’environ 1010 Gbit/s est l’un des principaux objectifs des chercheurs dans ce domaine. Un
autre aspect est la demande toujours croissante de capacité élevée qui nécessite des études sur les
systèmes de transmission optique à haute vitesse pour obtenir de meilleures performances à haute
vitesse. La dispersion en mode de polarisation PMD devient un problème important en raison de la
limitation au niveau du débit binaire.
Nos recherches se concentrent sur la communication par fiber optique où la liaison par fiber est
considérée comme l’un des principaux segments de la dorsale des systèmes de télécommunication
les plus récents. Le développement de systèmes à faible coût et extrêmement ﬁables avec une
latence très faible pour des réseaux massifs de machine à machine et des réseaux mobiles à large
bande améliorés est un sujet de recherche brûlant. Nous avons également étudié les applications de
la technique de multiplexage de polarisation (POL-MUX) dans les liaisons à fibers optiques qui
peuvent être utilisées pour augmenter la capacité de transmission. En conséquence, le multiplexage
de polarisation peut être utilisé pour doubler l’efﬁcacité de la bande passante à 100 Gbit/s (POLMUX), les systèmes de verrouillage de phase en quadrature (QPSK) qui sont largement déployés
pour les réseaux de transport optique en tant que colonne vertébrale des réseaux mobiles. Nous
considérons comment utiliser le problème de la dispersion linéaire pour augmenter la capacité. Ce
problème est la dispersion du mode de polarisation, nous l’étudions sur la technique POL-MUX
pour doubler la bande passante, la mesure était très précise en raison de la sensibilité des dispositifs
de polarisation comme le contrôleur de polarisation (PC), le combineur et le séparateur de faisceau
de polarisation (PBC / PBS), phase de polarisation et ﬁltres etc.
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A condition que la méthode de multiplexage de polarisation puisse principalement résiste de
diaphonie entre les deux ondes à polarisations perpendiculaires. Sinon, les deux faisceaux peuvent
se perturber de manière significative. La diaphonie peut apparaître en raison de toute imperfection
dans la fiber et dans les circuits optiques de l’émetteur et du récepteur.
Nous proposons une nouvelle approche pour atténuer l’effet de la diaphonie même dans le cas d’une
transmission longue distance à grande vitesse. Ce nouveau concept est vériﬁé et validé par des
résultats expérimentaux, pour lequel un taux d’erreur binaire supérieur à 10−6 a été atteint en utilisant
une fiber de 10 km de long avec une modulation de débit de 12 Gbit/s.
Alors que les réseaux mobiles 5G visent une capacité de connexion sans ﬁl jusqu’à 10 Gbit/s, nous
proposons une méthode pour augmenter considérablement la capacité. Nous illustrons com- ment
compenser les effets de la dispersion en mode de polarisation PMD dans les systèmes à double
polarisation où les PMD dans ces systèmes pourraient provoquer des ﬂuctuations de transmission
optique en raison de la diaphonie et de la modulation de phase. Ensuite, nous illustrons comment
améliorer le débit du système en tirant parti de la technique de multiplexage de polarisation qui
peut fournir une efﬁcacité à double bande passante. Sur la base des résultats de la simulation, nous
avons atteint des performances optimales du système et nous avons pu réduire l’effet PMD en
utilisant une pré- et une post-compensation. Nous avons également amélioré la technique POLMUX en utilisant une détection cohérente dans le cas de modulations 16/64-QAM.
Les résultats ont été obtenus en mettant en œuvre des contrôleurs de polarisation, des
combinateurs et séparateurs de faisceaux de polarisation, ainsi que des déphaseurs de polarisation.
Les mesures basées sur trois étapes principales, nous caractérisons la qualité de la liaison par la
mesure de BER (bit eror rate) et le diagramme de l’œil. Les développements technologiques
énormes et rapides dans le réseau de type 5G et 6G nécessitent une efﬁcacité spectrale plus élevée
en utilisant une technique différente qui permet de répondre au besoin maximum pour le client
final utilisant des réseaux de fiber jusqu’au domicile (FTTH). Dans cette dissertation, nous proposons
l’application de mesure des techniques POL-MUX à bande latérale unique pour le système radio sur
fiber, atteignant ainsi une capacité accrue en doublant la bande passante, nous générons des ondes
millimétriques a une fréquence porteuse égale à 60 GHz.
De plus, nous avons étudié la forte demande de capacité dans le cas des systèmes RoF (radio sur
fiber) et nous proposons l’application d’un système radio sur fiber POL-MUX à bande latérale
unique pour augmenter également la capacité. Les performances de la transmission du signal QAM
12

sont étudiées par simulation numérique. Nous discutons également des effets de la diffusion de
polarisation où l’approche proposée peut jouer un rôle important dans les futures conceptions de
systèmes de transport intégrés 5G.
Les performances du système de multiplexage à polarisation orthogonale cohérente (POLMUX) dans un système radio sur fiber pour MIMO multi-utilisateurs utilisant la technique des
antennes polarisées linéaires sont améliorées en utilisant un séparateur / combinateur de faisceau
de polarisation et un contrôleur de polarisation avec différents déphasages de polarisation,
différentes longueurs de fibers pour différents débits binaires.
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CHAPTER 1
INTRODUCTION
1.1

Introduction

Due to the high expenses of the optical cable’s deployment in terms of budget-wise, the highefficiency utilization of fiber links becomes a primary demand to be achieved. On the other side for
short hauls in the network, small capacity links are also required where usually only one optical
wavelength is deployed in such links. Therefore, for capacity enhancement, the polarization
multiplexing approach offers a ﬂexible solution to overcome such difﬁculties. In that case, the
capacity simply can be doubled. Polarization ﬁlters are inserted at both ends of the link polarization
beam splitters (combiners), by this way a new connection is established using two optical beams
orthogonally polarized. Generally, the modulation technique on the two optical beams is different so
as their wavelength. That method has an additional advantage concerning the distortion problems. In
the case of increased link capacity by an additional beam with a different wavelength in the same
polarization state, the third-order intermodulation distortion deteriorates the performance due to
system non-linearity. That effect can be neglected in the case of the POL-MUX method. Moreover,
the POL-MUX technique is very practical for branching applications. Using the arrangement of the
block diagram channels can be inserted into existing optical links for a speciﬁc section of the link. That
architecture is suitable especially for connections between a central station and the radio base stations
in a mobile network. That solution is very ﬂexible and can utilize the existing optical network without
disturbing it. The polarization beam splitter or combiner has the same structure because it is a passive
reciprocal component. Therefore, the concept of the block diagram can also be applied in the case of
duplex communication on the same fiber. A wireless connection is usually established. That solution
can be easily applied through the radio over fiber (RoF) technique, extending the optical section. In
this case, several radio base stations can be connected via an optical link carrying several
radiofrequency subcarriers, and it can be applied for different connections in a mobile network. One
example is when a central must be connected to a radio base station by an optical link. In that case, the
aim is to perform most of the signal processing in the central station and to obtain a very simple radio
base station. That arrangement is especially important in the millimeter waves band because then we
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have smaller cells and therefore more radio base stations. In this application, the radio over fiber links
is the best choice because besides transmitting information it also produces the millimeter-wave
carrier modulated by the information. Besides amplification, filtering is also needed to radiate the
signal as discussed e.g. in [5][6][7][8]. We propose to apply also the polarization multiplexing method
to increase capacity. Enabled by coherent detection techniques, advanced modulation formats
improve spectral efﬁciency to support the growing demand for capacity in fiber transmission systems.
Coherent detection retains both the amplitude and phase information of the received signal, allowing
DSP (digital signal processing) to compensate for linear optical channel impairments such as CD
(chromatic dispersion) and PMD. PMD is a physical phenomenon in an optical fiber that causes light
pulses to spread in time. If the amount of spread (dispersion) is excessive, adjacent light pulses will
overlap and interfere with each other. This interference will manifest itself as an increased BER as the
receiver may be unable to discern adjacent bits from each other. As the bit spacing decreases, as in
high data rate transmissions such as 10 Gbit/s or 40 Gbit/s, excessive PMD will severely affect
network operation. It can cause serious problems in high bit rate transmissions. The work presented
in this chapter is the polarization crosstalk focuses on the study of the PMD effects in optical fibers
standards and the POL-MUX technique, which is not affected by PMD and can enhance the system
capacity. The major transmission impairment in POL-MUX based system. The basic installation
expense of an optical link is the deployment cost of optical cable. Therefore, the utilization of a cable
with high efﬁciency is a primary goal. In a network besides high capacity backbone connections, small
capacity links are also required for short hauls. Usually, in these links, only one optical wavelength is
employed. Therefore, for capacity enhancement, the POL-MUX approach offers a ﬂexible solution. In
that case, the capacity can be doubled in a simple way. At both ends of the link polarization beam
splitter (combiners) and polarization ﬁlters are inserted and this way a new connection is established
using two optical beams with orthogonal polarization. In a general case, the modulation on the two
optical beams is different and their wavelength is different. That method has an additional advantage
concerning the distortion problems. In the case of increased link capacity by an additional beam with
a different wavelength in the same polarization state, the third-order intermodulation distortion
deteriorates the performance due to system non-linearity. That effect can be neglected in the case of
the POL-MUX method. The POL-MUX technique is very practical for branching applications. Using
the arrangement of the block diagram channels can be inserted into existing optical links for a speciﬁc
section of the link. That architecture is suitable especially for connections between a central station
and the radio base stations in a mobile network. That solution is very ﬂexible and can utilize the existing
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optical network without disturbing it. The polarization beam splitter or combiner has the same
structure because it is a passive reciprocal component. Therefore, the concept of the block diagram
can also be applied in the case of duplex communication on the same fiber. In some cases, a radio
base station of the mobile network is at a remotely located place, far from the existing optical network.
For that section, a wireless connection is usually established [9]. That solution can be easily applied
through the RoF technique, extending the optical section. In this case, several radio base stations can
be connected via an optical link carrying several radiofrequency subcarriers. The RoF concept can be
applied very well also at millimeter-wave frequencies.
There is an increasing demand for improved capacity in mobile networks. That means faster signal
transmission and high capacity to fulﬁl the subscribers’ requirements. To achieve that goal the used
radio frequency band should be pushed to higher frequencies, mainly into the millimeter band e.g.,
into the 60 GHz band. However, in this band, new challenges appear. The propagation of radio waves
is more sophisticated compared to the microwave band due to atmosphere disturbance, high
attenuation, multipath propagation, etc. On the other hand, there is a signiﬁcant advantage: the
available band is much larger compared to the microwave band which can be used in the mobile
network. The requirement to use millimeter waves is mainly important in urban areas where the
density of subscribers is high. There are two reasons for high density: there are areas that are highly
populated and there are events that are crowded. In these cases, the cell size must be reduced, i.e.
picocells must be created. That means much more picocells are to be connected to the networks. For
interconnections in the network, microwave lines are applied. However, the microwave band for the
communications is limited and already very crowded for connecting the signiﬁcantly increased
number of radio base station in the mobile network we must use a much higher carrier frequency, e.g.
in the 60 GHz band. There is another requirement in future systems like 5G, 6G: increasing the
capacity signiﬁcantly. The links have to provide much higher capacity, or in other words, we have to
use much higher bit rates, for that purpose we need a very broad transmission band. That is possible
in the millimeter band because keeping the same relative bandwidth at 60 GHz as at 6 GHz, we will
have 10 times wider absolute bandwidth. The optical fiber is more and more frequently used for
connecting the radio base stations into the networks. The optical transmission of a digital bitstream
has several advantages because the fiber has extremely low attenuation, very wideband, small
reﬂection, and no interference. After all, wave propagation is conﬁned into the fiber i.e. no radiation
into the convenient. However, there is a signiﬁcant drawback, fiber dispersions.
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1.2

State of art

I am one among millions of internet users. Internet becomes something essential. Yes! Essential like
going to the supermarket to buy some groceries, you go to TLC stores to buy some Gbit/s. Or you
can buy it directly from your phone. Yes, this is one of the network facilities. When I wake up ﬁrst I
check my phone, Oh I get a new email about the job offers, the Amazon application informs me that
my favorite smartwatch is now available with a discount ’it’s easy to upload all my social media
accounts Facebook, Twitter, Instagram’. My mum calls me’ she wants to know everything in detail
every day despite the millions of kilometers between use’. We are lucky in the order we have Gbit/s;
we need it more and more all of use. For that, being an engineer, it gives me and all the researchers a
big challenge to think with different manner every time to facilitate and provide all the requirement
with useful design and easy way. In these four years, we investigated polarization in optics and radio
over fiber domain using millimeter waves and MIMO antenna. We realized many simulations and
measurement diagrams which help to answer: How can we use polarization to solve this equation
[increase the capacity network with a low cost] or in another way [increasing the bit rate using a
simple design] due to the high and growing demand for capacity related to the transmission of
multimedia information (voice, video, data, etc.). Figure 1.1 shows the aim of our aspiration the six
Key Enablers for Machine Type Communication in-network and their respective solution
components.
In our domain we are interested in POL-MUX technique in optical and radio over fiber domain,
we investigated the Mach-Zehnder modulation types as well (OFDM, n-QAM, QPSK) also we
investigate polarization in a Soliton propagation using coherent and non-coherent optical
transmission, such as a way to create a communication system transmitting high data rates (100
Gbit/s) based on DWDM (dense wavelength division multiplexing). Each design requires detailed
knowledge on performance efﬁciency of modulation formats, as well as the clear speciﬁcation of
shortcomings that need to be solved while proposing new solutions. The upgrade of fiber optic
telecommunication systems from transmission rate 10 Gbit/s up to 40 Gbit/s, 100 Gbit/s and above,
in many cases, requires converging optical systems, such that their frequency channels do not
interfere or limit each other, which often requires the use of sophisticated modulation formats and
system transparency. Some modulations cannot operate at higher bit rates because of hardware
limitations, a lower amount of information bits included in a symbol, or because of their lower
immunity to dispersion and other physical properties that degrade signal quality.
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Figure 1.1: Six Key Enablers for Machine Type Communication in-network and their respective
solution components.
The development of 3G and 4G networks within the past decades has increased the transmission
rate supporting additional applications. At the tip of 2015, international mobile information trafﬁc was
reported to be about 4 EBytes per month, which reached 7.2 EBytes per month at the tip of 2016,
posting an annual compound growth rate (CAGR) by 47 % (Figure 1.2). As seen, of all mobile trafﬁc
in 2016, 4G was 69% of trafﬁc. The quantity ought to increase to 49 EBytes per month by 2021,
whose 4G trafﬁc will increase up to 75%. Beside to trafﬁc, the speed of association to the mobile
network will increase, association speed is predicted to triple from 6.8 Mbit/s (in 2016) to 20.4 Mbit/s
by 2021 additionally, to 4G, 5G connections will increase and will generate 4.7 times additional trafﬁc
than a median 4G association. Consequent generation of 5G needs higher capability, higher
information turnout (in many Gbit/s), and less delay to fulﬁl the standard of service necessities [10].
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A 5G association ought to meet the subsequent necessities in terms of information rate. The book on
5G networks: Powering digitization, written by Lars Frid et al [11] self-addressed the variations
between the 5G system/core network and former incarnations of the network conjointly central.
However, the speciﬁcations relate to leading-edge virtualization ideas and technologies 10 Gbit/s in a
very dense indoor and outdoor, 100 Mbit/s of speed in urban and community environments, a
minimum of 10 Mbit/s in rural areas 5G networks can notice applications in-vehicle property, road
safety, infrastructure for sensible cities, industrial automation and several other IoT (Internet of
Things) applications. For such applications, it’s necessary to own high reliable and end-to-end latency
of but one ms. On top of the discussion, it’s obvious that the transition from 4G to 5G mobile
information services would require a substantial increase within the transmission rate with low
latency. Optical fiber area unit acknowledged to own an enormous potential information measure of
50 THz, immunity to interference, low transmission loss (less than 1 dB/km). These are
characteristics of optical fibers.

Figure 1.2: Mobile data trafﬁc trend.
Make them useful for the association between the central ofﬁce (CO) and mobile sites. The
necessity for a system that meets the necessities of high speed, low latency, and high bandwidth drives
the motivation to use the potential of optical networks. Integration of mobile backhaul with the already
existing optical distribution networks not also serves to give birth to new optical fiber networks, but also
can help on the economic level. Nowadays, the common optical transmission rates can vary from 100
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Mbit/s to 100 Gbit/s per optical channel. This has been achieved by designing transceivers from the
simplest intensity-modulated to those very complex ones, which combine simultaneously several
techniques, in order to fully utilize the transmission media capabilities. WDM can greatly increase
the transmission capacity. However, one of the key issues is how to reduce the pulse broadening and
the interaction among the channels due to the nonlinear effects. The optical soliton came to answer
this question, this pulse can keep its shape during propagation, and it is based on a perfect balance
between the second-order dispersion and the nonlinear Kerr effect, main physical effects occurring
during the pulse propagation in optical fibers. In the soliton techniques, the pulse is sufﬁciently strong
to maintain the Kerr effect but is also low enough to avoid the generation of the higher-order soliton.
The selection of an efﬁcient modulation format is a key step in the design of optical systems and their
future upgrades, which affects not only the transmission rate but also the overall implementation cost
and system output. The design requires detailed knowledge of the performance efﬁciency of
modulation formats, as well as a clear speciﬁcation of shortcomings, which need to be solved while
proposing new solutions. The upgrade of fiber optic telecommunication systems from transmission
rate 10 Gbit/s to 40 Gbit/s, 100 Gbit/s and above, in many cases, requires converging optical systems,
such that their frequency channels do not interfere or limit each other, which often requires the use of
sophisticated modulation formats and system transparency. Some modulations cannot operate at
higher bit rates because of hardware limitations, the lower amount of information bits included in a
symbol, or because of their lower immunity to dispersion and other physical properties that degrade
signal quality. Transition to higher bit rates very often requires solving the problem of PMD and
nonlinear effects, such as FWM (Four-Wave Mixing), which can strongly affect system functionality
at 10 Gbit/s and above and cause an increase in (BER). For transmission rates higher than 40 Gbit/s
per optical channel, the use of more complex formats is necessary, and the design of new modulations
is expected, which effectively utilize the available bandwidth, reduce the symbol rate, are more
immune to dispersion, and solve at the same time the problem of FWM. The margin created a few
years ago for so-called future use, in many cases appears as not sufﬁcient at present. In practice, there
is a will to maximize the use of existing infrastructure, installed fibers; mostly SMF exhibiting
undesired dispersion or Dispersion Shifted fibers (DSF) causing the origination of FWM at the C band.
The upgrade can also require running a new system over an existing frequency grid by using another
modulation format. Transmission schemes for high-density optical systems operating at 40 and 100
Gbit/s wavelength channels can use phase modulation combined with PDM (Polarization Division
Multiplexing), coherent detection, and Digital Signal Processing (DSP). PDM halves the symbol rate,
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introducing higher bit rates, cheaper components, and ﬁtting into a proper channel grid at the cost of
an increased transceiver complexity. The research on modulation formats above 100 Gbit/s is usually
more important for backbone networks. While moving closer to subscriber’s equipment, lower
transmission rates per optical channel can be sufﬁcient and the focus is multiplexing techniques that
accommodate more users within the same shared bandwidth. Due to the high expenses of the optical
cables’ preparation in terms of budget-wise, the high-efﬁciency utilization of the fiber links becomes
a primary demand to be achieved. On the opposite aspect for brief hauls within the network tiny
capability links are needed wherever sometimes only one optical wavelength is deployed in such
links. Therefore, for capability improvement, the POL-MUX approach offers a versatile resolution to
beat such difﬁculties. Therein case, the capability simply is doubled. Polarization ﬁlters area unit
inserted at each end of the link polarization beam splitters (combiners), by this manner a brand-new
association is established mistreatment two optical beams orthogonally polarized. Generally, the
modulation technique on the two optical beams is totally different therefore as their wavelength. That
technique has a further advantage regarding the distortion issues. Just in case of enhanced link
capability by a further beam with a special wavelength within the same polarization state, the thirdorder intermodulation distortion deteriorates the performance because of system non-linearity. That
impact is neglected just in the case of the POL-MUX technique.
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CHAPTER 2
POLARIZATION MODE DISPERSION
2.1

Introduction

The future vision of integrating back- and front-haul in 5G mobile networks requires the design of
high-capacity transport network architecture, enabling ﬂexible service management with high
reliability. The bandwidth of optical fibers theoretically allows the establishment of transmission
systems at very high rates. However, the electronic processing of data, on transmission and reception,
imposes limitations in terms of bit rate, due to electronic components whose bandwidth remains well
below that accessible by the optics. The increase in the number of users and the amount of information
exchanged in communication networks has led to the development of solutions to increase network
capacity, and to take advantage of the available bandwidth offered by fiber optics.
In optical fibers, there is usually some slight difference in the propagation characteristics of light
waves with different polarization states. A differential group delay can occur even for fibers which
according to the design should have rotational symmetry and thus exhibit no birefringence. This effect
can result from random imperfections or bending of the fibers, or other kinds of mechanical stress,
and is also affected by temperature changes. Mainly due to the inﬂuence of bending, the PMD of a
cabled fiber can be completely different from that of the same fiber on a spool. Modern fiber cables
as used in fiber-optic links have been optimized for low PMD, but the handling of such cables can
still have some inﬂuence [12].
The terms PMD and DGD (differential group delay) are often used interchangeably, but sometimes
with slightly different meanings. Some authors call the phenomena PMD and consider DGD to be its
magnitude. Others deﬁne PMD as the statistical standard deviation of DGD in some wavelength
intervals. Note that for optical fibers the DGD can have a substantial and complicated dependence on
the optical wavelength [13]. Some authors use the term second order PMD for the derivative of the
differential group delay with respect to an angular frequency although there is no second-order
derivative involved.
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2.2

Dispersion phenomena

In this chapter we show ﬁrst the optical fiber dispersion types, then, we focus on PMD type and
we analyze our simulation results, we study its behavior in the optical medium for different
parameters and we show how to compensate the effects of PMD in systems, where PMD in such
systems could cause ﬂuctuations in optical transmission due to crosstalk and cross-phase modulation
[14].

2.2.1

Chromatic dispersion

The optical properties of a transparent dielectric material such as silica are dependent on the optical
frequency of the radiation passing through it. Chromatic dispersion or group velocity dispersion is
the pulsation dependence of the linear refractive index n2, reﬂecting the presence of resonance bands
of silica in the ultraviolet and far-infrared. Group velocity dispersion causes a phase difference
between different spectral components. Thus, during the propagation of short pulses in a dispersive
medium such as silica fibers, the group velocity dispersion induces a temporal enlargement of the
pulse (ﬁgure 2.1) [15]. Far from the resonances of the material, the refractive index can be expressed
from the Sellmeier Equation where λ is the wavelength, and Bi and Ci are experimentally determined
Sellmeier coefficients.
𝐵 𝜆2

n2 (λ) = 1 + ∑𝑖 𝜆2𝑖−𝐶

(2.1)

𝑖

According to the equation, the refractive index is a function of the wavelength as n ().

Figure 2.1: Evolution of the pulse during its propagation in the optical fiber.
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The kind of dispersion appears in the Taylor series development of the propagation constant β around
the central ω0 pulsation of the pulse is:
ω

1

1

β(ω) = n(ω) c = β0 + B1 (ω − ω0 ) + 2 β2 (ω − ω0 )2 + 6 β3 (ω − ω0 )3 +. . . . . . . . . ..

(2.2)

The propagation constant is expressed as:
β0 =

n(ω0 )ω0

∂B

1

β1 = (∂ω)ω=ω0 = V

and

c

g

[s/m]

(2.3)

The coefficient of order 2, β 2, characterizes the dispersion of the group velocity.
∂2 B

β2 = (∂ω2 )ω=ω0 =

ωd2 n

[s2/m]

cdω2

(2.4)

For the propagation of pulses in the fibers, the dispersion parameter ChD (λ) is used more
frequently:
ChD (λ) =

λ d2 n
c

dλ2

=−

2πc
λ2

ps

. β2 [nm.km]

(2.5)

The group delay, that is the time taken by a signal to traverse the unit of length, depends on the
wavelength λ. In the case of a signal coming from a source emitting on a linewidth Δλ, these
propagation times will spread out over a certain duration. The chromatic dispersion parameter (ChD)
is deﬁned as the derivative of the group delay with respect to the wavelength for a fiber length of 1
km. It is generally given in ps/(nm.km), the picoseconds corresponding to the temporal broadening,
the nanometers to the spectral width, and the kilometers to the fiber length. Chromatic dispersion is
the sum of a term of pure material (material dispersion) and a term due to waveguiding (modal
dispersion) [16].

2.2.2

Material dispersion

Enlargement is caused by the fact that the refractive index of glass is not the same for all
wavelengths. This dispersion exists in all-optical fibers whether single-mode or multimode, and it is
very small at the wavelength of about 1300 nm.

2.2.3

Waveguide dispersion

Enlargement is caused by the fact that the propagation constant of the guide depends on the
wavelength. In the case of digital transmission, this enlargement must not exceed a fraction of the bit
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time to guarantee a low error rate. This implies a distance limitation for propagation without
compensation. This distance is called the dispersion limit or the chromatic dispersion length LChD. It
represents the transmission distance at the end of which a pulse will widen by the one-bit interval.
The estimated dispersion limit for a signal with a spectral width of Δλ is given by:
1

𝐿𝐶ℎ𝐷 ≈ 2G∆λCh

D

 = 1/(2G)

and

(2.6)

Where G is the bit rate and 𝐿𝐶ℎ𝐷 is the chromatic dispersion. This also means that for a given
transmission length L, the chromatic dispersion also limits the bit rate that can be transmitted. This
limitation is more drastic as the transmission rate is high.

Figure 2.2: Chromatic dispersion in a standard SMF.
Figure (2.2) shows that there are two zones of chromatic dispersion: a zone where Dλ < 0, the
so-called “normal” dispersion regime, and a zone where Dλ > 0, the so-called "abnormal"
dispersion regime. In the ﬁrst case, the spectral components correspond.
ding to the low frequencies (at the long wavelengths) have higher phase33 velocities and
therefore move towards the front of the impulse whereas in the second case, they are the higher ones.
Frequencies (short wavelengths) are the fastest. In both cases, the chromatic dispersion generates
a temporal enlargement of the pulses because it propels some spectral components at the front of
the pulse and others at the rear [17] [c7].
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2.2.4

Polarization mode dispersion

PMD is the most complex. In digital multimode fiber systems, a light pulse separates into multiple
spatial paths or modes. Each component reaches the receiver at a slightly different time (ﬁgure 2.3),
broadening the received pulse. The PMD is a physical phenomenon in an optical fiber that causes
light pulses to spread in time. If the amount of spread (dispersion) is excessive adjacent light pulses
will overlap and interfere with each other. PMD is a property of a single-mode fiber or an optical
component in which signal energy at a given wavelength is resolved into two orthogonal polarization
modes with different propagation velocities. Polarization also occurs when light is scattered while
traveling through a medium, PMD in long-haul optically ampliﬁed light wave systems is a subject
that has recently been receiving increasing attention. Due to small-fiber-core anisotropies and residual
stresses in single-mode fibers, light in orthogonal polarization states can see signiﬁcantly different
group delays associated with the local fiber birefringence. The differential delay due to the local
birefringence is overcome somewhat by random coupling of light between polarization states as the
light propagates down the fiber. The effect is explained in terms of a random walk in the DGD
between polarization states and the DGD builds up with the square root of the propagation distance
[18]. In dispersion-shifted single-mode fibers, where the chromatic dispersion can be made very small
at the 1.551m operating wavelength, the PMD of the cable can be the major source of ISI (InterSymbol interference) in optically ampliﬁed systems where the effect accumulates over the whole
system length. As PMD is a random effect, unlike chromatic dispersion, it cannot be externally
equalized and thus there is a strong motivation to minimize its magnitude in long-haul submarine
cables. The impact of PMD on IM/DD data transmission is to induce inter-symbol interference (1%)
at the receiver. The dependence of the PMD-induced ISI penalty on the PMD of the cable can also be
investigated using Monte-Carlo techniques. Two simulation techniques were developed to describe
the statistical and wavelength characteristics of PMD in submarine fiber optic cables and ISI-induced
optical power penalty due to PMD in long-haul systems.
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Figure 2.3: The cross-polarization phenomena.
When light strikes the atoms of a material it will often set the electrons of those atoms into
vibration. The vibrating electrons then produce their electromagnetic wave which is radiated outward
in all directions. This newly generated wave strikes neighboring atoms, forcing their electrons into
vibrations at the same original frequency. These vibrating electrons produce another electromagnetic
wave that is once more radiated outward in all directions. This absorption and remission of light waves
cause the light to be scattered about the medium. The scattered light is partially polarized [19]. We
present the PMD effect on the quality of the network parameters (distance, BER, bit rate quality factor
Q) to well know the behavior and the effect of PMD in the optical fiber network [c13].
2.2.4.1

PMD induced pulse broadening (fiber length = 200 km)

That demonstrates the broadening of a very short (Dirac δ-shaped) pulse caused by PMD which is
simulated using ‘OPTYSESTEME’ software [Appendix B]. It also shows that the probability
distribution function of the differential group delays between the principal states of polarization
generated by the component agrees well with the Maxwellian probability distribution. The coarse
step method with fiber segments with variable length is used. This example is an illustration of the
low coherence model (see e.g. the deﬁnition of PMD that neglects the coherence of light). Let I(t,
z) be the time-dependent intensity at position z along with a fiber with high polarization mode
coupling when a short (with respect to the polarization mode delay) pulse is launched. The following
expression for the RMS width of the pulse exists:
(∆τ)2 =

∆2 h2
2

2z

2z

( h − 1 + (e(− h ) ))

(2.7)

Where ∆ is one half of the difference of the group delays per unit length between the fast and slow axes
of the fiber and h is the mean coupling length in the limit. After many mathematical manipulations,
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the RMS width can be expressed as:
t2 (t,z)dt

τ=√

∫

−(
I(t,z)dt

2

∫ tI(t,z)dt
)
∫ I(t,z)dt

(2.8)

for z >> h (high polarization mode coupling) I(t,z) is close to Gaussian, (∆τ ) is its full width and
equation (2.7) becomes:
(∆τ )2 = ∆2h

(2.9)

Figure 2.4: Block diagram of PMD simulation.

(a)

(b)

Figure 2.5: Input of the emission pulse (red: frequency domain, blue: time domain).
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(a)

(b)

Figure 2.6: Output of the received pulse (red: frequency domain, blue: time domain)
The PMD coefficient parameter in the optical fiber component (DPMD) is DPMD = 2Δ√h. The
parameters of the pulse generator and the optical fiber components are the length of the fiber is 200
km, bit rate 40 Gbit/s, sequence length 4 bits, samples/bit is 2048, the number of samples is 8192,
frequency is 193.1 THz and PMD coefficient is 0.5 ps/km1/2.

2.2.4.2

Cross polarization effects for variable length

PMD can cause serious problems in high bit-rate transmissions. In our simulations which are
released by the ‘OptiSystem’ simulator, the PMD emulator is used to demonstrate the distortions in
the transmitted signal, [20] caused by ﬁrst and second-order PMD effects. The system shown in ﬁgure
2.7 is utilized in the simulations. It has been composed to determine the link quality factor varying
the fiber length, bit rate, and PMD. The simulations are based on the block diagram shown in (ﬁgure
2.7). The following elements are taken into account: a generator providing Pseudo-Random Binary
Sequence (PRBS) signal with a bit rate of G, a generator producing a Non-Return to Zero (NRZ)
coded signal, a generator delivering a continuous wave (CW) optical signal at 1550nm wavelength,
a Mach-Zehnder modulator described by an analytical model, an optical fiber with length L = 100
km. The PMD coefﬁcient is 0.5 ps/km1/2. The polarization analyzer allows the user to calculate and
display different properties of signal polarization.
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Figure 2.7: Block diagram for calculating the PMD effects [c14]
A polarization meter allows the user to calculate the average polarization state of the optical signal,
including the degree of polarization (DOP). To show the PMD effect on the transmitted signal it is
necessary to apply a PIN photodiode to convert the optical signal into an electric signal where the red
curve represents Q factor.

Figure 2.8: Simulation results without PMD coefﬁcient (A) and with PMD coefﬁcient (B)
The photodiode has a bandwidth of 50 GHz, a sensitivity of 0.55A/W, a dark current of 5 nA.
Figure (2.8) represents the eye diagrams obtained at the output of the reception ﬁlter for the case
when the PMD is considered or not. The output of the PIN photodiode is connected to a Bessel type
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low pass ﬁlter of order 5, and a cut-off frequency of 0.8 times the bit rate. An electrical power meter
allows the user to calculate and display the average power of electrical signals. The received signal
is characterized by the BER and eye diagram. The main objective of this investigation is to show the
cross-polarization effects of different types of optical fibers.
2.2.4.3

Impact of fiber length on the quality factor

Simulation is used with the following parameters: fiber length (variable), bit rate G = 40Gbit/s.
PMD coefﬁcient 0.5 ps/km1/2. There is a relation between quality factor and BER: the BER is half of
the ‘erfc’ function of the Q factor over √2 (see Eq. (3.33), Q factor is dimensionless [21]). The CD
(chromatic dispersion) is 16.75 ps/nm/km. The results providing the Q factor with variable fiber
length are presented in ﬁgure 2.9. We can notice, the more the length of the link increases the more
the quality factor decreases at a bit rate of 40 Gbit/s. The length of a link cannot exceed 100 km to
have a good quality system. It means that the usable fiber length is dependent on the PMD and CD.
When the fiber length increases the DGD also increases.

Figure 2.9: Impact of fiber length on the quality factor [c14]
2.2.4.4

Impact of bit rate on the quality factor

The simulation is used with the following parameters: bit rate (G) variable, fiber length L = 200km,
PMD 0.5 ps/km1/2. The results of this simulation are shown in (ﬁgure 2.10).
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Figure 2.10: The impact of bit rate on quality factor (Q) [c14]

We can see that there is a decrease in the quality factor (Q) when the bit rate is increasing. We also
notice that for a bit rate of 40 Gbit/s a good quality factor Q = 6 is obtained, but with higher values of
bit rate the quality factor degrades. That means the bit rate is a factor that limits the performance.
2.2.4.5

Impact of PMD coefﬁcient on the quality factor

The simulation is used with the following parameters: bit rate = 40 Gbit/s, fiber length = 200 km,
PMD coefﬁcient= 0.5 ps/km1/2. The chromatic dispersion is 16.75 ps/nm/km; the simulation results
are shown in (ﬁgure 2.11). As we can notice, only the PMD coefﬁcient values ≤ 0.5 ps/km1/2 give a
good quality factor Q ≥ 6. The other PMD coefﬁcient values PMD > 0.5 ps/km1/2 degrade the quality.
When the coefﬁcient PMD increases, the differential group delay also increases. That means the PMD
coefﬁcient has a signiﬁcant effect on the quality factor [22].
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Figure 2.11: The impact of PMD coefﬁcient on quality factor (Q) [c14]
2.2.4.6

PMD impact on the electrical power

According to (ﬁgure 2.12) we notice that as the PMD coefﬁcient increases the electrical power
decreases and the Q factor decreases. This relation is because of the dispersion of the PMD. A linear
effect of the dispersion compensates the nonlinear effects of the PMD of the fiber [23].

Figure 2.12: Variation of the electrical power according to PMD coefﬁcient [c14]
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2.2.4.7

Polarization state

We note that at the end of the fiber the received signal has an elliptical polarization state (azimuth,
75.0419˚and ellipticity, ϵ = -15.2022˚). The total power of the polarized light is so about −10.2 dBm
and remains lower compared to the input laser diode power equal to −0.5 dBm. Figure 2.13 shows
the state of polarization. The four Stokes parameters are (s0=-0.52994, s1=-0.74756, s2=0.43014, s3=0.5061) the frequency is 193.1 THz [c6] [c14].

Figure 2.13: Poincare sphere[c14]
2.2.4.8

Polarization by scattering

The light backscattered by an optical fiber segment (ﬁgure 2.14) without any defects or abnormal
characteristics is spectrally decomposed into three distinct peaks corresponding to three outstanding
phenomena [23]:
•

Rayleigh scattering: the electromagnetic wave propagating in the fiber core interacts with the

scattering centers which are due to silica impurities and enhancing additives.
•

Raman scattering: the Raman effect is an interaction between light and thermal vibration of

silica molecules. As such, this phenomenon is highly dependent on the temperature at the spectral
level.
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Figure 2.14: Polarization by scattering in optical fiber [c6]
• Brillouin scattering (SBS) is frequently encountered when narrow-band optical signals (e.g.
from a single-frequency laser) are ampliﬁed in a fiber ampliﬁer, or just propagating through a passive
fiber. While the material non-linearity is not very high (e.g. in silica), the typically small effective
mode area and long propagation length strongly favor nonlinear effects [25]. (Figure 2.15) shows what
happens when a monochromatic light wave is injected into a 10 m long fiber. The counter-propagating
Brillouin-shifted wave starts from quantum ﬂuctuations with a very low optical power but grows
rapidly. Still, it is far smaller than the input power of 1 W.

Figure 2.15: Pump power (propagating from left to right, red curve) and resulting Léon Brillouin
signal power (right to left, orange curve) in a 10 m long fiber. The pump input power is 1W [c6].
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2.2.4.9

PMD induced penalties for ﬁxed and variable scattering length

Figure 2.16 shows the simulated effects of PMD by scattering with ﬁxed and variable scattering
section lengths. It contains the following elements: CW laser with 195 THz of frequency and power
equal to 5dBm; Pseudo-Random Bit Sequence Generator using NRZ pulse generator; Mach-Zehnder
Modulator with 30 dB extinction ratio; PIN detector; low pass Bessel ﬁlter; 3R regenerator; and a
200 km long SMF with PMD coefﬁcient of 0.5 ps/km1/2 considering nonlinearity effects, dispersion;
and mean scattering section length. We illustrate the receiver signal using the BER analyzer. The result
is shown in (ﬁgures 2.17a and b) using an eye diagram of PMD induced penalties for ﬁxed
scattering(a) and variable scattering(b) length [c6].

Figure 2.16: PMD induced penalties for ﬁxed scattering length [c6].
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(a)

(b)

Figure 2.17: Eye diagram of PMD induced penalties for ﬁxed scattering(a) and variable
scattering(b) length [c6].
Simulations are carried out for two different polarizations of the optical input signal. Figure 2.17a
shows the output signal for an input state of polarization (SOP) aligned with one of the two principal
states of polarization and shows the threshold of the Q factor of the signal (red graph), azimuth = 0˚,
and ellipticity = 0˚. In (figure 2.17b), the output signal is the same, but the input SOP is aligned with
the other axis, azimuth = 90˚ and ellipticity = 0˚, and the scattering section length is variable [26].
The thermal noise parameter of the PhDet (photodetector) is set to 3.10−20W/Hz. In the optical
fiber component, all the effects except PMD are disabled, and the reference wavelength is set to
1550nm. Note: in order to study the PMD statistics (probability distribution functions) the reference
wavelength must be ﬁxed ("User-deﬁned reference wavelength parameter" in the Optical fiber
component must be set to TRUE) [27]. Otherwise, the PMD-induced system penalties will not show
any dependence on the carrier wavelength of the signal on the equivalence between averaging and
spectral averaging [28]. The results for the Q-factor of the system, as a function of the carrier
wavelength calculated with both ﬁxed and variable scattering section length, is shown in figure 2.18a
and figure 2.18b.
In the case when ﬁxed scattering section length is used, the Q-factor is a periodic function of the
wavelength. No such periodicity appears in the case of variable scattering section length calculation.
The observed periodicity in the ﬁrst case is related to the spectral periodicity of DGD between the
PSPs of the fiber [29]. The period of the latter is the inverse DGD induced by a single scattering
section and its value agrees well with the results presented in ﬁgure 2.18a and ﬁgure 2.18b [Appendix
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B]. When working with ﬁxed scattering section length, the spectral interval covered by the simulation
must be smaller than the spectral period of the DGDs (the inverse of the DGD induced by a single
scattering section) to ensure the statistical independence of the collected data.

(a)

(b)

Figure 2.18: Q-factor as a function of carrier wavelength with a ﬁxed scattering section length [c6].
2.2.4.10

Cross-phase the Sensitivity to PMD by using WDM.

Another strategy can be to limit the capacity of each transmission channel but using many different
channels in a single fiber, e.g., with the technique of wavelength division multiplexing. There are also
advanced modulation schemes with reduced symbol rate (for a given bit rate), which are less sensitive
to PMD enabling ﬂexible service management with high reliability to achieve this progress we will
understand well the non-linear effects related to polarization, the modulation of cross-polarization
will be present in detail then it's analyzed the variability of performance due to nonlinear effects in
WDM transmission systems at 112 Gbit/s per channel and using PDM-QPSK to establish rules design
to reduce this variability. ﬁrst it is presented the generation of QPSK and PDM-QPSK modulation
formats. We study this variability due to the main non-linear effects (XPM and XPolM) in these
systems by varying the initial polarization states of the signals and the time shift of the two
polarization components of the different transmission channels at the same time. We analyze the
inﬂuence of PMD and chromatic dispersion as well as the impact of the type of data sequences used
on the transmission for the generation of different WDM signals on the transmission performance
variability [30].
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2.2.4.10.1

Numerical Evaluation of the Performance Variability of transmission

The diagram describes the modeled optical transmission system in my numerical simulations. This
simulation is shown in (ﬁgure 2.19) the transmitter generates 16 modulated channels in PMD- QPSK
with a modulation speed equal to 28 GBaud (or Gsymbol / s), the space between the different PMDQPSK channels is 200 GHz (191.5 THz to 194,5 THz). Each of the polarization components of WDM
signals is generated from different Quaternary sequences of "De Bruijn" (The sequences of De Bruijn
are sequences of length L = qm containing each sequence of m symbols [31] ). However, their
autocorrelation function is maximal at τ = 0 but is not minimal for τ ≠ 0 (there may be ﬂuctuations)
[32].
Then the channels are ﬁltered using a low pass Bessel optical ﬁlter. We vary the polarization state
of the WDM channels in fiber input, as well as the time lag of the different components in polarization
for each WDM channel by randomly drawing the azimuth αi, ellipticity εi and the time, offsets δti, //
and δti, ┴ respectively in the intervals [-π / 2; + π / 2], [-π / 4; + π / 4] and [0; Ts].
After that, the channels are multiplexed after 50km of single-mode fiber whose attenuation
coefﬁcient, the non-linear coefﬁcient γ, and the chromatic dispersion coefﬁcient ChD are respectively
equal to 0.18 dB/km, 17 ps.nm−1km−1, and 10 km of DCF. The power loss of the signal injected into
the optical fiber is compensated for each section, using EDFA (erbium-doped fiber ampliﬁer) without
noise in the line it is gain equal to 10 dB.
Vector propagation of optical signals in the fiber is modeled using the Fourier method with separate
steps on (NLSE) [33].
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Figure 2.19: Diagram describing the modeled transmission system in numerical simulations.
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2.2.4.10.2

Inﬂuence of chromatic dispersion and polarization mode dispersion on quality
factor distribution

To realistically quantify the performance variability in the nonlinear regime, we made more
random draws for the distribution of the factor Q2 considering a mean power 2 dB above the NLT
(nonlinear transmission). In ﬁgure 2.20a, we illustrate the distribution of the Q2 factor by performing
500 random draws of the set in the two chromatic dispersion management conﬁgurations. The aim
was to study the inﬂuence of the PMD. We have shown in ﬁgure 2.20b the distribution of the Q2 factor
for an average DGD of 0 ps in the "with DCF" (Dispersion-compensating fiber) conﬁguration for
only 200 random draws of the set simulated the DGD at the output of fiber at different times. We see
that it varies according to a Maxwellian law. Since the value of the PMD is the average value of the
DGD, the factor Q2 is averaged over its values obtained by considering 40 different realizations
of the fiber. We vary the draft of the slow and fast axes of the birefringent elements, from one
embodiment to another. Ideally, we should consider more achievements to correctly explore the
probability distribution of the DGD and get a good estimate of the average Q factor, but we have
limited ourselves to 10. A mathematical study of distribution laws has not been made but each
distribution curve obtained has been superimposed on the closest Gaussian form.
From (ﬁgure 2.20a) we have a width at 5 per 1000 of the maximum normalized occurrences
∆Q25% of 2.2 dB and 1.5 dB respectively for the "with DCF" and "without DCF" conﬁgurations. By
analyzing (ﬁgure 2.20b), we ﬁnd that the Q2 factor is improved in the presence of PMD. Moreover,
we note that the width ∆Q25% is greater in the case "with DCF" and without PMD (∆Q25% = 2dB)
whereas it is smaller when we emulate a PMD of 30 ps (∆Q25% = 0.6dB). This suggests that this
variability may be due to XPM and XPOLM (Cross Phase Modulation and Cross Polarization
Modulation) indeed, in the absence of online DCF, the different channels slide relative to each other
and their non-linear interactions are averaged. In the presence of PMD, the two-polarization
components do not propagate at the same group velocity and their nonlinear interactions are reduced
[33] [34].
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Figure 2.20: (2.20 a) distribution of the Q² factor at a Pin.avg power, with 2 dB above the NLT, in
the two chromatic dispersion management cases, without PMD and considering 500 random draws
of the set {αi, εi, δti , // and δti, ┴}.
(2.20 b) distribution of the Q² factor to a Pin.avg power, with 2 dB above the NLT in the "with
DCF" configuration for 200 random draws of the set {αi, εi, δti, // and δti, ┴} and considering a mean
DGD = 0 or 30 ps.
2.2.4.11

Compensation of polarization mode dispersion

The PMD has a direct impact on signal quality [35]. Therefore, all the parameters relating to the
system performance can be used for the estimation of PMD [36]. In this dissertation, the following
parameters have been used: bite error rate (BER), eye diagram, Q factor, and optical signal to noise
ratio OSNR. However, because polarization multiplexing devices are very sensitive to linear and
nonlinear effects, any modiﬁcation to polarization controller will affect all system parameters, which
require measuring all evaluation parameters not only a subset of them. There are four ways to
compensate for the PMD. The ﬁrst one is the electronic compensation using either linear or nonlinear
ﬁlters or using some complex techniques of signal processing. The advantage of this method is the low
cost of electronic technology. The second method is the optical compensation of PMD that is based on
polarization controllers. This method is applied in this dissertation. The third one is based on the
analysis of the electrical spectrum. In that case, the spectrum analysis method is used to evaluate the
DGD by measuring PMD linear and non-linear spectral characteristics induced by signal distortion.
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Finally, the last method is the measurement of DOP. The efﬁciency of this method depends on
the ratio between the DGD and the bit time. If the DGD is higher than the bit time a secondary
maximum for the DOP is obtained. The advantages of the third and fourth methods are that they
are analog, fast, and asynchronous [37].
2.2.4.12

Pre- and post-compensation

The simulation diagram in ﬁgure 2.21 represents a single-mode optical link controlled by a
polarization controller (PC) we show the main used boxes and parameters. In the emission part CW
laser, random signal generator, Mach-Zehnder modulator, an optical fiber with length equal to 100
km and PMD = 0.5 ps/km

1/2

have been used.

Figure 2.21: Block diagram of double polarization link (pre-and post-compensation
simulation) [j1]
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The power is 13 dBm. Then in the receiver part, an EDFA has been added to amplify the transmitted
signal which compensates the attenuation. Further bandpass Bessel optical ﬁlter, photodetector, and
low pass Bessel ﬁlter are also applied. The last one has a 3 dB cut-off frequency of 0.75bit rate.
Finally, the result has been presented using BER analyses with the eye diagram. The ﬁrst simulation
is carried out without a polarization controller. That means no compensation has been made for the
PMD effects. In the second simulation, the PC was inserted before the optical fiber (OF). Finally, in
the third one, the PC was inserted after optical fiber with azimuth equal to 90◦ and ellipticity 45◦. In this
simulation, a PMD emulator was applied to show its effect on the quality factor with variable fiber
length with the ﬁrst and second-order component of PMD. The result shows that the quality factor
diminishes by l% for each 100 km of transmission. In the ﬁrst propose, without using the polarization
controller we get very noisy signal transmission when the Q factor is equal to 3 and BER is 1.3510−3.
A bad signal transmission has been detected due to PMD effects. The result is shown by the eye
diagram in ﬁgure 2.24a.
2.2.4.12.1

Pre-compensation

The principle of this method is to adapt the parameters of the controller to transform the state of
polarization from ̂s0 state to ̂s state which is parallel with the PSP (principal state of polarization) at
the input of the fiber which is ̂q0 as shown in Fig. 21.
In the first part of the simulation, a polarization controller was inserted before the OF, the azimuth
equal to 90° and ellipticity equal to 0°. We obtained just half of the optical signal and vice versa with
the ellipticity when it is equal to 45°. The result is shown in the eye diagram when the Q factor equals
6 after inserting the PC.
In Fig. 2.24.b the eye diagram shows improvement in the quality of the signal. BER is equal to
10−8 because in this case the polarization for the first order was compensated [38].
2.2.4.12.2

Post-compensation

This technique is based on avoiding the total PMD. This technique requires a polarization
−τ2) and the delay of
controller to adjust the PMD orientation of the compensator (oriented signal →
the PC element (time delay τ2) to adapt the amplitude of PMD in the optical fiber and M is the
rotation matrix [39]. This method is expressed by the following vector eq. (2.10):
ŝ0 //(τ⃗0 + Mt−1 τ⃗2 )

54

(2.10)

Figure 2.22: Diagram of the PMD pre-compensation.

Figure 2.23: Diagram of PMD post-compensation Method.

In this simulation, a PC after OF with a polarization delay of 1 s over the X-axis is used as shown in
(ﬁgure 2.23). The received signals are presented in ﬁgure 2.24c by the eye diagram. The enhancement
of the Q factor which is equal to 7 is remarkable. To obtain good signal transmission with PM
compensation, both pre-and post-polarization compensations are used by inserting polarization
controllers before and after the fiber [40] [j1]

Figure 2.24: Eye diagram without polarization compensation (a), with pre-compensation (b) and
post-compensation (c) of PMD.
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2.3

Conclusion

PMD can be deﬁned as the random effect caused by the imperfect symmetry and constantly
ﬂuctuating stresses that fiber can experience and can be measured as an average value over time.
This randomness makes it a lot more difﬁcult to compensate for, and much research is still taking
place in this area. PMD has not been a signiﬁcant effect at the bit rates up to 10 Gbit/s deployed at
the moment, but with the tight (25 ps) bit period of 40 Gbit/s systems, it is expected to become an
issue in the near future.
Dispersion is deﬁned as the spreading out of light pulses in time and has many categories, such
as chromatic and PMD. Chromatic dispersion is caused by different wavelengths of light traveling
at different speeds and is a combination of material and waveguide dispersion, and it can cause
adjacent bits to spread into each other in a signal because the signal contains a small range of
wavelengths. To compensate for the chromatic dispersion advanced fiber types can be used for such
purpose.
On the other hand, PMD is caused by the light waves of different principal states traveling at
different speeds. For optical links with 100 km length, the quality factor can decrease by more than
10%. To maintain a good quality of an optical signal, the maximum bit rate must be less than
40 Gbit/s, the fiber length should not exceed 130 km and the PMD coefﬁcient should be less than
0.5 ps/km1/2. We noticed that the wavelength increases the scattering decreases and the BER is
better than 10−7 in the case of variable scattering length.
Also, we noticed that in the case of ﬁx scattering length, the spectral interval covered by the
simulation is smaller than the spectral period of the DGDs and Q factor. The Q-factor is a periodic
function of the wavelength and this relationship is the opposite compared to the case of variable
scattering length [j1].
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CHAPTER 3
OPTICAL POLARIZATION
MULTIPLEXING
3.1

Introduction

The fiber optic link is one of the important segments of up-to-date telecommunication systems.
Developing low cost, extremely reliable optical systems with very low latency for the massive
machine to machine and enhanced broadband mobile connections is a hot research topic. Motivated
by this we investigated the polarization multiplexing technique applicable in fiber optic links
because it can be used to increase the transmission capacity. The deployment of an optical cable
containing several fibers is a very expensive investment [41].
Therefore, increasing the capacity of existing optical links is an important issue. For that
purpose, polarization multiplexing is a cost-effective approach [42][43]. Polarization multiplexing
means that there are two optical beams with perpendicular polarizations on the same fiber. The two
waves can carry two different information. The polarization multiplexing technique has already
been investigated in some publications [44] and [45]. However, most of them were theoretical
studies or simulations. Many papers discussed the polarization problems in fibers [46] and [47].
Some of them proposed an algorithm to perform the POL-MUX technique [48]. However, an
important issue, crosstalk between orthogonally polarized waves has not been studied in detail.
In this chapter, we present experimental procedures to validate some challenging issues. One of
them is the crosstalk. For reducing the crosstalk, a new approach is suggested. By applying that
method in the experiments, the results prove the applicability of the POL-MUX technique in links
for high-speed long-distance transmission.
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3.2

Principle of investigation

The deployment of an optical cable containing several fibers is a very expensive investment.
Therefore, increasing the capacity of existing optical links is an important issue. For that purpose,
polarization multiplexing is a cost-effective approach. Polarization multiplexing means that there
are two optical beams with perpendicular polarizations simultaneously on the same fiber. The two
waves can carry two independent high-speed channels. There are two different methods for creating
the POL-MUX approach. In the incoherent system, there are two independent lasers with
signiﬁcantly different wavelengths. Therefore, by enough optical ﬁltering, the effect of crosstalk
can be substantially reduced or almost eliminated.
That procedure cannot be applied in the case when we have only a single laser source which
means a coherent system [49]. In this case, the two beams with perpendicular polarization are
produced from the beam of a single laser using a PBS (polarization beam splitter). In this system,
optical ﬁltering cannot be applied for reducing the effect of crosstalk. In the polarization
multiplexing method, the crosstalk between the two waves with perpendicular polarizations is a
difﬁcult problem. As a consequence of crosstalk, the two beams can disturb each other signiﬁcantly.
Crosstalk can appear due to any imperfection in the fiber and the optical circuitry of the transmitter
and receiver. To reduce the effect of crosstalk the generation of individual waves should be perfect
which means each of them to have only a single polarization. Despite the precautions during
propagation along with the fiber, the PMD causes crosstalk impairing signal transmission this way.
In this chapter, we present a new approach for reducing the effect of crosstalk even in the case of
high-speed long-distance transmission. As a countermeasure to the crosstalk problem, we
introduce 90◦ phase shift between the two optical waves with perpendicular polarization. That way
we have orthogonal coherent beams in the time or frequency domain. If that orthogonality is kept
along with the fiber, then the effect of crosstalk is signiﬁcantly reduced. During our experimental
investigations, we utilized the orthogonality of the optical waves with success. The new concept has
been investigated by an experimental set-up. The coherent optical polarization multiplexing link is
presented by the block diagram of ﬁgure 3.1. The beam of a single laser diode is transferred into a
beam with perfect single-polarization applying a PC. That wave is led to a PBS which produces two
beams each of them with single-polarization and their polarizations are perpendicular. These optical
waves are modulated by different information in Mach-Zehnder modulators (MZM). Then the
modulated beams are combined PBC (polarization beam combiner) and put-on single-mode fiber.
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At the reception side, the two channels with orthogonal polarization are separated PBS, detected,
and processed. This way we can determine the quality of signal transmission. The experimental setup is used for performing several measurements.

Figure 3.1: Block diagram of an optical fiber link using polarization multiplexing.

3.3

Properties of the components

Polarization is a property of electromagnetic waves that describes the orientation of their
oscillations at a given point in space [42] [43]. Understanding the physics of certain optical
components (fibers, polarizers, polarization controllers, beam splitter, beam combiner, etc.)
requires a good knowledge of the basic concepts related to polarization.

3.3.1

Polarization controller

Starting with the experimental study, we investigated the behavior of PC type PC-HP 8169A
which is needed for polarization-sensitive devices like Mach-Zehnder modulator, laser sources, etc.
Moreover, the polarization controller is a perfect device to create all the possible states of
polarization easily and speedily. The laser beam has elliptical polarization. Therefore, its beam is
passed through a linear polarizer plate in the polarization controller to create a perfect linear
polarization wave from the laser beam. Then by the quarter-wave (λ/4) and half-wave (λ/2) plates,
the SOP is adjusted [s19].
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Figure 3.2: Poincare sphere [j3]
The half-wave (λ/2) plate with its axis oriented at 0˚ will rotate the linear polarization to
horizontal polarization and the quarter-wave (λ/4) plate oriented at 90˚ will rotate the linear
polarization to vertical polarization. The wavelength is λ=α sin /2 (α is the orientation of the axes,
 is the rotation for the angle) as illustrated in (figure II.2). That figure shows how the PC-HP
8169A type polarization controller creates the relative states of polarization points according to a
specified path. (Figure 3.2) also shows the orthogonal great circles on the Poincaré sphere at λ/2
and λ/4. PC-HP 8169A ensures high PER (polarization extinction ratio) for both orthogonal
polarizations. PER is the ratio of optical powers of perpendicular polarizations, usually called TE
(transverse electrical) and TM (transverse magnetic) usually the PER is used to characterize the
degree of polarization in a polarization-maintaining device or fiber. For coherent transmitter and
receiver, the PER is a key parameter since X polarization and Y polarization are coded with
different signals.
The PC connected to the laser output is used to rotate the polarization angle of the laser beam.
This angle influences the operation of the PBS which is connected to the output of the polarization
controller. The rotation angle was varied to get maximum power for each channel as it is shown in
(figure II.3). The maximum power of 2.56 dBm has been achieved with 0˚ phase of the half-wave
plate and 90˚ phase of a quarter-wave plate. The power loss due to PC was around 2.5 dB.
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Figure 3.3: Output power of the channels versus the phase shift of linear plate of polarization
controller [j3].

3.3.2

Polarization beam splitters

The PBS has many advantages besides its ﬂexible design: it has a high-power handling capability
with high PER, and it is highly modular. It contains two inputs (R and T) and two outputs (1 and
2). The T is used as input and both 1 and 2 as outputs which is shown in ﬁgure 3.4.

A

B

Figure 3.4: Standard orientation of polarization-maintaining fibers on polarizing beam splitter or
combiner [j3].
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We measured the signal at the outputs 1 and 2 of the PBS. The goal in this step was to ﬁnd the
maximum and the minimum output power as well as the adjustment when the two outputs are equal
and of high power. These adjustments are dependent on three parameters: the linear polarizer that
is used to adjust the polarization ﬁlter, quarter-wave (λ/4) plate, and half-wave (λ/2) plate. Figure
3.5 illustrates the relation between the output power of the channels and the polarization phases.
The measurements were performed in different ranges of phase shift (0◦ to 105◦). We noticed that
the best isolation between the two channels was obtained when the linear polarization ﬁlter phase
was 50◦ and the polarization phase was 103◦. The maximum and minimum power values are −0.6 dBm
and −34.36 dBm for the 1st output and the 2nd output, respectively. The isolation was 33.76 dB
providing proper separation between the channels.

Figure 3.5: Power output of the channels: red and yellow curves. As a parameter, the black curve
shows the phase of the linear plate in degree [j3]
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3.3.3

Polarization mode dispersion

One important task is to manage the PMD effect. When we have a wave with the polarization that
polarization is accompanied by a perpendicular polarization. The phase velocities of these two
waves are different which results in the impaired signal at reception. That effect is called PMD.
That is dependent on the ratio of the intensities of two orthogonal polarized waves which is called
PER. The effect of PMD has been investigated by simulation [50][51]. Good performance has been
achieved if PER was kept above 22dB. In the POL-MUX approach, each polarization must meet
that requirement. The high polarization extinction ratio is necessary to reduce the effect of PMD
[52]. When PER is not high enough then besides the useful polarization the optical wave has a
spurious perpendicular polarization with some intensity. The phase velocities of the two
polarization components are different, i.e., PMD causes pulse broadening. Due to pulse broadening,
we get ISI (inter symbol interference) which deteriorates the BER. We investigated the effect of
PER on the BER by simulation. The simulation results show the PER, and the polarization crosstalk
are inversely proportional to each other [47][48]. That means as the PER increases the BER
improves resulting in better performance. In our experiment, the PER was kept at 25 dB.

3.3.4

Mach-Zehnder modulator

The Mach-Zehnder modulator is widely used for optical intensity modulation [2] [53] [54]. Its
most frequently applied version is the single drive Mach-Zehnder modulator. That is relatively
simple and can work at high modulation frequencies up to the millimeter-wave band. It is wellknown that the Mach-Zehnder modulator exhibits higher modulation nonlinearity with increasing
driving voltage. However, another property is not dealt with in detail yet: the Mach-Zehnder
modulator has a parasitic phase modulation beside the useful intensity modulation. The parasitic
phase modulation can cause different disturbing effects during the propagation of the modulated
signal. In this chapter, we investigate the source of phase modulation and its effect on the
modulation characteristics [j5]

3.3.4.1

Single drive Mach-Zehnder modulator

The operation of the Mach-Zehnder optical modulator is investigated using the layout shown in
ﬁgure 3.6. The incoming wave is divided into two equal parts by the branching (point "A"). In one
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arm of the modulator, there is a voltage-controlled phase shifter. The phase shift is denoted by φ.
The relation between the applied voltage (Vm) and the produced phase shift is assumed to be linear:
φ = kVm

(3.1)

The interferometer is adjusted in such a way that the electrical length of both arms is the same.
Therefore, the signals arriving at the output are in phase producing a constructing interference. That
means constructing interference is obtained when there is no phase shift (φ = 0) in the modulation
arm (Vm = 0).

Figure 3.6: The principle of single drive Mach-Zehnder modulator [c10].

An electrical model is used to describe the operation of the Mach-Zehnder modulator. The
wave propagation is characterized by current vectors. At the input (point "A") the incoming
current vector Iin is divided into two equal parts [c10].
Iin = I1 + I2

(3.2)

At point "A" the currents in the arms are equal and real. We use normalized quantities. This
way the magnitudes of the current vectors are taken to be unity (in arbitrary unit) in the arms:
I1 = 1 and I2 = 1

and Iin = 2

(3.3)

The characteristic impedance of the arms Z1 and Z2 are related to the characteristic impedance.
Zin of the input line as follows:
Z1 = Z2 = 2 Zin

(3.4)

This way the input power is divided into two equal parts. The characteristic impedances are
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real quantities. We use again normalized quantities. The characteristic impedances are taken to be
unity (in arbitrary unit) in the arms. Consequently:

Z1 = 1

and

Z2 = 1

and

Zin = 2,

(3.5)

This way the normalized input power is:
Pin = 4

(3.6)

Figure 3.7: Vector representation for the interference of the signals in the arms[j5].

Both arms have the same electrical length. In case when φ = 0 the current vectors arrive at
the output (point "B") in phase which means constructive interference. In the direct arm of the
interferometer, the current I1 is represented by a vector in the positive real axis. In the arm
containing the phase shifter, the current I2 is represented by a vector that is in the plane of the
real and imaginary axes. Thus, the coordinates of the two vectors are:
I1 = 1; I2 = cos(φ) + j sin(φ)

(3.7)

When a phase shift φ is applied in the lower arm, the current vector I1 is rotated by the angle φ
as shown in (ﬁgure 3.7). Then the resultant current vector, i.e. the output current vector Iout is
given as:
Iout = 1 + cos (φ) + jsin(φ)

(3.8)

The output current vector has a magnitude:
|𝐼𝑜𝑢𝑡 | = √(1 + cos(φ))2 + sin2 (φ) = √2√1 + cos(φ)

(3.9)

The output current vector has a phase:
sinφ

tgθ = 1+cosφ
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(3.10)

The power of the output signal is:
Pout = 2(1 + cos (φ))

(3.11)

The Mach-Zehnder (MZ) interferometer is used for optical modulation [c10][2][53]. The phase
φ is varied by the modulation signal, Vm. Therefore, we are interested in the dependence of the
amplitude and phase of the output signal on the phase shift φ in the lower arm of the MZM
interferometer.
The magnitude of the output signal is related to the input signal providing this way the transfer
function of the modulator. Now we take the ratio of the power of the output signal to the input
signal. This way the power transfer function is:
The transfer function H(φ) for the power or optical intensity is:
1

H(φ) = 2 (1 + cos (φ))

(3.12)

This relation is presented by Fig. 3. That is the well-known relationship for intensity
modulation.

Figure 3.8 The well-known intensity modulation characteristic.
π

The inflection point is at φ = 2 (or φ = 900 ) where the power transfer is 0.5. When φ = 0 the
power transfer is 1, and at φ = π (or φ = 1800 ) the power transfer is 0. The other inflection
3

point is at φ = 2 π where the character is rising.
The phase of the transfer function is given as:

θ = arctg

sin (φ)

(3.13)

1+cos (φ)
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3.3.4.2

Intensity modulation characteristics

Changing the phase φ in arm 2 we get intensity modulation. The modulation sensitivity is
obtained as the ﬁrst derivative of the transfer function:
dH(φ)
dφ

1

= − 2 sin (φ)

(3.14)

At the first inflection point of the modulation characteristic where φ = 900 , the modulation
sensitivity is:

dH(φ)
dφ

1

= − 2 , which has a negative sign. Therefore, in this operation point, the sign

of modulation is changed. This way with increasing modulation voltage the intensity of the optical
signal is decreasing.
However, at the second inflection point of the modulation characteristic where φ = 2700 the
modulation sensitivity is:

dH(φ)
dφ

1

= 2. Here the sign of modulation is not changed, i.e. with

increasing modulation voltage the intensity of the optical signal is also increasing [j2]. In most cases
that operation point is used. The modulation phase shift is:
∆𝜑 = ∆φm0 cosωm t

(3.15)

Now φ is a function of the modulation voltage Vm:
∆φm0 = k∆Vm0

(3.16)

Therefore, the intensity of modulation as a function of the modulating signal voltage is:
𝜑 = k∆Vm0 cosωm t
3.3.4.3

(3.17)

The nonlinearity of intensity modulation

To discuss the nonlinear behavior of modulation the power series description is applied, like:
∆H(φ) ≈ a1∆φ + a2∆φ2 + a3∆φ3 + a4∆φ4 + a5∆φ5 +….

(3.18)

The higher derivatives of the transfer function are the following:
d2 H(φ)
dφ2

1

= − 2 cosφ,

d3 H(φ)
dφ3

1

= 2 sinφ,

d4 H(φ)
dφ4

1

= 2 cosφ,

d5 H(φ)
dφ5

1

= − 2 sinφ

Using the above derivatives, the power series of the transfer function is obtained which
describes the modulation nonlinearity. The operation point is at φ = φ0
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(3.19)

1

1

1

1

∆H(φ0) =− 2 sin φ0 (∆φ) − 4 cos φ0 (∆φ)2 + 12 sin φ0 (∆φ)3 + 48 cos φ0 (∆φ)4 −
1

− 480 cos φ0 (∆φ)5
3.3.4.4

(3.20)

Parasitic phase modulation

During modulation, not only the optical intensity but also its phase is changed which
means parasitic phase modulation [c10]. The phase of the modulated signal θ is given by Eq. (13)
as:
sinφ

θ = arctg 1+cosφ

(3.21)

The phase of the modulated signal θ is dependent only on the phase shift φ. Therefore, we take
the first derivative of the modulation phase as a function of the phase shift:
dθ
dφ

dθ

= d(tgθ)

d(tgθ)
dφ

(3.22)

Performing the necessary trigonometric transformations, we get a very simple expression:
dθ
dφ

=

1
2

(3.23)

Therefore, the phase modulation is a linear function of the modulating signal. The phase modulation
or change in θ is half of the modulation or change in the phase shift φ which is proportional to the
modulating voltage: φ = kVm.
1

∆θ = 2∆φ

(3.24)

This very simple relationship is valid in the case when the current vectors in the two arms are equal.
In that case, the current vectors constitute a triangle with two equal sides.

3.3.4.5

The resultant modulation

Modulating the phase shift in one arm of the single drive Mach-Zehnder optical modulator
we get simultaneously both intensity and phase modulation which is presented by the following
expression:
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Figure 3.9: Carrier wave with intensity detection

Figure 3.10: Carrier wave with phase detection[c10].

Aout = 0.5 (1 + cos (φ0 + ∆φm0cos(ωmt))) (cos (ω0t + 0.5∆φm0cos(ωmt))))

(3.25)

This expression exhibits the combined intensity and phase modulation due to the same
modulating signal considering that φm0 = kVm0. The notations are: 0 is the angular frequency of
the optical carrier, m is the angular frequency of the modulation signal, m0 is the amplitude of
the modulating signal. The parasitic phase modulation influences the propagation of the signal in
fiber. Now some examples are presented for the relationship of the modulated optical signal on the
modulating voltage as a result of both intensity and phase modulation. In the example we take the
following data: φ0 = 3/2, ∆φ m0 = 0.2, m = 0.01 0.
The relationship is exhibited for one period of the modulating signal. In case when we have
intensity detection Fig. 4 presents the shape of the modulated carrier wave. On the other hand, when
we have phase detection Fig. 5 presents the shape of the modulated carrier wave.
In this study, the single drive Mach-Zehnder modulator was investigated. If we have a double
drive modulator in push-pull operation, then we get pure intensity modulation. Then in principle,
there is no parasitic phase modulation. Further on in the case of a double drive modulator in pushpush operation, we get pure phase modulation in principle without parasitic intensity
modulation[c10].

3.4

Experimental measurement link

The block diagram of the polarization multiplexing experiment is shown in ﬁgure 3.11. In the
experiment between the transmitter and receiver, the signal propagates through an SMF. An optical
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ampliﬁer is also applied in the receiver because the transmitter power is decreased by 11 dB. In the
receiver we have a PBS to separate the two beams with different polarizations to test the BER and
the eye diagram of the two channels, the measurement results are presented in the following parts
of this chapter[c13].

Figure 3.11: Block diagram of the polarization multiplexing experiment.

3.5

Bit error rate dependence on optical wavelength

The diagram in ﬁgure 3.12 shows the measurement result of the relationship between the BER and
the laser wavelength. The wavelength ranges from 1400 to 1580 nm, while the signal power equals
7 dBm taken into consideration the optical ampliﬁcation too. Although the attenuation coefﬁcient
of the optical fibers is low (0.2 dB/km in the telecommunication band at 1550 nm), long-distance
links require the use of ampliﬁers. We recognize from the diagram in (ﬁgure 3.12), that the best
range to have a good transmission with BER equal to 10-11 is between the wavelength range of
1545 nm to 1555 nm.
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Figure 3.12: Measured BER as a function of the wavelength [j3]

3.6

Dependence of BER on the bit rate

Figure 3.13 shows the measurement result of the relation between BER on bit rate. The bit rate
range starts from 0.1 Gbit/s and extends to 12 Gbit/s; the wavelength is 1550 nm and the optical
power is 7 dBm. The BER is used to evaluate the quality of optical transmission. It can be
determined by comparing the transmitted and received binary data sequence as it is deﬁned by
the ratio of the number of error bits to the total number of transmitted bits.
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Figure 3.13: Measured bit error rate as a function of bit rate [j3]
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3.7

Measurement of BER depending on the received power.

We study the BER as a function of optical power reaching the photodetectors in the receiver.
Measuring an optical fiber with a length of 25 km, bit rate of 12 Gbit/s we received BER better than
10-10 when the ampliﬁcation was in the range of linear operation. We get inverse relation between
the optical ampliﬁcation and BER. As more, we increase the ampliﬁcation beyond a limit the more
the signal becomes distorted due to nonlinearity. When the optical power exceeds the average value,
the pulses undergo a small contraction. On the other hand, if the average power is too low, the nonlinear effects can be neglected compared to the effect of PMD. EDFA was a revolution in optical
telecommunications. Indeed, it's a high gain (>30 dB), high saturation power, wide ampliﬁcation
band (>30 nm) and insensitivity to polarization makes it a key optical component. Nevertheless,
with the pumps set at 980 nm and/or 1480 nm, the EDFA is limited to amplifying only in a speciﬁc
spectral band (the C band from 1530 to 1565 nm) [j3].

3.8

Measurement of BER depending on fiber length.

The fiber length inﬂuences the transmission quality signiﬁcantly. In the POL-MUX application
usually, the length of the fiber is not too long. The results of measurements are presented in (ﬁgure
3.14). BER is depending on two parameters: the fiber length (0 km, 5 km, 10km, 20 km) and the
bit rate (1 Gbit/s, 2 Gbit/s, 4 Gbit/s, 8 Gbit/s, 12 Gbit/s). For each case, we adjusted the clock
generator time delay and the threshold margin of the data detection to improve the BER and the eye
diagram. As an example, ﬁgure 3.15 shows the eye diagram in the case when the fiber length is 10
km.
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Figure 3.14: Impact of the fiber length and bit rate on BER [j3].

Figure 3.15: Eye diagram when the fiber length is 10 km and the BER is 10-10[j3]
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3.9

Proposed simulation for polarization multiplexing
technique (4-QAM /16-QAM)

The proposed POL-MUX scheme is shown in ﬁgure 3.16. The idea is to use two orthogonal
polarizations to carry different RF (radio frequency) signals in the same fiber simultaneously. At the
transmitter side, two orthogonal polarizations are separated and multiplexed using PC and PBC.
Each polarization can carry differently or identically modulated waveforms. The optical carrier
frequency can also be the same or different. On the receiver side, each polarization component is
separated by the PBC same as in the transmitter but in opposite direction. The method of
multiplexing two channels with two orthogonal polarizations has the major beneﬁt of avoiding
intermodulation distortion between them. In the POL-MUX approach, the polarization crosstalk can
cause signiﬁcant impairment. However, with enough PER, the polarization crosstalk can be reduced
substantially. The remaining crosstalk and other impairments can also be compensated after
detection in the digital domain by digital signal processing techniques [55] [56].
We performed simulations with OptiSystem software simulator for the link presented in ﬁgure
3.16. Frequency domain equalization is used for long-haul coherent polarization-multiplexed
(POL-MUX) systems using quadrature phase-shift keying and 16-quadrature amplitude modulation
(16-QAM) [j1].

Figure 3.16: Diagram of POL-MUX for QPSK and 16-QAM signals.
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In the transmitter, the continuous wave DFB (distributed feedback) laser provides 10 dBm output
power at the emission wavelength of 1553 nm. The optical beam is divided into two parts by a 3
dBm splitter. The orthogonal polarizations X and Y in the two arms are generated by non-ideal
polarization controllers with Stokes parameters (S1, S2, S3) equal to (0.9999, 1.61011, 5.3106) and
(−0.9999, 2.65106, −1.31011), the power is 10 dBm.

Figure 3.17: The performance of QAM signals for different polarization extinction ratios.
The fiber dispersion is D=18 ps/nm/km and dispersion slope are 0.08 ps/nm2/km [c14]. In both
arms, OSSB (Optical Single Sideband) signals are generated using dual-drive MZM. One of the
driving signal phases is shifted by 90◦ compared to the other. The modulator driving signal is a 1
Gbit/s QPSK signal on the carrier frequency of 10 GHz for the X-polarization arm and 1 Gbit/s 16QAM signal with a carrier frequency of 10 GHz for the Y-polarization arm. (Figure 3.17) shows
the effect of polarization crosstalk in the case of QPSK and 16-QAM modulation in terms of symbol
error rate (SER). As the PER increases polarization crosstalk reduces resulting in better
performance. To completely separate two polarizations PER of 22 dB has to be achieved. For low
PER the signal power coupling from the QPSK/16-QAM to 16-QAM/QPSK would be high [c14].
The power in the two branches was the same equal to 3dbm, the laser provides 10 dBm output
power at the emission wavelength of 1553 nm before MZM1 is 2.1dBm and MZM2 is 2.0dBm and
after MZM1 is -2.4dBm and MZM2= -2.6. Finally, After optical fiber -9 dBm.
The symbol error rate (SER) for QPSK is higher compared to 16-QAM at the low PER because
the QPSK receiver detects more unwanted constellation points than the actual QPSK due to the
strong coupling of the 16-QAM signal. This effect can be well described by ﬁgure 3.18-a, 3.18-c.
The simulation parameters for ﬁgure 3.18 are also the same as for (ﬁgure 3.17. Figure 3.18-a, 18-c
are the received constellation diagrams for QPSK and 16-QAM signals respectively at 5 dB PER.
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Figure 3.18-b, 3.18-d is the constellation diagrams for the received QPSK and 16-QAM signals at
25 dB PER. With 25 dB PER the effect of polarization, crosstalk is extremely low as seen in ﬁgure
3.18.

Figure 3.18: The received constellation diagrams for different PER:
(a) and (c) are for the PER = 5 dB; (b) and (d) are for the PER = 25 dB,
(a) and (b) are for 4-QAM and (c) and (d) are for 16-QAM [c14].

Figure 3.19: The link performance with PER of 25 dB. As the fiber length increases CD
effect will be stronger leading to poor performance.
Figure 3.19 shows the SER performance with different fiber lengths. The PER was ﬁxed at 25
dB; thus, the polarization crosstalk is negligible. The CD was enabled but fiber attenuation and
other fiber effects were not considered to observe only the CD effect. Due to the single sideband
(SSB) signal transmission, the effect of CD is reduced signiﬁcantly. For shorter fiber lengths, the
CD effect will be very small, so the SER is extremely low for both signals. As the fiber length
increases, the effect of CD is accumulated and becomes stronger.
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3.10

Simulated the POL-MUX technique (16-QAM /64-QAM)

The novelty of the polarization multiplexing technique is to use two orthogonal polarizations to
carry different optical signals in the same optical fiber simultaneously. In our investigation at the
transmitter side polarization controllers have been used after the continuous wave DFB laser
providing 10 dBm output power at an emission wavelength of 1553 nm see ﬁgure 3.20.
The modulator driving signal is a 1 Gbit/s 16-QAM signal on the carrier frequency of 10 GHz
for X-polarization, and 1 Gbit/s 64-QAM signal with a carrier frequency of 10 GHz for Ypolarization. Then the two beams are combined by a PBC. The dispersion is D=18 ps/nm/km and
dispersion slope are 0.08 ps/nm2/km. In the receiver, each polarization component is separated by
a PBS. The method of multiplexing two channels with two orthogonal polarizations has the major
beneﬁt of reducing the intermodulation distortion between them. In the POL-MUX approach, the
polarization crosstalk can cause a signiﬁcant impairment [57] [58] [j1].
However, because polarization multiplexing devices are very sensitive to linear and nonlinear
effects, any modiﬁcation to polarization controller will affect all system parameters, which require
measuring all evaluation parameters as a whole not only a subset of them. As the PER increases
polarization crosstalk reduces resulting in better performance. As shown with our simulations, a
PER of a minimum of 22 dB is required to sufficiently separate the two polarizations. With low
PER, the signal power coupling from the 64-QAM/16-QAM to 16-QAM/64-QAM will be high.
The SER (symbol error rate) for 16-QAM is better compared to 64-QAM at low PER because the
64-QAM receiver detects more unwanted constellation points than the actual 16-QAM due to the
strong coupling of the 64-QAM signal. Simulation with OptiSystem software simulator has been
used for the link presented in ﬁgure 3.20. The optical signal is successfully transmitted over 150
km SMF with a power penalty of 8 dB. For each modulation, the resulted constellation is shown in
ﬁgure 3.21.
The bias voltage for the two MZM is 4V and the extinction ratio is 25 dB. The phases of
polarization controllers have been modiﬁed before and after the MZM for both modulation types
and in the receiver part. The resulting constellations are shown in ﬁgure 3.22, and table 3.1 shows
Ber in two cases, in the case of double POL-MUX, we can transmit more data with a higher bit rate,
it will be double compared to the signal POL-MUX case.
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Figure 3.20: Diagram of POL-MUX for QPSK and 16-QAM signals [j1]
Based on the sphere eq. (3.27) the Stokes parameters have been extracted. By using them we
can characterize the polarization signal standards. Equation (3.28) presents the four Stokes terms
of intensity [53] [59].
E𝑥 (z, t)E𝑦 (z, t)
Ex2 (z, t) Ey2 (z, t)
+
−2
cosδ = sin2 δ
2
2
E
E
E0x
E0y
0x 0y

(3.27)

S0 = E02x + E02y

(3.28a)

S1 = E02x − E02y

(3.28b)

S2 = 2E02x E0y cosδ

(3.28c)

S3 = 2E02x E0y sinδ

(3.28d)

Figure 3.21: Constellation and eye diagram of 16-QAM and 64-QAM without polarization
multiplex
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Figure 3.22: I and II: constellation result for polarization multiplexing (16/64-QAM) [j1]
BER
Signal channel POL-MUX
POL-MUX
-12
-11
4QPSK
10
10
-11
16QAM
10
10-10
64 QAM
10-11
10-9
Table 3.1: Bit error rate in the case with POL-MUX for two-channel and just one
In the case of 16-QAM modulation, a group of 4 bits [s3, s2, s1, s0] is mapped into the signal
constellation as shown in figure 3.22-I-A. The signal constellation in figure 3.22- II-A shows the
case of a 64-QAM modulation. A group of 6 bits is mapped into a single constellation symbol with
real and imaginary parts mI (k) and mQ (k). Each modulation symbol contains 4 bits, [s3, s2, s1, s0]
where s2 and s0 must come from the base layer and s3 and s1 must come from the enhancement
layer. For the energy ratio r between the base layer and the enhancement layer eq. (3.29), where α
and β are the coordinates of the axis in Stokes space.

α = √ (r / 2 (1 + r))

(3.29a)

β = √ (1/2 (1 + r))

(3.29b)

completely define the constellation. Figure 3.22.II shows the signal constellation of the layered
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modulator. The complex modulation symbols are:
S = (mI, mQ) for each [s3, s2, s1, s0] represents only the real and imaginary parts respectively of
the corresponding constellation symbol. For example, for [s3 s2 s1 s0] = 0000, equation (3.30):
mI = α + β √cos (θ + П / 4)

(3.30a)

mQ = α + β √sin (θ + П / 4)

(3.30b)

And in figure 8.II Each modulation symbol contains 6 bits, [s5, s4, s3, s2, s1, s0], where s4, s3, s1,
and s0 shall be from the base layer and s5 and s2 shall be from the enhancement layer. For the energy
ratio r between the base layer and the enhancement layer, equation (3.31):
α=√(r/10(1+r))

(3.31a)

β=√(1/2(1+r))

(3.31b)

The complex modulation symbol S = (mI, mQ) for each [s3, s2, s1, s0] is the real and imaginary
parts respectively of the corresponding constellation symbol. For example: for [s5, s4, s3, s2, s1, s0]
= 000000, equation (3.32):
mI = 3α + β √cos (θ + П/4)

(3.32a)

mQ = 3α + β √sin (θ + П/4)

(3.32b)

In many cases, we have phase shift as an error in the signal transmission. In this investigation,
the effect of some special phase shifts is presented by the constellation diagrams in figure 3.22.
That shows the constellation of X polarization carrying 16-QAM signal and Y polarization carrying
64-QAM with a polarization phase shift of 45˚ in the case of figure 3.22-II-B and phase shift of
90˚in case of figure 3.22-II-C. It enhanced the transmission of RF signals. We can see that the 64QAM constellation channel is noisier than the 16-QAM channel. That is logical because denser the
channel is more noise, we have due to linear and nonlinear effects like chromatic dispersion, PMD,
crosstalk, cross-phase modulation (XPM), self-phase modulation (SPM), four-wave mixing
(FWM), etc [j1].
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Clearly that the polarization phase equal to 45˚ is better because both signals are more separated
from each other. There is no collision between signal pulses. Each constellation is in its quadrature
which makes the demodulation much easier. However, in this chapter, we use coherent detection
because it has a better BER for the same energy per bit to noise power density ratio (EB/N0). The
relation between BER and Q factor is shown by Eq.(3.33):
1

Q

BER= 2 erfc (√2)

(3.33)

The Q value represents the system tolerance in dB before the B point sees Figure 3.23. For a smaller
BER, a larger corresponding Q value is noticed, and better transmission is shown. Besides, the more
the length of the connection increases more the factor of quality decrease, and BER increases. For
a bit rate of 40 Gbit/s, the lengths of connections cannot exceed 100 km so that the system has a
good quality. It means that the length of fiber influences the PMD. When the length of transmission
fiber increases the DGD also increases [j1].

3.11

Polarization multiplexing with coherent detection.

We use a QAM transceiver to illustrate the polarization multiplexed transceivers with coherent
detection, as in ﬁgure 3.25. The optical CW (continuous wave) DFB semiconductor laser is
separated into two orthogonal polarizations by a PBS. The independent 2D data streams are
multiplexed together by a PBC and transmitted through an optical fiber cable. Each polarization
branch contains a single I/Q modulator. In PMD applications, the QAM constellation coordinates
in x and y polarizations are used, after the pulse shaping, as in-phase (I) component and quadrature
(Q) inputs of the corresponding I/Q modulator. In I/Q modulator we have two Mach-Zehnder
modulators (converts CW light into an optical modulated beam), each allowing independent
modulation of I and Q components of the optical-electrical ﬁelds for both x and y polarizations. The
independent QAM streams are multiplexed together by a PBC. In PMD both polarizations carry
independent data. This increases the overall spectral efﬁciency. In the transmitter conﬁguration
shown in ﬁgure 3.25, we are using two independent mappers to drive two independent 2-D data
streams through I/Q modulators, we integrated the second laser to create RF signal transmission.
An important goal of a long-haul optical fiber system is to transmit the highest data throughput
over the longest distance without signal regeneration [60][61]. Given constraints on the bandwidth
imposed by optical ampliﬁers and ultimately by the fiber itself, it is important to maximize spectral
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efﬁciency, measured in bit/s/Hz. But given constraints on signal power imposed by fiber
nonlinearity, it is also important to maximize power (or SNR) efﬁciency, i.e., to minimize the
required average transmitted energy per bit (or the required signal-to-noise ratio per bit). Most current
systems use binary modulation formats, such as On-Off Keying (OOK) or differential phase-shift
keying, which encode one bit per symbol, Spectral efﬁciency limits for various detection and
modulation methods have been studied in the linear [62][63], and nonlinear regimes [64], [65].
Incoherent detection and differentially coherent detection offer good power efﬁciency only at low
spectral efﬁciency because they limit the degrees of freedom available for encoding of information
[66]. The RF signals are transmitted by polarization multiplexing a multi-wavelength source. By
using microwave signals at a frequency of 25 GHz, the proposed architecture provides increased
coverage while maintaining good BER results [c11].

Figure 3.25: Block diagram presented the POL-MUX transmission channels in RoF[c11]
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3.12

Polarization multiplexing modeling.

Our simulation is based on the optical signal transmission with two orthogonal polarizations
using a microwave subcarrier to check the conditions for increasing the capacity of the link
considering the PMD effects. The idea of polarization multiplexing is to use two orthogonal
polarizations to carry different RF signals in the same optical fiber, simultaneously. In the
simulation set-up at the transmitter side, we used polarization controllers after the continuous wave
DFB laser providing 10 dBm output power at an emission wavelength of 1553 nm. The laser optical
beam is divided into two parts by a 3 dB PBS. Each polarization can carry different or identical
modulation waveforms and bit rates. We used polarization controllers before and after the MZM to
handle the PMD effect as shown in ﬁgure 3.25. The modulator driving signal is a 1 Gbit/s 16-QAM
signal on the carrier frequency of 10 GHz for X-polarization and 1 Gbit/s 64-QAM signal with a
carrier frequency of 10 GHz for Y-polarization. Then the two beams are combined by a PBC. On
the receiver side, each polarization component is separated by a PBS. The method of multiplexing
two channels with two orthogonal polarizations has the major beneﬁt of reducing the
intermodulation distortion between them. as shown in ﬁgure 3.26 the radio frequency of the two
output. In the POL-MUX approach, the polarization crosstalk can cause a signiﬁcant impairment.
However, with enough PER the polarization crosstalk can be reduced substantially. The remaining
crosstalk and other impairments can also be compensated [67] [68] [69].
The parameter of the components is shown in the table below (3.2)

Emission Part

Reception Part

Laser DFB: Linewidth = 10 nm,
Intensity = 10 dBm, Wavelength =1550 nm

PhotoDetector (PhDet) coherent
detector

Polarization Beam Splitter (PBS) to 5 dBm each side
Polarization Beam Controller (PC)
Oscilloscope
Mach-Zehnder modulator (MZM)
Driver or Ampliﬁer (AMP)
Microwave modulation
Microwave oscillator
Digital signal source
Polarization Beam Combiner (PBC)

S
M
F

Polarization Controller (PC)
Polarization Beam Splitter (PBS)
Photodiode
Microwave detector
Digital signal processing
BER evaluator

Table 3.2: Components parameters of the simulation
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The obtained result is very interesting: we had a good bit error rate around 10-8 for output one
and 10-7 for the second output as it shown in figure (3.27). We can remark from the eye diagram
that because of the crosstalk, the 2nd channel is noisier than the 1st one is because of the crosstalk.

Figure 3.26: RF spectrum analyzer of the 1st and 2nd output [c11].
We get some problems caused by the behavior of dispersion, PMD, and the non-linearity effects.

Figure 3.27: Eye diagram for the 1st and 2nd output [c11].
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3.13

Conclusion

The capacity enhancement of existing optical links is an important issue. For that purpose,
polarization multiplexing is a cost-effective approach. In a POL-MUX system, the crosstalk is a
substantial problem, which must be reduced signiﬁcantly. In this approach, two waves must be
created simultaneously with equal intensity and with a perfect single polarization. Then they are
independently modulated and combined on a single-mode fiber with precisely perpendicular
polarization. Despite these precautions during propagation along the fiber PMD causes crosstalk
impairing signal transmission. As a countermeasure to that problem, a new approach has been
applied. We introduced a 90◦ phase shift between the two optical waves. That way there are two
orthogonal incoherent beams in the time or frequency domain. By keeping this orthogonality, the
effect of crosstalk has been reduced signiﬁcantly. A BER better than 10−6 has been achieved using
a 10 km long fiber with 12 Gbit/s modulations. The achieved measurement results prove the
applicability of the POL- MUX technique in links for high-speed long-distance transmission
increasing this way the spectral density of information.
Using the polarization control to compensate the PMD by pre-and post-compensation techniques
provides better transmission quality. Furthermore, using it in the POL-MUX technique signiﬁcant
improvement has been achieved. Besides, integrating the beam splitters and beam combiners
improves the POL-MUX structure, which improves the BER to 10−10 for less than 100 km. The
impact of data sequence on the transmission performance has been investigated in terms of Q factor
and BER considering different modulation formats like 16-QAM and 64-QAM and polarization
phase shift of polarization controller. In the example of modulation in 16-QAM our results show
that its sequences give lower variability. A difference in variability between these two types of
sequence modulation has been observed. By this study of the variability of performance as a
function of data sequence type, the choice of polarization phase of polarization controller is
extremely important to obtain a good transmission quality as we have a 45˚ polarization phase state
for the local oscillator beam means that beam has two components are: one with 0 degrees as one
polarization phase state and one with 90 ˚ as the other polarization. This way we can get mixing
products from both waves with their polarization. The last decade has seen enormous growth in the
development of large bandwidth mobile data applications and the number of mobile customers. The
increase in the number of users and the bandwidth demand per user has forced service providers to
explore higher frequencies that lie in the POL-MUX technique.
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CHAPTER 4
POLARIZATION MULTIPLEXING
MEASUREMENT
4.1

Introduction

The millimeter-wave frequencies, 28 GHz and 60 GHz are the most promising frequencies for 5G.
The 60 GHz band can provide an available signal bandwidth of 2 GHz [9]. Every radio base station
is connected to a central station in the network. There is a trend to apply a very simple radio base
station and performed the necessary processing in the central station. In this approach the carrier
frequency is generated in the central station it is modulated and the modulated carrier signal is used
to modulate the optical beam [5][6]. This method has many difﬁculties in the 60 GHz band. E.g. the
received signal is signiﬁcantly reduced as the fiber length is increased. There is another way to
overcome the problem. In this approach, the carrier frequency is much lower, and the millimeterwave carrier is generated in the radio base station [2][8]. Both methods have signiﬁcant problems.
Therefore, we have chosen a different architecture. We apply two laser beams with 60 GHz separation, the
radio wave is between them. The optical and wireless links using polarization multiplexing has been
developed and tested in the laboratory. For perfect isolation between the outputs, channels are essential
for both multi-standard and diversity and MIMO applications [70][71]. The using of the Optical
Frequency Upconversion technique for solving the MIMO problem, it was tested with different RF,
different length, different wavelengths. The main investigation was on how to suppress the crosstalk
is the highly suppressed crosstalk between RF MIMO signal [72][73]. The RoF technology plays an
important role due to its advantage of the low-loss optical fiber, lightweight, large bandwidth, and
low cost in optical fiber network PON (Passive Optical Network) can improve wireless coverage [1].
The major problem in the measurement is the effect of PDL (Polarization Dependent Loss) and PMD:
PDL along the link may degrade the power difference set at the transmitters and invalidate the
demultiplexing [74]. The effects of PMD are expected to be like those of other approaches that have
been studied in the literature [75] [76]. Optical signals’ propagation suffers from several degrading
effects in the optical transmission medium. Among them, the most important effect which we will
present in this chapter is PMD [77][78], we study this phenomenon from many parts its effect depends
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on many optical parameters and its behavior using multi-modulation type. PMD becomes very
problematic in terms of rate-limiting factors. First-order PMD appeared at 10Gbit/s, but when the bit
rate continues to increase, for example, above 40 Gbit/s [79], then we are forced to consider the
consequences of PMD on higher orders. A first and second order PMD compensation system is
required [80]. Among the many studies on PMD compensation, the method investigated in this
chapter is the POL-MUX technique, on other hand, we choose that one to see its structure and advantage
for doubling the bandwidth and increasing the capacity of the system. The POL-MUX experiment
based on three main steps is illustrated in ﬁgure 4.1. The experiment impediment or obstacle is that this
experiment is very sensitive to the simplest movement of devices or optical fiber connection between
for that we should always check the input and output power [c12].

Figure 4.1: Block diagram for the addition of an optical fiber link via polarization multiplexing
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Parameters
SMF length

0 km, 5 km, 10, and 20 km

Bit rate

1 Gbit/s, 2 Gbit/s, 4 Gbit/s, 10 Gbit/s,
20 Gbit/s

Optical modulation

on-off keying

Laser output power

13 dBm

Laser 1

13 dBm

Laser 2

12 dBm

MZM 1 quadrature

-1.8V is the quadrature point

point
MZM 2 quadrature

-1.6V is the quadrature point

point
Photo detector current

0.45 mA

Modulation amplitude

1-2 Vp−p

Optical wavelength

1350 - 1600 nm

Table 4.1: The main parameters used in the measurement.

4.2

Polarization Division Multiplexing for Optical Data
Communications

The measurement diagram in ﬁgure 4.2 shows the main equipment used to realize the POL- MUX
technique. We see on the transmission side that we use 2 lasers with power equal to 13 dBm for the
1st one and 12 dBm for the 2nd laser. We connect each laser to a PC then we modulate the two signals
with two MZM ON-OFF keying generated with two generators for different data. After the MachZehnder modulators, we tied the output signals to polarization controllers because the MZM is very
sensitive to the PMD effect after that we combine the two channels using PBC. We send the signal
through optical fiber with varying fiber lengths from 0 km to 25 km to see the crosstalk effect. In the
receiver part, we separate between the two channels using PBS. The power after PBS is
around -5 dBm for each channel, then both signals are amplified. The implementation of the ampliﬁer
is optional. When we use it, we should well adjust the power because as is seen in the previous
chapter, the non-linearity is sensitive to the higher voltage. There is a complicated relationship
between the nonlinear effect and the PMD as seen in chapter one. We use it here to increase the power
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because all the optical connectors and fibers attenuate the power. To detect the output signals, we use
a photodetector ﬁnally. We characterize the two outputs for all the systems using eye diagram and
BER. And now we measure using different power and with different bit rate and amplitude according
to the following parameters [c16]:

Figure 4.2: The block diagram of the POL-MUX measurement.
Our measurement based on three main steps are the following:

4.2.1

The ﬁrst step (INPUT1-MZM1-OUTPUT 1)

In the ﬁrst step we adjusted the polarization controller for input1, we turn on the laser1 and we
turn off the laser 2 and MZM2, then we measure the ﬁrst output with varying optical fiber length (0
km, 5 km, 10, and 20 km) and with varying bit rate values (1 Gbit/s, 2 Gbit/s, 4 Gbit/s, 10 Gbit/s, 20
Gbit/s) the results shown in tables ((4.5) and (4.6)) [m20]. We take the value of BER and the eye
diagram. We vary the time clock generator delay to enhance the BER. The tables below show the
results of the three steps for just 10 km. We see in the table that we have a good signal with BER
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equal to 10−10 and we have no signal in the second output. The parameters used in step 1 are the
following and the result is shown in table (4.2) [s19]:
• laser1=on
• laser2=off
• Optical fiber length is 10 km
• Without ampliﬁer
• The optical power at combiner output: -7.7dBm
• Bit rate: 2.4Gbit/s

Table 4.2: BER and eye diagram for the 1st and 2nd output for the 1st step

4.2.2

The second step (INPUT2-MZ2-OUTPUT 2)

The second step is the inverse of the ﬁrst step it means we turn on the second laser with MZ2 and we
adjust the polarization controller for the second input. We must keep the ﬁrst output as it was adjusted
in the ﬁrst step. With varying optical fiber length and Bitrate, we take the output 2 result using BER
and eye diagram. Table (4.3) shows the result measurement for the 2nd step. It shows that we haven’t
signed in the ﬁrst output the inverse of step one and we have a good transmission with BER = 10−10.
The parameters used in the 2nd step are the following:
• laser1 = off
• laser2 = on
• The optical fiber length is 10 km.
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• Without ampliﬁer
• Optical power at PBC output = -4.6 dBm
• Bit rate: 2.4 Gbit/s

Table 4.3: BER and eye diagram for the 1st and 2nd output for the 2nd step

4.2.3

The third step (INPUT 1/2-MZM1/2-OUTPUT 1/2)

In the third step, we turn on both laser one and two with keeping all the adjustments for MZM 1
and 2 in step one and step 2 then we will measure the output one and two with varying length fiber
and bit rate. The result for 10 km is shown in table (4.4).
The parameters used in the 3rd step are the following:
• laser1 = on
• laser2 = on
• Optical fiber length is 2 km
• Without ampliﬁer
• The optical power at combiner output: -3.6 dBm
• Bit rate: 2.4 Gbit/s
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Table 4.4: BER and eye diagram for the 1st and 2nd output for the 3rd step

Table (4.4) for the 3rd step show the two output 1 and 2 with good quality and BER equal to 10−10
for both signals. It means we realize the POL-MUX technique and we attend to the advantage of this
technique that we double the bandwidth it means we increase the capacity. We can use just one laser
and its economy as it is shown in the previous work and WDM as well. The ﬁfth and sixth tables
show all the measurements. The role of the ﬁrst and the second polarization controllers, which are
before the Mach-Zehnder one and two is to control the MZM and to control the power before the PBC.
The third and the fourth polarization controller to control the power between the two outputs, we must
separate between the two outputs it means the power between the first and the second output should
be more than 10 dB.
•

We measure the two outputs with different optical SMFs (0 km, 5 km, 10, and 20 km).

•

The bit rate (1 Gbit/s, 2 Gbit/s, 4 Gbit/s, 10 Gbit/s, 20 Gbit/s).

After that, we turn on both lasers and we measure the two output channels. Table (4.5) shows the
eye diagram and BER for the 1st and 2nd steps depend on the 2 variation parameters. In the ﬁrst step
when the laser one is on and the laser two is off, always we have between good to excellent transmission
signal with BER between 10−7 to 10−11. And we have no signal in output two. Vice versa for step two
when we have the 1st laser off and the second laser on. The main parameters used in the measurement:
• Without using ampliﬁer
•

Laser 1 = 12 dBm

•

Laser2 = 13 dBm
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•

MZ1 = -1.8 V

•

MZ2 = 1.6 V

STEP ONE (laser 1 = ON)
O.F
length
(km)
Power
(dBm)

Bit rate
(Gbit/s)

Output
1
(BER)
-35.78

STEP TWO (laser 2 = ON)

Output
2
(BER)
-9.06

Output
1
(BER)
-6.88

Output
2
(BER)
-31.56

1

NO

10-9

10-9

NO

2
4
8
12

NO
NO
NO
NO
-26.51

10-10
10-10
10-10
10-9
-8.12

10-10
10-10
10-10
10-11
-6.43

NO
NO
NO
NO
-17.40

1

NO

10-9

10-9

NO

2

NO

10-10

10-10

NO

4
8
12

NO
NO
NO
-28.20

10-10
10-10
2.1. 10-9
-10.30

10-10
10-10
1.6. 10-8
-8.36

NO
NO
NO
-22.56

1
2

NO
NO

10-9
10-10

10-9
10-10

NO
NO

4
8
12

NO
NO
NO
-29.05

10-10
10-10
7.7.10-9
-10.20

10-10
10-10
9.1.10-9
-8.49

NO
NO
NO
-32.47

0

Power
(dBm)

1km
Attenu
ation =
0.15dB

Power
(dBm)
2km
Attenu
ation
=
0.3dB

Power
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(dBm)
1

7.045
km
Attenu
ation
=
2.9dB

NO

10-9

10-9

NO

2

NO

10-10

10-10

NO

4
8
12

NO
NO
NO
-34.50

10-10
10-10
3.2. 10-9
-15.91

10-10
10-10
3.4. 10-8
-14.25

NO
NO
NO
-35.94

1

NO

3.5. 10-8

10-9

2

NO

9.4.10-9

10-10

NO

4
8
12

NO
NO
NO

8.2.10-7
10-8
7.7.10-7

10-9
1.9.10-9
9.1.10-9

NO
NO
NO

Power
(dBm)

25.283
km
Attenu
ation
=
5.3dB

NO

Table 4.5: BER and some eye diagrams for the 1st and 2nd output for the 1st and 2nd step[j4].

Optical fiber
length
(km)
Power
(dBm)

Bit rate
(Gbit/s)

1

STEP three (laser 1 = ON and laser 2 = ON)
Output
Output
1
2
(BER)
(BER)
-7.10
-9.35
10-9

10-9

94

2

10-10

10-10

4
8
12

10-10
10-10
10-11
-6.41

10-10
10-10
10-10
-7.79

1

10-9

10-9

2

10-10

10-10

4
8
12

10-10
10-10
9.2. 10-9
-8.49

10-9
10-9
9.9. 10--9
-9.85

1

10-9

10-10

2

10-9

10-8

4
8
12

10-9
10-9
5.4.10-8
-8.30

5.5. 10-8
1.2. 10-8
1.2.10-8
-10

0 km

Power
(dBm)

1km
Attenuation
=
0.15dB

Power
(dBm)

2km
Attenuation
=
0.3dB

Power
(dBm)
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1

10-9

8.9.10-9

2
4
8
12

5.6. 10-9
8.5. 10-8
9.8. 10-9
2.1. 10-8
-13.94

9. 10-9
6.5. 10-8
3.8. 10-8
9.1.10-8
-15.54

1

10-9

10-8

2

10-9

10-9

4
8
12

9.01.10-9
7.6.10-8
3.4. 10-7

8.9.10-9
9.7. 10-9
1.2.10-8

7.045 km
Attenuation
=
2.9dB

Power
(dBm)

25.283 km
Attenuation
=
5.3dB

Table 4.6: BER and some eye diagrams for the 1st and 2nd output of the 3rd step [j4].

4.3

Numerical analysis

Based on the result presented in table (4.5), ﬁrst, we see that in both channels one and the longer
the optical fiber is, the more the eye diagram is distorted due to the attenuation, for that, an ampliﬁer
sometimes is added to control this diminution. But the real problem of this deformation is the higher
bit rate, which causes difﬁculty in retrieving the signal through the demodulation process. Referring to
a study related to that subject in chapter one where we investigated the impact of the PMD on nonlinearity, due to sensitivity of the non-linearity in the higher bit rates. For that the demodulation
technique that is used, which has a higher probability of signal detection for example (OFDM, QPSK,
n-QAM), which are studied in chapter two. ON-OFF keying modulation is used in this chapter for its
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being the simplest modulation technique among others and too easy to describe polarization
multiplexing technique. Due to fiber dispersion, we obtain pulse broadening, which deteriorates signal
reception. The pulse broadening is dependent on the length of the fiber and the bit rate of signal
transmission. This relationship is presented in the obtained results for typical fiber.
We notice that we get excellent isolation between the 1st output and the 2nd output, in every case
for the ﬁrst step when the laser one is on and the second laser is off, we get signal just in the second
output and vice versa for the ﬁrst output in the second step when the second laser is on and the ﬁrst
laser is off and completely we have no sign in the other output it means no power going through the
other direction. The power in dBm before each output, we realize that due to the adjustment of the
quadratic point of Mach-Zehnder modulator one and two. To get a good point we should well control
the polarization controller and polarization ﬁlter.
In the table (4.6) we show the output one and two for the third step, we can remark the same points
as the 1st and 2nd step, more of that we have sometimes variance in BER between the 1st output and
the second one. Due to the sensitivity of the system, the measurement is sometimes changing with the
surrounding changes, which yields to readjust the polarization equipment (I used manual polarization
as well). The curvature of optical fiber under some degree ranges can act as polarization controller or
that we should consider the bending radius of the fiber as when of the impact factor on the variance
power of the outputs [j4].

4.4

The MIMO wireless system

The antenna technology developed from the classic antenna system, which uses an antenna in the
emission part and one in the reception part is called SISO (Single-Input Single-Output) [3][81][82].
Then we had SIMO (Single-Input Multi-Output) and MISO (Multi-Input Single-Output), based on all
these techniques our system still suffers from the lower bit rate for that we use MIMO (Multi-Input
Multiple-Output) (ﬁgure 4.3). The future wireless mobile communications services require more data
transmissions [82][83], for this reason, we use multi antennas in emission as well in the receiver part
to increase the bandwidth it means the bit rate or the capacity of the system [84][85][86]. MIMO
consists of the use of a series of antennas each emitting a distinct waveform and another receiving
antenna array. The echoes of all transmitting antennas can be captured by the receiving antennas, but
the indication of the wave makes it possible to identify it at its initial source.
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The radio frequency signal transmitted between the transmitter and receiver antennas inﬂuenced by
attenuation especially if we send it through a long-distance in space, this power attenuation is due to
several phenomena among, the fast fading which is an attenuation varying between a maximum and
a minimum value in an unusual transmission way, the natural obstacle like shadow effects depend on
the size of the obstacle like mountains and the strength of the propagating signal depends also on the
distance, and Rayleigh fading is more noticeable in urban areas. The signal transmitted by each
antenna is different. As a result, the echoes can be associated with each of the sources individually,
which gives the equivalent of a virtually much larger antenna.

Figure 4.3: Principle of the MIMO radio channel in the MIMO system.
We have three main category MIMO system are:
➢

Diversity MIMO: there are many types of diversity (Spatial diversity, polarization diversity,

diagram diversity, angular diversity, frequency diversity), The diversity can be combined with many
techniques as well for example combination with selection (SC). Combination versus maximum ratio
(CRM) or Comparison of combination techniques.
➢

Multiplexing special MIMO: The signals received at the receiving antennas are reassembled

to reconstitute the original message which is split into sub-message and each one simultaneously sends
to a received antenna.
➢

MIMO - Beamforming: The objective of beamforming is to use multiple antennas to form

beams, increasing the SINR, the Signal-to-Interference and Noise Ratio is a quantity used to give
theoretical upper bounds on channel capacity (or the rate of information transfer) in wireless
communication systems such as networks. That is analogous to the signal-to-noise ratio, and thereby
the throughput, to a receiver.

98

Figure 4.4: MIMO experiment composed of two emission antennas
versus two receiver antennas [j4].

4.5

The measurement steps

4.5.1

STEP 1

We adjust the PC1 to get maximum power at the output X and minimum power at the output Y of
the PBS.

Figure 4.5: The step one measurements diagram.
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4.5.2

STEP 2

To combine the beams of laser L1 and laser L2 we use a 3dB directional coupler. Then we adjust the
PC1 and PC2 to get maximum power at the output X and minimum power at the output Y of the PBS.
This arrangement setup is to be ﬁxed ﬁrmly at the bench.

Figure 4.6: The second step measurements diagram.

4.5.3

STEP 3

We keep the arrangement of STEP 3 unchanged.
➢

We don’t connect the fiber with polarization X to the PBC. We connect it with polarization Y

to the PBC. We adjust the PC3 to get maximum power at the output Y and minimum power at the
output X of the PBS.
➢

We do the inverse step, that we do not connect the fiber with polarization Y to the PBC. We

connect the fiber with polarization X to the PBC. And we adjust the PC4 to get maximum power at
the output X and minimum power at the output Y of the PBS.
➢

Finally, we connect both fibers to the PBC. Check the polarization state at both outputs of the

PBC. This arrangement setup is to be ﬁxed ﬁrmly at the bench.

Figure 4.7: The third step measurements diagram.
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4.5.4

STEP 4

We insert the Mach-Zehnder modulator and connect the DATA to it. Then we check the
polarization state and adjust it by the PC5 according to STEP 2 if it is necessary. This arrangement
setup is to be ﬁxed ﬁrmly at the bench.

Figure 4.8: The fourth step measurements diagram.

4.5.5

STEP 5

The last step is that we continue the experiment in the receiver properly as is shown in the second
part of this chapter.

4.6

The polarization multiplexed improvement in Radio over
fiber network transmission

Polarization multiplexing is the way to solve the problems of multiplexing, modulation, and signal
processing, at the same time increasing the capacity to 60 GHz and using radio over fiber technique.
The PC offers the manipulation freedom at any position of the state of polarization by quarterwave (λ/4) plate, half-wave (λ/2) plate as shown in ﬁgure 4.9. In the measurement, we use both
PC types manual and numerical.
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Figure 4.9: Poincare Sphere on the left side and the right side the PC plates λ/4, λ/2
In this measurement, we create radio over fiber links using multiple polarization signals to generate
millimeter-wave we attend frequency equal to 60 GHz. In the receiver part, we use multiple inputsmultiple output antenna (MIMO) to have radio frequency or wireless area then we analyze the quality
output signals using BER and eye diagram. On the transmitter side, we use two lasers, ﬁrst, we should
ﬁx the frequency depends on the wavelength used, we calculate the frequency for λ=1550nm, the
light speed is c=299 792 458 m/s. Here we use the following relation:
frequency = c/λ

(4.1)

The block diagram of the proposed new architecture is presented in ﬁgure 4.10. There are two
optical sources with the same or almost the same frequency: 193.5THz, their output power is almost
the same: 12dBm and 13dBm. The frequency stability is better than 10−6. This very high-frequency
stability is necessary because a 60 GHz millimeter wave signal is generated by mixing the two lasers.
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After all, for that purpose, we use a local oscillator laser operating at 193.440THz frequency.
Then the mixing produced is at 60 GHz. The emitting laser has usually elliptic polarization. A
polarization ﬁlter is applied to have linear polarization. That beam is modulated by a data stream.
After the modulation, the two outputs signals are adjusted to get orthogonal polarization using PC.
The local oscillator laser beam is added by 45◦ polarization to the modulated beams with two orthogonal
polarizations. The resultant optical beam is transmitted over SMF to the reception side. In the receiver,
a PBS separated the two polarizations and by optical detection, two 60 GHz modulated millimeter RF
signals are obtained. These signals are ampliﬁed and radiated from the radio base station.
The complete connection is tested by measuring the BER and eye diagram. In the experiment the
bit rate and fiber length were varied. Having tested the RoF link the experiments are extended to the
wireless section, i.e. the 60 GHz signal is radiated and received in a short distance. This way an
integrated optical millimeter waves link is tested which connects the center with the subscriber. The
wave propagation problems of the wireless section are not tested [3] [9]. The measurement results are
presented in the following table. The bit rate and fiber length are varied.
3rd step
OF length (km)

OUTPUT 1
BER

OUTPUT 2
BER

1

-6.80
10-9

-7.40
10-9

2

10-10

10-10

4
8
10
12

10-10
10-10
10-8
10-7

10-10
10-10
10-9
10-7

Bit rate
(Gbit/s)

Power (dBm)

1km
Attenuation =
0.4dB

103

Power (dBm)
1

-17.50
10-9

-18.23
10-9

2

10-10

10-10

4
8
10
12
1

10-9
10-7
10-6
10-5
-24.50
10-9

10-10
10-10
10-7
10-5
-25.23
10-9

2

10-9

10-9

7.045 km
Attenuation =
2.9dB

Power (dBm)

25.283 km
Attenuation =
6.3dB

4
8
10
12

10-9
10-6
10-2
10-1

Table 4.7: The measurement result [j4].
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10-8
10-5
10-1
10-1

Figure 4.10: Block diagram 1 Polarization multiplexing in radio over fiber system for multiuser
MIMO using linear polarized antennas [j4].
While at the receiver side, we had two antennas (horizontal and vertical) MIMO system, connected
with 2 microwave detectors. We should take into consideration the following pursues the experiment:
•

We adjusted the polarization controller after PBC to get rotation for 90◦.

•

We adjusted the polarization of the LO-laser to 45◦.

•

Adjust polarization controllers 1 and 2 in maximum transmission point 0 V for MZM1 and
MZM 2 to get the maximum power in the output for MZM 1 and 2.

•

We adjust polarization controllers 3 and 4 to have maximum power in one output and
minimum power in second output for a PBS.

•

We adjust PC3 to get the max power in output 1 for PBS 1 and we did the same to get the

•

maximum power in output 1 for PBS 1 than we connected with T and R.

The power report is presented in Table (4.8).
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The power of the output one (dBm)

The power of output two (dBm)

Laser 1 = 12 dBm

Laser 2 = 13 dBm

Frequency is 193.5 THz

Frequency is 193.4 THz

Before MZM1 = 7.25 dBm

Before MZM2 = 6.18 dBm

After MZM1 = 1.02 dBm

After MZM2 = -1.40 dBm

After PC3 = -0.12 dBm

After PC3 = -2.94 dBm

The inputs of the polarization beam splitter
T R

-5.96 dBm

-20.42 dBm

T R

-4.14 dBm

-23.62 dBm

T R

-1.92 dBm

-18.50 dBm
Table 4.8: The output power

4.7

Results and numerical analysis

The millimeter waves technology allows transmission on frequencies between 300 GHz, in our
case we send 60 GHz. These frequencies are called millimeter waves because they have wavelengths
between 1 mm and 10 mm. When we turn on both laser 1 and 2 to see the POL-MUX outputs one
and two. The first remark is that the signal is more distorted at higher bit rates. The higher the bit rate
is, the more the signal is distorted because the detection becomes more complicated for that we should
use higher system demodulation like OFDM or QAM for example as we did before. Moreover, the
polarization adjustment was complicated because the system is very sensitive to any change. For that,
we should verify the output power to assure that we completely separate the two channels. There is
another demand in future systems like 5G, 6G: for increasing the capacity considerably we have to
use significantly higher bit rates, for that purpose we need enormously broad transmission bandwidth.
The additional fiber is used for connecting the radio base stations into the networks. The optical
transmission of a digital bitstream has many beneﬁts as a result of the fiber, like attenuation, ultrabroadband, a little reﬂection, and no interference because wave propagation is conﬁned into the fiber.
However, there’s a big downside, fiber dispersion.
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4.8

Experiment challenge and problems

The main problem is the adjustment of the polarization controller it means how we can adjust it to
act as a rotator. The separation degree between the two output signals should be 90◦ orthogonal one.
Then we should conﬁrm that the polarization splitter works correctly that it separates correctly
between the two channels. The main problem in the optical transmission is the linear and non-linear
effects. Their relation depends on the high bit rates and optical fiber length, as is shown in table (4.7).
We should insert an optical amplifier to reduce the attenuation. At the same time, we know that the
Kerr effect is sensitive in higher amplitude for that we should ﬁnd the optimum point to compensate
it. The PMD is the major problem in the POL-MUX technique as we give many results and studies
about it. In this measurement, we try to minimize the power and compensate for the crosstalk using
PC as shown in ﬁgure 4.11. The millimeter waves also are very sensitive to any disturbance for
example in a real environment, far from the laboratory we can have some rain, even leaves can absorb

The power output of the two
channels depend on PC phases
-8
-9
-10
-11
-12
-13
-14
-15
-16
-17
0

20 40 60 80 100 120 140

Crosstalk problem
Power of the output 1 and 2 (dBm)

Power of the output 1 and 2 (dBm)

these signals. The millimeter waves can adapt to these obstacles, this is one of 5G impediment.

0
-5
-10
-15
-20
-25
-30
-35
-40
0 15 30 45 60 75 90 105120135150
Degree of polarization λ/4

λ/2

Figure 4.11: The left-hand diagram shows the power output of the two channels versus PC
phases. The right-hand diagram shows the crosstalk between the ﬁrst and the second output of
the RoF transmission[j4].
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4.9

Conclusion

The 60 GHz radio wave is obtained by mixing the two laser beams at the radio base station. We
applied the above approach. As further improvement information is transmitted by an optical wave
with two polarizations. For the wireless link, we use millimeter-wave radiation also with two
polarizations.
This way we create a complete combined optical wireless system. This approach can be used
advantageously in the following application:
• To achieve double bandwidth
• To increase the capacity
• To insert a new channel into an existing optical link
• To generate millimeter waves carrier frequency in the radio base station
• To reduce the latency of signal transmission
Presently there are several approaches for the generation of millimetre-wave signals [4][5][6]:
• Direct generation by millimeter waves oscillator
• Frequency multiplication of a microwave oscillator
• Opto-electronic oscillator
• Mixing two laser beams
In every case it is a substantial issue is the stabilization of frequency and reduction of noise. For our
system, optical mixing proves to be the best choice because it provides a low noise stable signal in a
relatively easy way. Our choice is based on the previous investigation concerning the effect of fiber
dispersion and PMD. The POL-MUX technique proved its ability ﬂexibility and rehabilitate for
increasing the capacity and bit rate through radio over fiber links [87][88].
In this chapter, we present two methods, which contribute to 5G mobile network development are
including millimeter waves, MIMO antenna, and still two more can achieve the 5G technology like
small base stations and full-duplex and beamforming. Moreover, we present how the millimeter
waves offer a reasonable approach to solve the mobile bandwidth problems. The technology will be
more adopted soon.
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CHAPTER 5
DISTORTION CANCELLATION FOR
SOLITONS CARRYING HIGH-SPEED
INFORMATION IN WDM SYSTEMS
5.1

State of art of solitons

The solitary wave was ﬁrst observed by Scottish engineer and scientist Russell on a canal not far
from Edinburgh in 1834 [89]; he called it ’great wave of translation’ as in these memoirs, so there are
now 182 years passed on this ﬁrst observation. As he rode along the Union Canal, close to Edinburgh,
he noticed that a barge, stopping suddenly, produced a large wave that continued to propagate
upstream, without attenuation of its shape nor of his speed. He followed this wave for several
kilometers, the wave that went up the current, seeming not to want to falter. He also noticed that high
amplitude waves were moving faster than low amplitude ones. This phenomenon describes the
nonlinear propagation of a wave.
The mathematical interpretation of these hydrodynamic phenomena will be made in 1895 by two
Dutch mathematicians, Korteweg and Devries, through a so-called "KDV" equation. This equation
will remain forgotten until 1965, they will be rediscovered by N. Zabusky and M. Kruskal. They will
discover that during a collision between two solitons, the envelope, and the velocity of two solitons
are kept after separation. Moreover, when two solitons approach each other, they gradually deform,
becoming a simple bundle of waves which then redevises into two solitons having retained their shape
and speed.
In 1971, V. Zakharov and A. Shabat showed the possibility of the existence of the soliton in a
nonlinear and dispersive medium. In 1973, A. Hasegawa and F. Tappert theoretically showed the
possibility of propagation of solitons in optical fibers. A. Hasegawa had the idea to compensate the
dispersion at 1550 nm by the Kerr effect thanks to the solitons. In 1980, the experimental observation
of solitons by Mollenauer et al. In 1982, the appearance of low loss dispersion management fibers. In
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the same period, optical ampliﬁcation by the Raman effect made it possible to envisage a transatlantic
transmission without a repeater. In 1986, Mollenauer proposed to use solitons, for which chromatic
dispersion compensates exactly for nonlinear effects [90]. In 1986 Mollenauer and his team transmits
solitons over 4,000 km [ 9 1 ] . The possibility of using optical solitons for long-distance
communications was ﬁrst demonstrated in 1988 in an experiment in which fiber losses were
compensated using the Raman ampliﬁcation technique.

Figure 5.1: Memorandum of John Scott RUSSELL 1844

In 1990 still, at Bell Labs A. Hasegawa and his team transmit solitons over 14,000 km into optical
fibers using erbium ampliﬁers [92]. In 1993, C. R. Menyuk studied the propagation of robust solitons
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in optical fibers [93]. In 1998, Thierry Georges and his team at France Telecom’s research and
development center combine solitons of different wavelengths (wavelength multiplexing) to achieve a
transmission rate of over 1 Tbit/s [94]. In 2001 G. P. Agrawal, studied the propagation of solitons in
optical fibers [95][96]. In 2007, Russell, Kohla Et al. studied the propagation of disturbed optical
solitons in a non-linearity medium [97]. In 2008, Samudra et al. solved the problem of the disturbance
of optical solitons with the use of the Rayleighs dissipation function in physical systems in general
[98].

Figure 5.2: Simulation of the observation of J.S. Russell (Heriot-Watt University, 1995).

It is renowned to the scientiﬁc community that Kerr result occurring in optical fibers will, beneath
sure conditions, make amends for abnormal chromatic dispersion by suggests that of self-phase
modulation (SPM). Once this compensation is complete, the pulse, referred to as a bright traveling
wave propagates while not deformation within the fiber and constitutes a stable answer of the scalar
(NLSE). The theoretical discovery of the optical solitary wave with its experimental demonstration
helped to bring telecommunications and non-linear optics nearer to the fiber. The concept of
victimization solitons in optical communications was recommended 40 years ago as a natural thanks
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to avoiding unwanted effects within the fiber. Indeed, since their intensity proﬁles square measure
preserved throughout their propagation, they seem like ideal info carriers. However, in apply, the
propagation of solitons within the fibers is that the victim of many undesirable effects that limit their
capability of transmission. The most limiting factors square measure solitary wave collisions and
Gordon-Haus temporal noise [99]. Thus, the bit rates achieved thus far with soliton-based systems
aren’t bigger than those obtained with typical NRZ transmission systems. It then became natural to
surprise if there have been alternative sorts of solitary waves capable of spreading while not these
limiting factors giving the likelihood of skyrocketing the transmission capability of the fibers. As a
result, this chapter discusses the experimental demonstration of the Associate in Nursing all-optical
technique that reduces the deformation of pulses throughout their propagation within the fiber and
that is predicated on a family of solitary waves: the polarization domain wall solitons (PDWs). This
method contributes to the challenge of optical telecommunications by making transmission lines that
best preserve the standard of the signals moves in Associate in Nursing fiber. There square measure
many strategies for generating these domains, during this case it’s the non-linear interaction that
operates between two propagative periodical signals of complementary intensity and orthogonal
polarizations. The transmitted coded signal is, therefore, a shift between two orthogonal polarization
modes. This interaction has the impact of greatly reducing the impact of dispersive and non-dispersive
effects. Linearly on the fiber, and therefore to limit the degradation of the temporal and spectral
intensity proﬁles of the two signals. Lately, monomodal fibers with a normal dispersion
implementation have been thoroughly undertaken research studies to ﬁnd new solitary waves. As a
result, a new physical parameter has been introduced to the theoretical models, which is the non-linear
effects among the polarization modes interactions which are used to form the solitonic wave during
its propagation in the fiber link. The interactions between the polarization modes are based on new
normal dispersion modulation instability named accordingly as Vector Modulation Instability (VMI)
which occurs when their optical ﬁelds propagate into the fiber link. Cross-phase modulation (XPM)
is responsible for VMI, which can be deﬁned as the non-linear shift of the optical ﬁeld phase which
is induced by other propagative ﬁelds. Modulation instability has a key role in solitons generation as
it is used to imply the generation process in normal dispersion implementation. Certainly, the XPM
physical mechanism can affect the dispersion by allowing a localized amount of stable energy which
is known as solitons, to be propagated between two adjacent and orthogonal regions. This was
predicted by both Berkhoer and Zakharov in 1970, as they illustrated that considering an additional
second degree of freedom that can be provided by a second orthogonal polarized wave and is coupled
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to the ﬁrst wave using XPM, can help to achieve modulation instability phase tuning in normal
dispersion implementation. The two researchers were the ﬁrst to study the interaction between two
orthogonal polarized waves and accordingly their mutual impact on the soliton while propagating in
an isotropic medium. While VMI plays a key role in the solitons generating process in normal
dispersion fibers, many theoretical types of research have illustrated that the formation of bound
solitons pairs (vector solitons) which are propagating along with two polarized modes, can be
resulting from the non-linear coupling between the two optical modes that are propagating along the
fibers own axes. The existence of the polarization domain-walled traveling wave (PDWs) in an
exceed- singly nonlinear and identical medium was on paper expected in 1987 by Zakharov and
Mikhailov [100]. It ought to be noted that polarization domain wall solutions have conjointly been
planned for counter-propagating waves [ 1 0 1 ] , [ 1 0 2 ] , [ 1 0 3 ] , solutions that have been established to
be at the origin of the polarization attraction development. The existence of soliton solutions delineates
in [104] doesn’t need as an associate ingredient the dispersion of cluster rate, whereas this one plays
a necessary role for the generation of the domains mentioned during this chapter through the VMI.
XPM doesn’t occur solely between circularly polarized waves, it will occur between linearly
polarized waves in an exceedingly extremely refraction medium [105], between waves of various
frequencies, and between orthogonal modes of a guide. non-linear wave between facts of life waves
[96][106][107]. Within the early nineties, Haelterman et al. have gathered the analysis of those solitary
waves and studied the case wherever they propagate hand and glove in an exceedingly non-linear
Kerr, refraction, and dispersive medium. They showed that the combined effects of dispersion and
XPM are accountable for the existence of solitary waves characterized by a website structure within
the variety of a kink [108][109][110]. These are the new solitons that may interest the North
American nation throughout this chapter. The language "soliton" isn’t rigorous and may somewhat
be replaced by "stationary solitary wave". Notwithstanding, to lighten the reading, we’ll keep the term
traveling wave whereas keeping this distinction in mind.
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5.2

Introduction

Based on the growth of the needed capacity network the challenges are highest every time the
Scientists the engineers look for new methods new procedures to realize this request. We use intensity
to encode the information to be delivered, and polarization to separate multiple channels PolarizationPDM transmission based on the nonlinear Fourier transform (NFT) is proposed for optical fiber
communication. The NFT algorithms are generalized from the scalar nonlinear Schrödinger equation
(NLSE) for one polarization to the MANAKOV system. The (NLSE) (1) describes the propagation
in an optical fiber considering both linear and nonlinear phenomena.
The WDM type optical communication signiﬁcantly increases the transmission capacity. However,
one of the key issues is how we can reduce the pulse broadening and the interaction between the
neighboring channels due to the linear and nonlinear effects. The optical soliton is a natural way to
avoid unwanted effects in the optical fiber. The soliton pulse can keep its shape during propagation
when there is a proper balance between the second-order dispersion effect and the nonlinear Kerr
effect, the main physical effects inﬂuencing the soliton propagation in optical fibers is soliton
collisions and Gordon-Haus temporal jitter. Using the soliton approach, the pulse power has to be
high enough to utilize the fiber non-linearity for keeping the pulse shape, but its power has to be small
enough to avoid the generation of higher-order solitons. Simulations conﬁrm our theoretical
hypothesis for the design principles of soliton transmission in WDM systems. Due to new online
ﬁltering processes, soliton systems can now provide their beneﬁts. The spectacular growth of the
Internet and telephone trafﬁc forces the network operators to increase the transmission capacity of
their terrestrial fiber networks. Using the WDM technique multiple Gigabit capacity is available in a
single fiber. However, there are several problems: the laser sources are not strictly monochromatic
and further problems are because of the nonlinearity like SPM, XPM, FWM. For compensating the
nonlinear effects, we apply proper dispersion. As a solution, we propose a hyperbolic secant pulse
shape (soliton). This chapter presents the propagation problems of soliton pulses in WDM optical
communication systems. In an optical link applying dispersion management, i.e. when the chromatic
dispersion is compensated for every channel then the EDFA type optical ampliﬁer can be well applied
for soliton pulse ampliﬁcation or regeneration. However, there are some constraints like channel
spacing, ampliﬁer noise, the collision of solitons, and crosstalk between the channels. They become
a serious problem with the increase in the number of channels due to the nonlinearity of the system.
The last part of this work contains the simulation of the impact of optical soliton on WDM systems.
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We numerically conﬁrm the theoretical hypothesis on the design principles of soliton transmission in
WDM systems. It is important to mention that without the advent of the monitoring techniques and
in particular ﬁltering, soliton systems would not provide their beneﬁts [c8] [c9].

5.3

Wavelength division multiplexing

The WDM technique applies modulation on a plurality of parallel laser sources emitting at
different wavelengths. Their propagation in the same fiber is investigated (ﬁgure 5.3). Each
wavelength carries a channel in the region of low attenuation. That has both advantages and
disadvantages [111].

Figure 5.3: Optical emission and reception system of the WDM technology [c8]
There are physical constraints in the WDM technique like limitations due to the degradation of the
signal quality as well as due to the propagation problems in the optical fiber. The main limitations are
caused by:
• Dispersion in the fiber
• Nonlinear effects: Kerr effect (SPM, XPM, FWM)
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5.3.1

Self-phase modulation

A ﬁrst consequence of the optical Kerr effect is a phenomenon called self-phase modulation
(SPM), see ﬁgure 5.5. A high-intensity optical pulse induces index change in the propagation
medium, which causes parasitic phase modulation [112]. The generated phase is designated as nonlinear phase ΦNL which is given as follows.
ΦNL (t) =

2π
λ

n2 LI(t)

(5.1)

where n2 is the nonlinear index, L is the length of optical fiber, λ is the wavelength and I is intensity.
This time-dependent phase changes the width and shape of the spectrum. Therefore, the instantaneous
angular frequency is:
ω(t) = ω0 − δω(t)

(5.2)

d

δω(t) = − it ΦNL (t)

(5.3)

Figure 5.4: Time dependence of the intensity variation in the case of the associated instantaneous
frequency[c8]
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Figure 5.5: Illustration of the impact of SPM on a WDM optical signal [c8]

The ’chirp’ is deﬁned by the SPM phenomenon. It modiﬁes the spectral proﬁle of the pulse via a
temporal modiﬁcation of its non-linear phase and therefore of its instantaneous frequency. This
modiﬁcation is caused by the generation of photons with frequencies lower than that of the carrier
(ω0) at the rising edge of the light pulse and frequencies greater than ω0 on the falling edge [112].
The pulse undergoes a frequency shift more commonly called ’chirp’:
∂ω(t) = ω(t) − ω0 =

∂ΦNL
∂t

= −γ(ω0 )PL

(5.4)

Figure 5.6: Illustration of the chirp of a Gaussian pulse due to self-phase modulation phenomenon
in an optical fiber. Insert: time proﬁle of the starting Gaussian pulse [n17]
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5.3.2

Cross-phase modulation

The cross-phase modulation, XPM is also a consequence of a phase shift induced by the Kerr
effect. XPM on a WDM optical channel is induced by an optical signal from an adjacent channel.
In the case when two channels with wavelength λ1 and λ2 propagate simultaneously in an optical
fiber, then the component of the third-order nonlinearity of the material is written as:
2

3

PNL (ωi ) = 4 ε0 X3 (|Ai |2 + 2|Aj | ) Ai

(5.5)

Where i and j can be 1 and 2 or 2 and 1. The term |Ai|2 corresponds to the SPM, which we mentioned
above. The term 2|Aj|2 corresponds to a phase modulation induced by the other signal and is
responsible for XPM [113].

Figure 5.7: An example of consecutive time deformations due to XPM [c8]
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5.3.3

Four waves mixing

The four-wave mixing means a non-linear interaction of three waves. The three waves with
wavelengths λi, λj and λk create a new wave at the wavelength λijk = λi+λj−λk. This new wave is
called intermodulation product and is shown in ﬁgure 5.8. The total power of the intermodulation
products of four-wave mixing is proportional to the quantity η deﬁned by:
η ∝ [A

2

n2 Ps
eff ChD

]
(∆λ)2

where Ps is the power per wavelength, ChD is the dispersion coefficient ChD =

(5.6)
2πCβ2
λ2

and Aeff is the

effective area of the fiber section (Aeff = 80 µm2 for single-mode fiber). Thus, we have [114]:
PFWM
PS

P2 γ2

∝ D2∆λ2

Figure 5.8: Example of the generation of intermodulation products by FWM. The three
wavelengths are unequally spaced.
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(5.7)

5.4

The Soliton

The soliton is an optical pulse that has the remarkable property of being able to propagate without
alteration over extremely long distances by using mutual compensation of linear and nonlinear
effects [115].
A (z = 0, τ) = N sech (τ)

(5.8)

where N is the order of the soliton which is deﬁned by:
γP0 T0 2
)
|β2 |

L

N=√(L D )=√(
NL

(5.9)

where P0, LD, LNL are the peak power of the pulse, the length of the dispersive section, and the
length of the nonlinear section, respectively. β2 is the second-order dispersion index and γ is the
attenuation index, T0 is the duration of the pulse. T0 determines the order of the soliton, we take the
nearest integer [116]. A semiconductor laser is used to generate pulses in soliton mode. Locking is
introduced into the laser cavity by an element that causes interaction between the longitudinal
modes and synchronizes them with each other. This locking between modes causes the appearance
of a soliton pulse [117] [n18].

Figure 5.9: Mode-locking principle [c8]
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5.5

Group velocity dispersion

As its mansion the ﬁrst chapter, due to chromatic dispersion, temporal pulse broadening appears
during wave propagation. The reason is that the group velocity or delay varies with the wavelength.
That is called group velocity dispersion (GVD). The optical sources are not strictly monochromatic;
therefore, we must consider the following effects [c7]:
•

The index varies with wavelength: dispersion of dispersive material (DM).

•

The group velocity varies with wavelength: dispersion of the waveguide (DG).

The group delay (Sg) per unit length in the direction of propagation is given by:
Sg
L

1

= Vg =

1 dβ
c dk

λ2 dβ

= − 2πc dλ

(5.10)

where L is the distance traveled by the pulse, β is the propagation constant along with the fiber, k is
the waves propagation constant:
k=

2π
λ

Vg

(5.11)

and the group velocity is given by
dβ

Vg =c (dk)-1

(5.12)
d𝒯g

The delay difference per unit wavelength can be approximated as

dλ

if the optical source has not

too wide spectral width. For spectral width Δλ, the total delay difference Δτ over a distance L, can be
written as [118] [119]:
Δτ =

5.6

ΔSg

dω

d

L

Δω = dω (V ) Δω = L (
g

dβ

dω2

) Δω

(5.13)

Compensation between SPM and GVD
a LD >> LNL , we can consider that the system is primarily dispersive. When a pulse (not

chirp) propagates in this medium, it primarily undergoes temporal broadening.
b LD << LNL , the system is mainly non-linear. In this case, the effect of SPM leads to a
spectral broadening of the pulse.
c LD ≈ LNL, the inﬂuence of dispersion and SPM are equally important to the evolution of the
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pulse during its propagation. In this case, we can distinguish between two situations:
•

The dispersive system is normal (ChD <0). The components of long-wavelength (λ) are

created on the rising edge of the pulse by the effect of SPM, they propagate faster (because of ChD
< 0). Both effects (SPM and DVG) contribute to the temporal broadening of the pulse.
•

The dispersive system is abnormal (ChD > 0). The components created by the SPM propagate

slower; thus, compensation between dispersion and SPM is obtained. This compensation (between
GVD and SPM) creates the pulse trains called solitons [120] [c8].

Figure 5.10: Offsetting (GVD and SPM) [n18]
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5.7

Nonlinear Schrödinger equation (NLSE)

The (NLSE) describes the propagation in an optical fiber considering both linear and
nonlinear phenomena in the fiber.

i

∂A(z,t)
∂z

i

1

+ 2 αA(z, t) − 2 β2

∂2 A(z,t)
∂t2

+ γ|A(0, t)|2 A(z, t) = 0

(5.14)

where A (z, t) is the slowly varying envelope of the electric ﬁeld, z is the propagation distance,
t is time, α is the attenuation, β2 is chromatic dispersion term. For solving the equation in one case
we neglect the dispersion part GVD = 0, LD <<< L NL , the system will be nonlinear. In the other
case we put Kerr effect = 0 and LD >>> L NL then we can consider that the system is purely
dispersive [121].

5.8 Analytical and numerical solutions
5.8.1

Analytical solution

5.8.1.1

Analytical dispersive solution

Consider the solution of NLSE (5.14) in the dispersive regime which means, the impact of nonlinearity (γ = 0) can be neglected. Now equation (5.15) reduces to the following equation:
∂A

i ∂z =

β2 δ2 A

(5.15)

2 δt2

This equation can be expressed in the frequency domain:

i

δÃ
δz

=−

β2
2

ω2 Ã

(5.16)

z is the propagation distance; the solution is then:

Ã(z, ω) = Ã(0, ω)exp (i

β2
2

ω2 ) ∗ z

This expression shows that the effects of the dispersion do not affect the spectrum [121]
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(5.17)

5.8.1.2

Non-linear analytical solution

In this case, the dispersive effects can be neglected and the nonlinear effects (β2 = 0 or ChD =
0) are considered. Therefore equation (5.14) reduces to:
δA

i δz = γ|A2 |A

(5.18)

The solution to this equation then takes the form:
A(z, t) = A(0, T) exp (iγ|A(0, t)|2 z

(5.19)

The non-linear effects do not modify the temporal proﬁle of the pulse. On the other hand, this effect
causes a variation of the phase of the pulse by itself. That is then referred to as phase self-modulation
which leads to a non-linear phase shift [c8].

5.8.2

Numerical solution of the nonlinear Schrödinger equation: Split-Step
Fourier (SSF) method

Figure 5.11: Schematic illustration for dividing the fiber length into extremely short sections [n18]
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̂ (Dispersion) and N
̂ = 0 (Nonlinear). As the
1st step: First, we consider only the linear operator is D
differential operator ∂ / ∂t is equivalent to a multiplication by iω in the frequency domain, for
̂ is calculated in the following Fourier domain (F):
simplicity, the operator D
̂ )TF[A(z, t)]]
A′ = TF −1 [exp(δzD
β

A′ (z + δz, t) = TF −1 [exp (i 22) TF[A(z, t)]]

(5.20)
(5.21)

̂ = 0). The operator then
2nd step: Consider, a second time, only the action of the non-linearity ̂
N (D
̂ in the time domain:
applies N
̂ δz)
A′ (z + δz, t) = A′ (z + δz, t)exp(N

(5.22)

A′ (z + δz, t) = A′ (z + δz, t)exp(iγ|A|2 δz)

(5.23)

By repeating these steps, a high number of times, we have close access to the evolution of the
electric field according to the distance of propagation z. The two steps are presented in figure 5.11.
The steps of Fourier transforms are presented in the following (ﬁgure 5.12).

Figure 5.12: Principle of the Split-Step Fourier method [n18]
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5.9

Solution propagation

In transmission systems using soliton, it is natural that the succession of 0 and 1 are encoded by the
absence or presence of a soliton. We can use non-return-to-zero (NRZ) and return-to-zero (RZ) for the
NLSE equation solution. In the case of solitons that format holds only when individual pulses are
well separated. That is why we use the RZ (ﬁgure 5.13) instead of the NRZ format when solitons are
applied as information carriers. The bit rate G and the width of bit time TB can be linked as follows
[122]:
1

G = T = 2s
B

1
0 T0

(5.24)

where 2s0 = Tb / T0 is the standard separation between adjacent solitons, T0 is the width of
soliton.

Figure 5.13: Soliton in RZ format

5.10

Interaction between adjacent solutions

When casting more than one pulse in fiber, the presence of adjacent soliton pulses can disturb
greatly the soliton and that must change its position temporarily. If neighboring solitons are in phase,
this interaction is attractive, and solitons move more closely. To study the systems with multiple
pulses, we start with the NLSE for the case of two adjacent solitons. The amplitude of the soliton pair
at the fiber input can be written in the next normal form [ 1 2 3 ] .
A(0, t) = sech(τ − q 0 ) + ρ sech[ρ(τ + q)] exp(iθ)

(5.25)

where ρ is the relative amplitude, θ is the relative phase and the initial q0 separation is related to
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the bit rate by:
G = 2q

1

(5.26)

0 T0

Two-soliton collisions occur periodically along with the fiber. The relative separation q changes
with propagation and periodically changes according to the equation:

q(z) = q 0 + ln|cos(2ze−q0 )|

(27)

where z is the normalized distance. This relationship shows that q(z) changes periodically along
with the fiber with the period of oscillation:
π

zp = 2 exp(q 0 )

(28)

Because of the periodicity of q (z), the two solitons are separated and returned to collusion
periodically. This periodic oscillation is characterized by the collision distance given by the
formula:
Lcollision =

2TFWHM
Dch ∆λ

exp(q 0 )

Figure 5.14: Collision between two adjacent solitons.
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(29)

Where ChD is the dispersion of the fiber and ∆λ is the spectral width of separation for two solitons.
As a conclusion, we can state that the increase in the spacing between solitons is necessary to prevent
the interaction of solitons, which limits the bit rate of the communication systems based on solitons.
The spacing can be reduced by an important factor in using unequal amplitudes for neighboring
solitons. As seen in the ﬁgure 5.15.

Figure 5.15: Evolution of a soliton pair over a distance L = 150LD.
Such small changes in maximum power are not harmful to keep solitons. This solution is
feasible in practice and may help to increase system capacity [124].

5.11

Online control techniques (Filtering)

Filtering plays a very important role in the propagation of solitons. Besides stabilizing the
amplitude, it has the following functions [125]:
• adjusting the spectral widt.
• improving the amplitude factor.
• reducing the time jitter.
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5.11.1

Filtering guiding

The correction mechanism of timing jitter is used in the case when the center frequency of the
soliton is in an offset state due to the nonlinear interaction with the spontaneous emission noise.
The ﬁltering will tend to remove the portion of the spectrum, which is far from the initial frequency.
The nonlinear effect and the natural stability of solitons are then recreating the missing frequencies in
the middle of the band of ﬁltering. This frequency stabilization, therefore, eliminates much of the
time jitter due to the shift of the spectrum and the dispersion of the fiber. In addition, the line ﬁltering
also stabilizes the amplitude of the pulses as the peak power is related to the time width, and therefore
to the spectral width. Filtering, which regulates this spectral width, also regulates the amplitude of
the solitons and signiﬁcantly reduces the amplitude ﬂuctuations of the successive pulses. Consider
that the effects of regulation and interdependence between the parameters are characteristic of
nonlinear propagation and have no equations in classical linear links. The guiding principle of ﬁltering
is shown in ﬁgure 5.16 [c8].

Figure 5.16: The Guiding principle of ﬁltering [c8]

5.11.2

Filtering shifting

The shifting ﬁltering technique overcomes the main drawback of guiding ﬁltering. The principle
is to shift the center frequency of the ﬁlters slightly along the transmission line. The stabilization
phenomenon has the same origin as previously, accompanied by a shift in frequency of the soliton
pulses following ﬁltering. In contrast, the transmission line becomes opaque to noise, due to its linear
behavior. We can then use narrower ﬁlters, besides stronger additional gain, without suffering from
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deterioration of the signal to noise ratio. On the other hand, using periodic ﬁlters of Fabry-Pérot type,
this technique can be adapted to multiplexed wavelength groups [126] [c8].

Figure 5.17: The principle of shifting ﬁltering [c8].

5.12

Simulation and results

The simulations were done by COMSIS software (Appendix A), which we are implementing
mainly involve the following steps: Each element of the studied system, for example, connection
point, is described individually, either "system" or by its "physical" parameters. For example, a laser
diode can be deﬁned over a length, its threshold current, its efﬁciency ... or by the lifetime of the
photons, the volume of the active layer, etc.
•

Access to models (components, subsystems, propagation channels ...) via the Model drop-down
menu.

•

Assemble the different elements using connecting wires. Place intermediate variables for
visualization at the output of each module and on the names. On speciﬁc an output variable.
These functions are accessible at the main taskbar. The select / deselect arrow allows you to
capture part of the diagram, move it, copy/paste it, or delete it.

•

At this point, we can view the system described in the previous steps. A pop-up window, called
alphanumeric mode, makes it possible to display:
–

The equations of the system.

–

System parameters.
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–
•

The nature of the system (continuous or sampled).

The simulation part itself is accessible via the analyze menu. We mainly use for the study of the
chains of optical communications, the options static analysis, and temporal analysis.

A. Static Analysis: This feature of the software allows the study of the output of individual elements
of the simulated system. For example, visualize the power / current power, the frequency
response to amplitude modulation of a laser diode, the attenuation or dispersion of an optical
fiber.
B. Time Analysis: The system is simulated in time. The relevance of the study is based on the
choice and description of the different elements, as well as on the nature of the input and all the
intermediate variables. At this stage, it is not uncommon for all the questions to be answered:
it is then possible to use the popup of the alphanumeric window or the windows for deﬁning the
models. An explanation of the procedure to be followed or the nature of the parameters to be
ﬁlled in is then provided.
•

The visualization of the results is done through a contextual graphic window which offers
possibilities of rather complete graphical conﬁgurations. Treatment of the curves and quantities
visualized is accessible through the Dialogue menu of the graphic window.

•

After the time simulation step, several options and tools are available to evaluate the
performance of the set:
–

The Performance Evaluation window offers the possibility of visualizing the input, the

intermediate variables, and the output during the simulation period (Global Visualization) or on
a limited fraction of it (Visualization truncated), etc.
–

When one of the choices is made, for example, Global View, the Variables and

Pretreatments window to be displayed allowing you to choose between a simple temporal
visualization of the selected variable (temporal response), its autocorrelation function, its eye
diagram, its power [127] [c8].

131

5.13

Soliton transmission in single and multi-channel links

5.13.1

Single-channel link

5.13.1.1

Propagation of a Gaussian pulse in an optical fiber

This example illustrates in a very simple way the possible consequences of attenuation,
dispersion, and the Kerr effect on the propagation of a Gaussian pulse in an optical fiber.

Figure 5.18: Block diagram of the optical link based on a Gaussian pulse [c8].
It is a Gaussian-type optical short pulse, in complex form. This type of pulse is described by
the following equation:
t2

A(0, t) = √P0 exp (− 2T2 )

(5.30)

0

T0: Time width constant, corresponds to the half-width, P0: the power, in our case T0 = 20 ps, and
P0 = 2 mW, at a central wavelength equal to 1550 nm. The Gaussian pulse propagates in a single-mode
fiber, characterized by 80 km fiber length, 0.2 dB/km attenuation and chromatic dispersion of 17
ps/nm/km, and of nonlinearity coefﬁcient γ = 3W −1 K−1 . The temporal visualization of the powers of
the following outputs gives us the following ﬁgure:

Figure 5.19: Block diagram of an optical link for processing soliton pulses [c8]
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Figure 5.20: Evolution of the power proﬁle of a soliton pulse train with the propagation distance
LD = 115.36 km. a) Initial soliton train, b) Train of fundamental soliton,
c) Third order soliton train [c8]
Figure 5.19 contains 4 elements, they are: 1st is the clock with its frequency equal to 40 MHz and
(sh) is its output, 2nd is the soliton pulse train with its following parameters: the optical frequency is
15kHz, the power of the created pulses is 24 dBm and the width halfway up the intensity pulses is
88.15 ps, (solt) is its output pulse, 3rd is the optical fiber (OF) with a length of 115.36 km, the
attenuation and Kerr effect are neglected, (sf) is the output pulse from the fiber, 4th is the ﬁnal output
(OUTP). Figure 20 shows the power proﬁle of an initial soliton pulse train. This Figure also presents
the power proﬁle of the fundamental soliton train and the higher-order (N= 3) soliton train after
propagation in a single-mode fiber. The fundamental soliton pulse (N = 1, P0= 5 mW) perfectly
propagates in the optical fiber, it has retained the characteristics of soliton (ﬁgure 5.20-b). We present
a higher-order soliton pulse (N = 3 with power P0 = 15 mW) as well.
It propagates cyclically, the soliton pulse bursts are formed with spikes periodically increasing its
peak power (ﬁgure 5.20-c), then turning back to its original shape after a distance L = LD/N (L =
38.45 km). Therefore, the pulse power must be high enough to utilize the fiber non-linearity for
keeping the pulse shape, but its power must be small enough to avoid the generation of higher-order
solitons.

133

5.13.1.2

Soliton transmission in a single channel system

In this part, we simulate a single channel optical link to check the possibility of using the soliton
as an information carrier. It contains the following elements (ﬁgure 5.23): (ABS) is the arbitrary
binary sequence, its bit rate equal to 40 Mbits/s and percentage of sequence is 80, (RZ) is the binary
RZ encoder, its duty cycle is 5, (SOLT) is the soliton pulse converter, MZM with its following
parameter: offset voltage is 5.3V, opening voltage is 1.75V, extinction ratio is 20dB and the gain is 4.92dB, (OF) is the optical fiber with 40 km of length, factors of attenuation and dispersion are
2dB/km, 17 ps/nm/km and we eliminate Kerr effect and Raman effect, (CF) is the compensating fiber,
its chromatic dispersion factor is -80ps/nm/km, EDFA is the optical ampliﬁer, its noise factor equal
to dB, its gain is 30dB and the wavelength measurement parameter is 0.415 nm, (PIN) is the
photodiode, its sensitivity is equal to 0.9A/W, (GAIN) is an ampliﬁer with 30 dB gain, (FLTR) is a
low pass ﬁlter, its gain factor is 2.819, (DIS) is the decision circuit with a 5 threshold, (TAU) is the
random delay equal to 0.632 µs and ﬁnally (OTP) is the output of the transmission channel. Due to the
nonlinearities of the fiber, inter-symbol interference may occur. To eliminate them, we can choose a
relatively short pulse duration before the interval separating two successive solitons.
At ﬁrst, we propose that T0 = Tb as in the opposite (ﬁgure 5.21): T0: total pulse width, and Tb: bit
time width. Then, T0 = Tb = 1ns as show (figure5.21). And since we have several pulses each one
attached to the other, we will have the problems of interaction between pulses like shown in (ﬁgure
5.22-a). Then, we do not have the total width of the pulse, where Tmh is half-height, we have:

Tb = 1ns
T0 = Tb /10 = 0.1ns
Tmh = T0 /1.763= (0.1/1.763) = 0.56 ps

(5.31)
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Figure 5.21: Tb during soliton propagation wave [c8]
Then: T0 > Tb, as shown by the diagram opposite, so if we have several pulses, we will not
have the problem of overlap (ﬁgure 5.22-b).

A

B

Figure 5.22: Effect of the enlargement of the soliton pulse [c8]
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Figure 5.23: Block diagram of a single-channel connection using the soliton as an information
carrier [c9]

Figure 5.24: The outputs from different blocks of the link, a): the bit sequence, b): a stream of
solitons (optical carrier), c): modulated soliton train at the input of the fiber, d): modulated soliton
train at the output of the fiber [c9].
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Because of the non-linearity of the fiber, inter-symbol interference may occur. To eliminate it, we
can choose a relatively low-intensity pulse in the interval between two successive solitons. With the
parameters of the above-detailed components, we will simulate the link for a bit rate of 1 Gbit/s
throughput to check the possibility of using the soliton as an information carrier.
The results of the simulation are shown in ﬁgure 5.24. The binary sequence to be transmitted
(Figure 5.24.a), in our case "11001010111" is modulated by the soliton train (ﬁgure 5.24-b), the
resulting signal is the information or the presence of a soliton only gives the binary "1" and the
absence of it the binary "0", the modulated signal and send through the optical fiber of length L
=115.36 km and received by a photodiode. From (ﬁgure 5.24), we note very well that the signal received
(ﬁgure 5.24-d) has the same form as the signal sent (ﬁgure 5.24-c), but we also note that the latter undergoes
an attenuation that is due to the optical fiber. As a conclusion, we can say that the theory of using the soliton
as an information carrier is verified and for compensating the attenuation an EDFA optical ampliﬁer can be
implemented.

5.13.2 Soliton transmission in a multichannel system
We now present a complete simulation of the WDM system using solitons as information carriers
at four wavelengths which are between 1549.4 nm and 1556.8 nm, with a spacing of 1.6 nm (200
GHz). In this part, we will verify the spectral characteristics of soliton and the validity of the
applicability of this one for wavelength-multiplexed transmission. We start with the transmission of 4
channels (4 solitons) of different wavelengths in the same optical fiber. The key component in this link
and the optical multiplexer schematized as follows:

Figure 5.25: The transfer function of the multiplexer.
f: the transfer function of the multiplexer. This model makes it possible to simulate a multiplexer,
making the sum of the signals present on its inputs. The calculation of the output S of the multiplexer
from its inputs is as follows:
S(t)=∑N
K=1 EK (t)

137

(5.32)

Where N is the number of inputs of the multiplexer, in our case N = 4 (4 solitons). The other
characteristic parameters of the optical multiplexer are the bandwidth, the channel spacing, and the
central wavelength, in our case, are 20 GHz, 200 GHz (1.6 nm), and 1555. nm respectively. The four
solitons used for this connection have the following wavelengths: λ1 = 1549.4 nm, λ2 = 1551.0 nm, λ3 =
1552.6 nm, and λ4 = 1554.2 nm [c9].

Figure 5.26: Transmission of four solitons of different wavelengths.
Figure 5.27 shows the spectral proﬁle of four initial solitons and that of four solitons multiplexed
by a WDM, and after propagation in an optical fiber. As in the time domain, the fundamental soliton
spectrum (ﬁgure 5.27) propagates perfectly in the optical fiber, it has kept the characteristics of the
soliton (ﬁgure 5.27-b) after a distance L = 57 km). From (ﬁgure 5.27-b), we also observe that there
are ﬂuctuations in the multiplex spectrum after the propagation in the fiber due to the interactions
between the solitons, and to correct the noise problem of the interaction we then add an optical ﬁlter
online. We will now present a complete simulation of the WDM system using solitons as information
carriers, without forgetting to include the optical ampliﬁer and ﬁlter in line, as shown by the following
(ﬁgure 5.28).
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(a)

(b)

Figure 5.27.a: Spectral presentation of 4 solitons, a: the 4 initial solitons, b: the 4 multiplexed
solitons at the top, and the 4 multiplexed solitons and propagated in the fiber down [c8]
b: Spectral presentation of 4 solitons, a: the 4 initial solitons, b: the 4 multiplexed solitons at the top,
and the 4 multiplexed solitons and propagated in the fiber down.
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Figure 5.28: block diagram of the WDM system with 4 soliton channels.
The wavelengths of 4 solitons are between 1549.4 nm and 1555.8 nm, with a spacing of 1.6 nm
(200 GHz). The carrier signals are therefore modulated by the random bit sequences of the 1 Gbit/s
user data. The resulting signal is in RZ format. The encoded data of all users are multiplexed by the
optical multiplexer and then transmitted through a single-mode optical fiber, followed by an optical
ampliﬁer which is EDFA gain is 30 dB, and optical filter having 20 GHz BW. The propagation signal
was demultiplexed. The results of the simulation are shown in ﬁgure 5.29. If we compare the received
multiplex with and without the inserted components online, we note the interest of such an assembly
(ﬁgure 5.29-a). From the results obtained it is found that the addition of the EDFA and the filter
improves the system performance. It is thus noted that with solitons, the initial channels are well
recovered at the exit (ﬁgure 5.29-c). Thus, this type of pulse is very well adapted to the WDM
technique and allows a signiﬁcant spectral efﬁciency (ratio of bit rate, optical modulation bandwidth),
which allows cost optimization.
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(a)

(b)
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(c)
Figure 5.29: a: Spectral presentation of 4 solitons, a: the 4 initial solitons, b: the 4inputs multiplexed
solitons, c: the 4 multiplexed solitons after propagated in the fiber [c9].

5.14

Capacity development and impact of linear and non-linear
effects

To increase the total capacity of a WDM system, it is possible to play on the rate carried by each
channel or on the number of channels, see both at the same time. The progress of the fast electronics,
the integration of electronic and optical components, make it possible to process in the equipment of
extremities, higher and higher bit rates. But increasing the rate makes the signal more and more
sensitive to propagation defects, both linear and non-linear. Thus, chromatic dispersion (around
16.5 ps/nm/km at 1550 nm for an SMF-28 type fiber), which is detrimental to the transmission of
information, can no longer be neglected and dispersion compensation solutions will have to be applied.
In the same way, the appearance of higher injected power is also a very important factor of degradation
and their impacts will have to be controlled. To increase the number of channels, the method consists
of decreasing the spacing between each wavelength while remaining in the same band (for example the
band C). The spacing values are 50 GHz (or 0.4nm) and 25GHz (0.2nm). Hundreds of channels can
be obtained in the same band! Because the spacing is less than 100 GHz, this is known as DWDM
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technology. This tightening also imposes increasingly lower tolerances on the stability of the lasers
and the crosstalk in the channel that can be introduced.

5.14.1

2R regeneration

Regeneration 2R, for "Reshaping and Reampliﬁcation", is schematized on (ﬁgure 5.30). Its role
is to carry out, in addition to ampliﬁcation, a reshaping of the signal. This consists of an improvement
in the Extinction Ratio (ER), deﬁned as the ratio between the average power of the "1" and the average
power of the "0" (ER = I1 / I0) as well as the reduction amplitude noise on the "1" and "0" symbols
of the signal. 2R regenerators are generally formed of a linear optical ampliﬁer followed by a nonlinear optical gate. However, the 2R regeneration only corrects signal amplitude ﬂuctuations. It does
not correct the temporal ﬂuctuations of the symbols, known as time jitter or "jitter" in English. The
jitter accumulation can lead to a degradation of the BER. Regeneration 3R, presented in the next
section, is the solution to avoid this problem.

Figure 5.30: (a) Schematic diagram of a 2R regenerator and (b) regenerator transfer function.

5.14.2

3R regeneration and Gordon-Haus temporal jitter

The optical soliton is the best choice as a carrier of information in optical fibers because of their
robust nature. Due to various perturbations that it undergoes during its propagation, it is unstable
compared to its position, so we have a process of the temporal jitter of Gordon-Haus (Timing jitter).
The main sources of variation in soliton position are interactions between adjacent solitons,
ampliﬁcation noise. These effects limit the bandwidth of solitonic transmission systems.
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Figure 5.31: eye diagram distinguishes jitter (jitter).
The variation of the position of the optical soliton results from the variation of the wavelength of
the soliton. This variation causes a variation in the speed of propagation in the fiber through the
chromatic dispersion. As a result, there is a variation in the position of the soliton (random walk). To
avoid the variation of the optical soliton wavelength due to the interaction, every two adjacent solitons
should be separated by a distance of six times the pulse width. The 3R regeneration performs the
three steps necessary for the complete regeneration of the data. Data re-synchronization is, therefore,
an important step in regeneration. To achieve this complete regeneration, the 3R devices require the
use of clock recovery to temporally correct symbol offsets.
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5.15

Conclusion

The optical soliton technique thus appears today to be extremely promising for the transmission of
very high digital data rates, with potential performances that are out of reach of conventional so-called
’linear’ systems. The work carried out during this dissertation focused on the study of the propagation
of soliton pulses in multi-channel optical systems.
We have discussed in the ﬁrst part of this manuscript the turn: WDM transmission techniques, we
have seen that despite the major advantage presented by this technique to increase the transmission
capacity, it suffers from serious limits such as nonlinear effects or optical Kerr effects (SPM, XPM,
and FWM), as well as chromatic dispersion (GVD) which is the main limit in all-optical systems
whether single-channel or multi-channel. Subsequently, it was explained how to exploit the nonlinear
effects until we ﬁnd the perfect balance between (SPM and GVD: SPM + GVD = 0) to produce a soliton
wave that propagates without distortion i.e. retains its shape and speed during propagation in an optical
fiber, and after it has been shown how solitons can be used as carriers of information in WDM systems,
bypassing the problems encountered during these during propagation by the same channel and
through the adjacent channels. It is important to remember, however, that without the advent of control
techniques, and in particular ﬁltering, soliton systems would not have in most cases presented the
advantages they present today. Theoretical hypotheses are numerically approved. Finally, it can be
said that solitons will certainly ﬁnd their place in optical systems if high bit rates are needed because of
their adaptation with optical regeneration in these systems.
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CONCLUSIONS
This doctoral dissertation summarizes the outcomes research work, which was done from
September 2016 until December 2019. The research was funded by BME, Budapest University of
Technology and Economics engineering grant projects COST project CA1622 EUIMWP, Stipendium
Hungaricum, Algerian state and university of 8 Mai 1945 Guelma, which were focused on Optics
communication, linear and nonlinear problem us crosstalk, limitation of the bit rate, linearity, and
non-linearity applying such system and technology us polarization multiplexing, Radio over Fiber,
wireless transmission, soliton, WDM, MIMO antennas to enhance the quality transmission for 5G
mobile network.
We reach important new scientific results based on the simulation and measurements. First, we
focus on the dispersion phenomena, its behavior, effects, and disadvantages, etc in the network. We
demonstrate the broadening of short (Dirac ϭ-shaped) pulse caused by PMD. We conclude that the
probability distribution function of GVD between the principal state of PMD (0.5ps/km1/2) generated
by the component agrees well with Maxwellian one, the bit rate is 40 Gbit/s for 200 km distance.
The PMD effects are simulated on many optical parameters and their advantage, behavior, effects
as well.
➢ The results for the impact of the quality factor versus fiber length as follows: that more the fiber
length (≥100 km) increases the quality factor decreases by more than 10%.
➢ When the bit rate is 40 Gbit/s the quality factor is good (Q = 6) but when the bit rate increases
the Q decreases.
➢ If the PMD is higher than 0.5 ps/km1/2 the Q decreases, for 1ps/km1/2 the Q is less than 2, the
signal is completely distorted.
➢ When the PMD coefficient increases the electrical power decreases for PMD equal to
≤0.5ps/km1/2 if the intensity is between [-33.5 to -33.4] dBm. When PMD is more than 0.5ps/
km1/2 the BER becomes worse.
At the end of the fiber, the received signal has an elliptical polarization state (azimuth α = 001098
and ellipticity ϵ = 0.00454). The total power of the polarized light is about −13.68 dBm and remains
lower compared to the input laser diode power equal to −0.19 dBm. The energy will turn on the slow
axis of polarization, and exchange energy with the polarization of the original state. These proper
modes vary randomly along the length L of the fiber. The coupling in a strong mode opposes the
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broadening of signals propagating in the fiber. The polarization state is located in the northern
hemisphere of the Poincare sphere and the DOP is about 99.851%.
Second, we study polarization by scattering, which is observed as light passes through the
atmosphere. Twenty “partial” pulses (or delay times) are suitable in the case of fixed lengths of a
scattering section in a fiber. That gives an idea about the importance of the variable scattering section
length (non-zero scattering section dispersion). In the case of N identical scattering segments, only N
delay times (or partial pulses) are produced. When non-zero dispersion of the scattering length is
used, the number of delay times (partial pulses) is increased (to 2 N). As an example, a D-WDM
system at 112 Gbit/s per channel using 9 modulated channels was investigate in PMD-QPSK with
modulation speed equal to 28 Gsymbol/s and space between channels of 50 GHz. We determined the
influence of chromatic dispersion and PMD on quality factor distribution.
➢ The width at 5 per 1000 of the maximum normalized occurrences ΔQ2 5% of 2.2 dB and 1.5 dB
respectively for the "with DCF" and "without DCF" configurations.
➢ The Q factor is improved in the presence of PMD. We note that the width ΔQ2 5% is greater in
the case "with DCF" and without PMD (ΔQ2 5% = 2dB) whereas it is smaller when we emulate
a PMD of 30 ps (ΔQ2 5% = 0.6dB).
➢ The enhancement of the Q factor to 7 is remarkable.
To obtain good signal transmission with polarization mode compensation, both pre-and postpolarization compensations are used by inserting polarization controllers before and after the fiber.
Moreover, the increase in the number of users and the bandwidth demand per user has forced service
providers to explore higher frequencies. The POL-MUX technique is a countermeasure to that
problem. Therefore, as a new approach, it has been applied. We introduced a 90˚ phase shift between
the two optical waves. That way there are two orthogonal coherent beams in the time or frequency
domain when using simulation and measurements. The laser beam has elliptical polarization.
Therefore, its beam is passed through a linear polarizer plate in the polarization controller to create a
perfect linear polarization wave from it. Then by quarter-wave (λ/4) and half-wave (λ/2) plates, the
SOP is adjusted. By using PC to keep the orthogonality between the two channels by 90 degrees, the
effect of crosstalk has been reduced significantly. A BER better than 10-6 has been achieved using
different fiber length and 12 Gbit/s modulation speed. The achieved measurement results prove the
applicability of the POL-MUX technique in links for high-speed long-distance transmission
increasing this way the spectral density. Integrating the PBS and beam combiners improves the POLMUX network structure, which results in the BER of 10−10 for less than 100 km fiber length. The
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impact of data sequence on the transmission performance has been investigated in terms of Q factor
and BER considering different modulation formats like 4/16-QAM and 16/64-QAM. The choice of
polarization phase of polarization controller is extremely important to obtain a good transmission
quality.
The relation between the chromatic dispersion and PMD has a direct impact on the behavior of the
RoF transmission at 60 GHz and with enough PER, the polarization crosstalk can be reduced
substantially. In the simulation, the PER should be ≥22 dB, within the limits of measurement errors
it should be ≥25 dB. The single drive Mach-Zehnder interferometer modulator is used basically for
optical intensity modulation and the modulation characteristic exhibits a significant nonlinearity at
the increased drive level. We draw attention to the problem that intensity modulation is associated
with parasitic phase modulation. Then we investigate the source of parasitic phase modulation and its
effect on the resultant modulation characteristic. In the case of the investigated optical link the best
range to have a good transmission with BER equal to 10-11 is in the wavelength range between 1545
nm and 1555 nm for that based on POL-MUX measurement we recognize that the BER and bit rate
has inverse relation. The bit rate range starts from 0.1Gbit/s and extends to 12 Gbit/s; the wavelength
is 1550 nm and the optical power is 7 dBm, When applying an optical amplifier in the link, the high
gain (>30 dB), high saturation power, wide amplification band (>30 nm) and proper polarization
intensity are key optical characteristics. Nevertheless, with the pumps set at 980 nm and/or 1480 nm,
the EDFA is limited to amplifying only in a specific spectral band (the C band from 1530 to 1565
nm).
The POL-MUX simulation with 4/16-QAM shows the relationship between symbol error rate
(SER) and PER. As PER increases polarization crosstalk reduces. The SER for 4QPSK is higher
compared to 16-QAM at the low PER, the importance of using PC before and after the MZM due to
its senility for polarization. The variability of performance as a function of data sequence type, the
choice of polarization phase of polarization controller is extremely important to obtain a good
transmission quality. The non-coherent detection and differentially coherent detection offer good
power efficiency only at low spectral efficiency because they limit the degrees of freedom available
for encoding of information.
The RF signals are transmitted by polarization multiplexing a multi-wavelength source. When
millimeter-wave signals are around 25 GHz, the proposed architecture provides a good BER around
10−8 for output one and 10−7 for the second output. There is an increasing demand for improved
capacity in mobile networks. That means faster signal transmission and a high capacity to fulfill the
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subscriber’s requirements. To achieve that goal the used radio frequency band should be pushed to
higher frequencies, mainly into the millimeter band e.g., into the 60 GHz band. However, in this band,
new challenges appear. There is a big challenge in the measurement because it is very sensitive to
any changes or modifications of the devices. We should measure the power frequently. The
propagation of radio waves in the millimeter band is more sophisticated compared to the microwaves
band due to atmosphere disturbance, high attenuation, multipath propagation, etc. On the other hand,
there is a significant advantage: the available band is much larger compared to the microwave band.
The requirement to use millimeter waves is mainly important in urban areas where the density of
subscribers is high. There are two reasons for high density: there are areas that are highly populated
and there are events that are crowded. In these cases, the cell must be reduced, i.e. picocells have to
be created. That means more picocells are to be connected to the networks. For interconnections in
the network, microwave lines are applied. However, the microwave band for communications is
limited and already very crowded for connecting the significantly increased number of radio base
stations in the mobile network. Therefore, we must use much higher carrier frequencies, e.g. in the
60 GHz band, there is a serious requirement in future systems like 5G, 6G: increasing the capacity
significantly. That is the channels must be much wider, or in other words, we must use much higher
bit rates. For that purpose, we need a very broad transmission band. That is possible in the millimeter
band because keeping the same relative bandwidth at 60 GHz as at 6 GHz, we will have 10 times
wider absolute bandwidth.
The optical fiber is more and more frequently used for connecting the radio base stations into the
networks. The optical transmission of a digital bitstream has several advantages because the fiber has
extremely how attenuation, very wideband, small reflection, and no interference. After all, wave
propagation is confined to the fiber, i.e. no radiation. However, there is a significant drawback, fiber
dispersion.
Due to fiber dispersion, we obtain pulse broadening which deteriorates signal reception. The pulse
broadening is dependent on the length of the fiber and the bit rate of signal transmission. Every radio
base station is connected to a central station in the network. There is a trend to apply a very simple
radio base station and perform the necessary processing in the central station. In this approach the
carrier frequency is generated in the central station, then it is modulated, and the modulated carrier
signal is used to modulate the optical beam. This method has many difficulties in the 60 GHz band.
E.g. the received signal is significantly reduced as the fiber length is increased.
There is another way to overcome the problem. In this approach, the carrier frequency is much
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lower, and the millimeter-wave carrier is generated in the radio base station. Both methods have
significant problems for that we have chosen a different architecture than we applied two laser beams
with a 60 GHz frequency difference between them. The 60 GHz radio wave is obtained by mixing
the two laser beams at the radio base station. The generated radio waves carry information.
We applied the above approach. As a further improvement information is transmitted by optical
waves with two polarizations. For the wireless link, we use millimeter waves radiation also with two
polarizations. This way we create a complete combined optical wireless system. This approach can
be used advantageously in the following application:
➢

To achieve double bandwidth,

➢

To increase the capacity,

➢

To insert a new channel into an existing optical link,

➢

To generate millimeter waves carrier frequency in the radio base station,

➢

To reduce the latency of signal transmission.

➢

In every case, the stabilization of frequency and reduction of noise are substantial

issues.
Finally, in our system, optical mixing proves to be the best choice because it provides a low noise
stable signal in a relatively easy way. Our choice is based on a previous investigation concerning the
effect of fiber dispersion and PMD. The optical and wireless links using polarization multiplexing
has been developed and tested in the laboratory. However, the spectacular growth of the Internet and
telephone traffic forces the network operators to increase the transmission capacity of their terrestrial
fiber networks. Using the WDM technique multiple Gigabit/s capacities are available in a single fiber.
The polarization domain wall solitons PDW. This method contributes to the challenge of optical
telecommunications by making transmission lines that best preserve the standard of the signals move
in Associate in Nursing fiber, for that there are several problems: the laser sources are not strictly
monochromatic and further problems are because of the nonlinearity like SPM, XPM, FWM. For
compensating the nonlinear effects, we apply proper dispersion. As a solution, we propose a
hyperbolic secant pulse shape (soliton). In an optical link applying dispersion management, i.e., when
the chromatic dispersion is compensated for every channel then the EDFA type optical amplifier can
be well applied for soliton pulse amplification or regeneration.
There are some constraints like channel spacing, amplifier noise, the collision of solitons, and
crosstalk between the channels. They become serious problems with the increase in the number of
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channels due to system nonlinearity. We numerically confirm the theoretical hypothesis on the design
principles of soliton transmission in WDM systems. It is important to mention that without the advent
of monitoring techniques and filtering, soliton systems would not provide their benefits. The optical
soliton thus appears today to be extremely promising for the transmission of very high digital data
rates, with potential performances that are out of reach of conventional so-called 'linear' systems
between the two optical waves. That way there are two orthogonal coherent beams in the time or
frequency domain when using simulation and measurements. The laser beam has elliptical
polarization. Therefore, its beam is passed through a linear polarizer plate in the polarization
controller to create a perfect linear polarization wave from it. Then by quarter- wave (λ/4) and
half- wave (λ/2) plates, the SOP is adjusted. By using PC to keep the orthogonality between the two
channels by 90◦, the effect of crosstalk has been reduced signiﬁcantly. A BER better than 10−6 has
been achieved using different ﬁber length and 12 Gbit/s modulation speed. The achieved measurement
results prove the applicability of the POL-MUX technique in links for high-speed long-distance
transmission increasing this way the spectral density. Integrating the PBS and beam combiners
improves the POL-MUX network structure, which results in the BER of 1010 for less than 100 km
ﬁber length. The impact of data sequence on the transmission performance has been investigated in
terms of Q factor and BER considering different modulation formats like 4/16-QAM and 16/64QAM. The choice of polarization phase of polarization controller is extremely important to obtain a
good transmission quality.
The relation between the chromatic dispersion and PMD has a direct impact on the behavior of the
RoF transmission at 60 GHz and with sufﬁcient PER, the polarization crosstalk can be reduced
substantially. In the simulation, the PER should be ≥22 dB, within the limits of measurement errors
it should be ≥25 dB. The single drive Mach-Zehnder interferometer modulator is used basically for
optical intensity modulation and the modulation characteristic exhibits a signiﬁcant nonlinearity at
the increased drive level. We draw attention to the problem that intensity modulation is associated
with parasitic phase modulation. Then we investigate the source of parasitic phase modulation and its
effect on the resultant modulation characteristic. In the case of the investigated optical link the best
range to have a good transmission with BER equal to 10−11 is in the wavelength range between 1545
nm and 1555 nm for that based on POL-MUX measurement we recognize that the BER and bit rate
has inverse relation. The bit rate range starts from 0.1Gbit/s and extends to 12 Gbit/s; the wavelength
is 1550 nm and the optical power is 7 dBm, When applying an optical ampliﬁer in the link, the high
gain (>30 dB), high saturation power, wide ampliﬁcation band (>30 nm) and proper polarization

151

intensity are key optical characteristics. Nevertheless, with the pumps set at 980 nm and/or 1480 nm,
the EDFA is limited to amplifying only in a speciﬁc spectral band (the C band from 1530 to 1565
nm). The POL-MUX simulation with 4/16-QAM shows the relationship between symbol error rate
(SER) and PER. As PER increases polarization crosstalk reduces. The SER for 4QPSK is higher
compared to 16-QAM at the low PER.
The optical ﬁber is more and more frequently used for connecting the radio base stations into the
networks. The optical transmission of a digital bitstream has several advantages because the ﬁber has
extremely how attenuation, very wideband, small reﬂection, and no interference. After all, wave
propagation is conﬁned into the ﬁber, i.e. no radiation. However, there is a signiﬁcant drawback, ﬁber
dispersion. Due to ﬁber dispersion, we obtain pulse broadening which deteriorates signal reception.
The pulse broadening is dependent on the length of ﬁber and the bit rate of signal transmission. Every
radio base station is connected to a central station in the network. There is a trend to apply a very
simple radio base station and perform the necessary processing in the central station. In this approach
the carrier frequency is generated in the central station, then it is modulated, and the modulated carrier
signal is used to modulate the optical beam. This method has many difﬁculties in the 60 GHz band.
E.g. the received signal is signiﬁcantly reduced as the ﬁber length is increased. There is another way
to overcome the problem. In this approach, the carrier frequency is much lower, and the millimeterwave carrier is generated in the radio base station. Both methods have signiﬁcant problems for that
we have chosen a different architecture than we applied two laser beams with a 60 GHz frequency
difference between them. The 60 GHz radio wave is obtained by mixing the two laser beams at the
radio base station. This way we overcome the signal weakening effect. The generated radio waves
carry information. We applied the above approach. As a further improvement information is
transmitted by optical waves with two polarizations. For the wireless link, we use millimeter waves
radiation also with two polarizations. This way we create a complete combined optical wireless
system. This approach can be used advantageously in the following application:
➢ To achieve double bandwidth,
➢ To increase the capacity,
➢ To insert a new channel into an existing optical link,
➢ To generate millimeter waves carrier frequency in the radio base station,
➢ To reduce the latency of signal transmission.
➢ In every case, the stabilization of frequency and reduction of noise are substantial issues.
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Finally, in our system, optical mixing proves to be the best choice because it provides a low noise
stable signal in a relatively easy way. Our choice is based on a previous investigation concerning the
effect of ﬁber dispersion and PMD. The optical and wireless links using polarization multiplexing has
been developed and tested in the laboratory. However, the spectacular growth of the Internet and
telephone trafﬁc forces the network operators to increase the transmission capacity of their terrestrial
ﬁber networks. Using the WDM technique multiple Gigabit/s capacities are available in a single ﬁber.
The polarization domain wall solitons (PDW). This method contributes to the challenge of optical
telecommunications by making transmission lines that best preserve the standard of the signals move
in Associate in Nursing ﬁber, for that there are several problems: the laser sources are not strictly
monochromatic and further problems are because of the nonlinearity like SPM, XPM, FWM. For
compensating the nonlinear effects, we apply proper dispersion. As a solution, we propose a
hyperbolic secant pulse shape (soliton). In an optical link applying dispersion management, i.e. when
the chromatic dispersion is compensated for every channel then the EDFA type optical ampliﬁer can
be well applied for soliton pulse ampliﬁcation or regeneration. There are some constraints like
channel spacing, ampliﬁer noise, the collision of solitons, and crosstalk between the channels. They
become serious problems with the increase in the number of channels due to system nonlinearity. We
numerically conﬁrm the theoretical hypothesis on the design principles of soliton transmission in
WDM systems. It is important to mention that without the advent of the monitoring techniques and
ﬁltering, soliton systems would not provide their beneﬁts. The optical soliton thus appears today to
be extremely promising for the transmission of very high digital data rates, with potential
performances that are out of reach of conventional so-called “linear” systems [139]
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POl-DM: Polarization Division Multiplexing
POL-MUX: Polarization multiplexing
PON:
Passive Optical Network
PRBS:
Pseudo-Random Bit Sequence
PSD:
Power Spectral Density
PSK:
Phase Shift Keying
PSP:
Principal States of Polarization
QAM:
Quadrature Amplitude Modulation
QPSK:
Quadrature Phase Shift Keying
RA:
Raman Amplifier
RF:
Radio Frequency
RoF:
Radio-over-Fiber
RX:
Receiver
RZ:
Return-to-zero
SBS:
Stimulated Brillouin Scattering - Stimulated Brillouin Diffusion
SC:
Standard Connector
SER:
Symbol error rate
SIMO:
Single Input Multiple Output
SINR:
Signal-to-Interference and Noise Ratio
SMF:
Single Mode Fiber
SNR:
Signal-to-Noise Ratio
SOA:
Semiconductor Optical Amplifier
SOP:
State of Polarization
SPM:
Self Phase Modulation
SSF:
Split-Step Fourier
TOD:
Third Order Dispersion
TX:
Transmission or Transmitter
WDM:
Wavelength Division Multiplexing
XPM:
Cross (X) Phase Modulation
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LIST OF ABBREVIATIONS
List of symbols
𝛚𝟎
𝐂𝐡𝐃
G
LChD
Δλ
H
∆τ
Τ
M
Φ
Vm
I
Λ
L
α and β
S
R
C
ΦNL
N
I
PNL
𝛈
A eff
Ps
P0
LD
L NL
β2
Γ
T0
Sg
T
Z
T
Ρ
Θ
Tmh
N
G

Angular frequency
Chromatic dispersion
Bit rate
Chromatic dispersion length.
Spectral width
Mean coupling length in the limit
Full width
Time delay
Rotation matrix
Phase shift
Applied voltage
Optical intensity
Wavelength
Length of optical fiber
Coordinates of the axis in stokes space
Complex constellation symbol
Energy ratio
speed of light
Non-Linear phase
Nonlinear index
Intensity
The nonlinearity of the material
Total power of the intermodulation
The effective area of the fiber section (80 µm 2)
Power per wavelength
Power of the pulse
Length of the dispersive section
Length of the nonlinear section
Second-order dispersion index
Attenuation index
Duration of the pulse
Group delay
Time
Propagation distance
Bit time width
Relative amplitude
Phase
Pulse height mid-point
Number of input channels
Gain
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Appendix A: COMSIS software presentation
The development of fiber optic telecommunications has multiplied network architectures. The
design of the associated systems is an increasingly complex problem, as the number of parameters
influencing the performance of the link is large. However, unlike electronics and microwaves, there
are no standard and well-accepted tools in the field of optical transmissions. Recently, several
software packages have appeared on the market for the simulation of optical communications
systems. The GESTE laboratory where I carried out my thesis work tested some of these simulators
and selected the COMSIS software. A presentation of the latter is given below. Presentation of the
software [140][141] COMSIS is a system simulation software developed by a French company, IPSIS
(Engineering For Signals and Systems), based on the Rennes technopole. The acronym for COMSIS
stands for COMmunication System Interactive Software. This software is a tool that allows
researchers and engineers to model, simulate, analyze and design any signal processing module
ranging from the most basic device to the complete communication system. It is an interactive
environment that combines digital tools with graphical functionality and a user interface.
With this fairly user-friendly software, building a block diagram is quite easy. All you have to
do is select, using the mouse, the objects available in the library and drop them on the drawing sheet.
These objects represent models of operators, inputs, and outputs and must be interconnected and
named. Once these models have been positioned, linked, and named, their characteristic parameters
must be defined, in numerical form or using a formal parameter, before launching the analysis of the
system. It is also necessary to insert intermediate variables (corresponding to the input and output
quantities of the operators) and name them. Thus, the simulator has access to the signals at each point
of the diagram. COMSIS has contextual and hypertext online help, consisting of the user manual
accessible in its entirety.
A. The library
The COMSIS library was developed in collaboration with France Telecom R&D. Some of the
models available in the COMSIS library (Figure alpha) include, for example, line codes, errorcorrecting codes, logic functions, modulations, demodulations, filters, disturbances, GSM, UMTS,
optical components ...

164

Figure alpha : La bibliothèque de modèles de COMSIS.
These different models, also called functional operators, are transformation units characterized by
one (or more) output quantity (s) depending on an input quantity or a combination of input quantities.
They are classified into two categories: Linear operators which enjoy the properties of additivity,
homogeneity, and stationarity over time. The nonlinear operators which form a large class without a
universal representation model.
B. Representation of functional operators
A data transmission chain is a processing system that performs a set of basic operations on signals
to extract information from them or make them carriers of information. The range of usual operations
is quite wide. It can be broken down into different classes based on the constraints that can be placed
on each operator.
B.1. Linear operators
Linear operators are of considerable importance because they are the easiest to analyze and
characterize. The class of linear operators is characterized by the principle of superposition which
means that the response to a sum of excitations is equal to the sum of the responses to each excitation.
B.2. Nonlinear operators
[142][143] Conversely, the modelling of non-linear systems comes up against major difficulties.
No theory exists which allows, as in the linear case, to simply determine the input/output relations
[127].
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Appendix B: Optiwave Systems Inc
Optiwave is the emerging leader in the development of innovative software tools for the design,
simulation, and optimization of components, links, systems, and networks for the dynamically
growing fields in photonics nanotechnology, optoelectronics, optical networks, and other photonic
applications.
Since its inception in 1994, Optiwave’s software has been licensed to more than 1000 industryleading corporations and universities in over 70 countries worldwide. Today, Optiwave’s cuttingedge photonic design automation software and customized engineering design services offer its
customers a distinct competitive advantage, by vastly shortening their time to market while
dramatically improving quality, productivity, and cost-effectiveness.
Our clients come from various market segments, such as:
Photonic component and module suppliers: Oclaro, Corning, 3M, LG, Intel, and Oki Electric
Optical telecommunication equipment providers: Alcatel-Lucent, Huawei, Mitsubishi, NEC, and
Ciena Telecommunication Service providers: NTT, AT&T, and Bell Canada National defense
contractors: Lockheed Martin, Raytheon, Boeing, and Thales Non-profit organizations: Sandia
National Laboratories, Battelle, National Research Council of Canada, the Communications Research
Centre University professors, researchers and graduate students in hundreds of universities around
the world: Harvard, MIT, Stanford, McGill, Nanyang, Shanghai and Tokyo University [111].
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