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1. Introduction

The 5G mobile network targets wireless connection capacity up to 10 Gbit/s. For this purpose, | propose a
method to considerably increase capacity. | show how to compensate the linear and nonlinear effects using a
different prototype in optics and radio over fiber based on polarization multiplexing, soliton propagation,
modelling, etc.

Enabled by coherent and non-coherent detection technigques, advanced modulation formats improve spectral
efficiency to support the growing demand of capacity in fiber transmission systems. Coherent detection retains
both the amplitude and phase information of the received signal, allowing digital signal processing (DSP) to
compensate for linear optical channel impairments such as chromatic dispersion (CD) and polarization mode
dispersion (PMD).

Polarization mode dispersion is a physical phenomenon in optical fiber that causes light pulses to spread in
time. | study the impact of this phenomena on many optical parameters (fiber length, BER, bit rate, signal
amplitude, modulation, etc.) using simulations, experiments and measurements.

Polarization also occurs when light is scattered while traveling through non-isotropic medium. 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 own electromagnetic waves that 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 again radiated outward in all directions.
This absorption and reemission of light waves cause the light to be scattered the medium. This scattered light is
partially polarized.

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 on the same fiber. The two waves can carry different information.

| 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 achieved
measurement results prove the applicability of the Pol-Mux technique in links for high-speed long-distance
transmission.

Moreover, based on the simulation and measurements results, | have achieved optimum system performance
and | was able to reduce the PMD effect using pre- and post-compensation. | also have improved the Pol-Mux
technique using coherent detection in case of 4/16-QAM and 16/64-QAM modulations.

| investigated the modulation part. The Mach-Zehnder modulator is widely used for optical intensity
modulation. It’s often 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 well-known that Mach-Zehnder
modulator exhibits higher modulation nonlinearity with increasing driving voltage. However, there is another
property which 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 modulated signal. | tested the source of phase modulation and its effect on the
modulation characteristics.

The Pol-Mux technique is very practical for branching application. Using the arrangement of the block
diagram (1) 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.

In some cases, a radio base station of mobile network is at a remotely located place, far from the existing
optical network. For that section, usually a wireless connection is established. That solution can be easily applied
to the radio over fiber (RoF) technique, extending the optical section. In this case several radio base stations can
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be connected via an optical link carrying several radio frequency subcarriers. The RoF concept can be applied
very well also at millimeter wave frequencies. The optical fiber is more and more frequently used for
connecting the radio base stations into the mobile networks. However, there is a significant drawback,
fiber dispersion, and due to fiber dispersion, | obtain pulse broadening which deteriorates signal
reception. The pulse broadening is dependent on the length of fiber and the bit rate of signal
transmission

The radio over fiber concept can be applied for different connections in a mobile network. One example is
when a central station is to 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 wave band because then there are smaller cells and
therefore more radio base stations. In this application the radio over fiber link is the best choice because it
produces the millimeter wave carrier modulated by the information. Therefore, this signal can be radiated
without any further processing (except amplification and filtering). | propose to apply also the polarization
multiplexing method to increase capacity.

In the developed experimental link two optical sources are used with the same or almost the same frequency:
193.5 THz. Their output power is almost the same: 12 dBm and 13 dBm. The frequency stability is better than
1.10°%. This very high frequency stability is necessary because 60 GHz millimeter wave signal is generated by
mixing the two optical beams. For that purpose, I use a local oscillator laser operating at 193.440 THz frequency.
Then the mixing product is at 60 GHz.

The emitted laser beam usually has elliptic polarization. A polarization filter is applied to have linear
polarization. That beam is modulated by a data stream. Then the modulated beams are adjusted to get orthogonal
polarization and they are combined by a polarization beam combiner. The local oscillator laser beam is added
by 45°polarisation to the modulated beams with two orthogonal polarizations. The resultant optical beam is
transmitted over a single mode fiber (SMF) to the reception side. In the receiver a polarization beam splitter
(PBS) separates the two polarizations and by optical detection two 60 GHz modulated millimeter wave radio
frequency (RF) signals are obtained, then these signals are amplified and radiated from the radio base station.
The complete connection is tested by measuring the bit error rate (BER) and eye diagram. In the experiment the
bit rate and fiber length were varied.

Having tested the radio over fiber link, the experiment is 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 wave link is tested
which connects the central station with the subscribers. The wave propagation problems of the wireless section
are not tested. The measurement results are presented in the dissertation. The bit rate and fiber length are varied.

Finally, in the last part | study the relation between PMD and soliton. | use intensity modulation to encode
the information to be delivered, and polarization to separate multiple channels. Polarization division multiplex
(PDM) transmission based on the nonlinear Fourier transform (NFT) is proposed for optical fiber
communication. The NFT algorithms are generalized from the scalar nonlinear Schrédinger equation (NLSE)
for one polarization to the MANAKOV system. The NLSE describes the propagation in an optical fiber
considering both linear and nonlinear phenomena in the fiber.

The technique of optical solitons thus appears today to be extremely promising for the transmission of very
high digital rates, with potential performances which are out of the reach of conventional so-called 'linear
transmission'. | use non-linear effects until | find the perfect balance (linearity + non-linearity = 0) to produce a
soliton wave that propagates without deformation, i.e. to retain its shape and speed during propagation in an
optical fiber. I also showed how solitons are used as information carriers in WDM systems when propagating
in the same channel and in the adjacent channels.
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Block diagram 1: presenting the Pol-Mux transmission channels

2. Theses

My research topic was to improve optical connections for meeting the increased requirements of 5G mobile
networks. For that purpose, | have chosen the new polarization multiplexing (Pol-Mux) method. According to
this method the optical beam has two orthogonal polarizations and they are used for transmitting two
independent information. That is an attractive behavior because it can provide double capacity. My research
work covered many aspects of that new approach. My plan was to investigate the possibilities and constrains of
Pol-Mux method. That approach was a not sufficiently developed yet. In the literature, there were very few
publications, which were mainly theoretical works and almost no measured results. | carried out detailed
simulations to see the capabilities and constrains of the new approach. Later | performed detailed experimental
investigations as well.

I mention that at the start of my study there were already publications on the polarization division multiplex
(PDM) method, which is a different approach. PDM is used in wavelength division multiplex (WDM) systems
to increase the separation between the adjacent optical channels. In this approach the optical channels have
different wavelength and the optical beam of each channel has orthogonal polarization compared to the adjacent
channel providing this way an additional separation between the adjacent channels. However, in this new
approach, which | investigated, i.e. in the so-called Pol-Mux approach each optical beam has two orthogonal
polarizations doubling this way the capacity of each channel. In the Pol-Mux approach the cross-polarization
coupling is a challenging problem.
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Thesis I.

My first work was concentrated on the problems and characteristics of an optical link with single
polarization. Its results are summarized in the first Thesis. The main effects are caused by the polarization mode
dispersion (PMD). The first thesis contains mainly the relationships between the link parameters and
polarization mode dispersion. Therefore, | start my research by studying the dispersion phenomena, their
behavior, effects and disadvantages, etc. in the optical network. [C6] [C7] [C14] [C15]

Sub-Thesis 1.1.:
I simulated PMD effects on many optical parameters (L=130 km, SSMF....), and its advantage, behavior, effects
as well.
» The results for the impact of the quality factor versus fiber length are the 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). When the bit rate further increases, the
quality factor decreases.
> If the PMD is higher than 0.5 ps/km¥2 the quality factor decreases, e.g. if PMD is 1 ps/km¥2 the Q is less
than 2, the signal is completely distorted.
> When PMD is higher than 0.5ps/ kmY? the BER becomes worse.

Sub-Thesis 1.2.:
» 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 of the fiber.
» The coupling in strong mode opposes the broadening of signal propagation. The polarization state is
located on the northern hemisphere of Poincare sphere and the degree of polarization (DoP) is about
99.851% (supposed L=200 km, 40 Gbps, SMF, PMD=0.5 ps/km'/?)

Sub-Thesis 1.3.:

As an example, | investigated a D-WDM system at 112 Ghit/s per channel using 9 modulated channels in PMD
QPSK with modulation speed equal to 28 Gsymbol/s and space between channels of 50 GHz. | determined the
influence of chromatic dispersion and PMD on quality factor distribution.

» The width at 5 per 1000 of the maximum normalized occurrences AQ5% of2.2 dB and 1.5 dB respectively
for the "with DCF" and "without DCF" configurations.

» The Q factor is improved in the presence of PMD. I note that the width AQ? 5% is greater in the case
"with DCF" and without PMD (AQ?5% = 2dB) whereas it is smaller when | emulate a PMD of 30 ps
(AQ?5% = 0.6dB).

» | demonstrate the broadening of short (Dirac s-shaped) pulse caused by PMD. I conclude that the
probability distribution function of group velocity dispersion (GVD) between the principal state of PMD
(0.5 ps/kmY?) generated by the component agrees well with Maxwellian probability distribution. The bit
rate was 40 Gbit/s for 200 L=km distance of SMF.

Sub-Thesis 1.4.:
To obtain good signal transmission with polarization mode dispersion compensation, both pre- and post-
polarization compensations are used by inserting polarization controllers before and after the fiber.

Polarization by scattering is observed as light passes through the atmosphere. Twenty “partial” pulses (or
delay times) are suitable in 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 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).

» In case of fixed scattering section length, the Q-factor is a periodic function of the wavelength. AND
spectral interval should be less than the spectral period of DGD
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> In case of variable scattering section lengths, | have no periodicity, the periodicity is related to the
spectral periodicity of DGD

Thesis 1.

The second thesis deals with the transmission problems of Pol-Mux approach. An important question is the
effect of the polarization extinction ratio (PER) concerning the crosstalk and link quality. For characterization
the bit error rate (BER) and the eye diagram are used.

The increase in the number of users and the bandwidth demand per user have forced service providers to
explore higher frequencies. The Pol-Mux technique is a countermeasure to that problem. Therefore, as a hew
approach it has been applied. | introduced 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
2] [c10] [c13] [s19] [c12] [31] [}5]-

Sub-Thesis I1.1.

» By using polarization controllers (PC) to keep the orthogonality between the two channels by 90°, the
effect of crosstalk has been reduced significantly. A bit error rate better than 10 has been achieved
using different fiber length and 12 Gbit/s modulation speed.

» Integrating polarization beam splitters and beam combiners improves the Pol-Mux network structure,
which results in the BER of 107 for less than 100 km fiber length.

» The choice of polarization phase of polarization controller is extremely important to obtain a good
transmission quality.

Sub-Thesis I11.2.

» 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 16/64-QAM.

» As PER increases polarization crosstalk reduces. With sufficient polarization extinction ratio, the
polarization crosstalk can be reduced substantially. In the simulation the PER should be >22 dB.
Based on Pol-Mux measurement | recognize that the BER and bit rate has inverse relation.

The Pol-Mux simulation with 4/16-QAM shows the relationship between symbol error rate (SER) and
PER. The SER for 4QPSK is higher compared to 16-QAM at the low PER.

A\ 7

Sub-Thesis 11.3.
> 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.

Thesis I11.

The third thesis discusses the application of the radio over fiber (RoF) concept. This thesis contains mainly
experimental results and measurement data. That thesis presents the advantages of application possibilities, like
achieving double capacity, inserting new channels into an existing optical link, reducing latency, increasing
system reliability, etc.

There is an increasing demand for improved capacity in mobile networks. That means faster signal
transmission and high capacity to fulfil the 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. [c11] [j3] [m20] [j4] [c16].
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Sub-Thesis I11.1.
» The radio frequency signals are transmitted by polarization multiplexing over a 25 km long single-mode
fiber.

> | conducted systematic eye-diagram and BER measurements of 0, 1, 2, 7 and 25 km with bit rates of 1,
2, 4, 8 and 12 Gbit/s bit rates. It was proven experimentally, that the proposed architecture provides a
good bit error rate around 108,

> lapplied two laser beams with a 60 GHz frequency difference between them. A 60 GHz radio frequency
wave is obtained by mixing the two laser beams at the radio base station. The generated radio waves
carry information.

» As a further improvement information is transmitted by optical waves with two polarizations. For the
wireless link, 1 use millimeter wave radiation also with two polarizations. This way | create a complete
combined optical wireless system.

Sub-Thesis 111.2.
This approach can be used advantageously in the following applications:
» To achieve double bandwidth,
» To increase the capacity,
» To insert a new channel into an existing optical link,
» To generate microwave or millimeter wave 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.

Sub-Thesis 111.3.

A combined optical and wireless system has been developed links using polarization multiplexing has been
developed and tested in the laboratory.

A signal with 12 Gbit/s bit rate was transmitted over a 7 km long combined link with about 1.10® bit error rate.
The result is much better than the already published data, which were measured on links transmitting signals
with 2.5 Gbit/s bit rate.

Thesis 1V.

The fourth thesis presents the advantages of soliton propagation in WDM systems. 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 wavelength division multiplexing (WDM) technique multiple Gigabit/s
capacity is available in a single fiber. The polarization domain wall solitons (PDW) have significant perspective.
This method contributes to the challenge of optical telecommunications by making transmission lines that best
preserve the standard of the signals move in SMF fiber. | used soliton as information carriers both for short and
for long distances with high capacity, good quality factor and high speed [n18] [c8] [c9] [n17].

Sub-Thesis IV.1.

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, | apply proper fiber
dispersion. As a solution, | propose a hyperbolic secant pulse shape (soliton).

Sub-Thesis IV.2.

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.
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Sub-Thesis IV.3.

There are some constraints like channel spacing, amplifier noise, collision of solitons and crosstalk between
the channels. They become serious problems with the increase in the number of channels due to system
nonlinearity. | 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.
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