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1. Background and objectives
The optical networks and the mobile communication systems were developed rapidly last
few years, and the integration of these technologies could provide new possibilites in tele-
communication. Nowadays the users require even more wireless coverage and even higher
data rate. As a matter of fact the main requirement of the users of the modern tele-
communication systems is the higher physical bandwidth. Due to the limitations of the
relative bandwidth of the communication systems, the carrier frequencies of the mobi-
le communication standards (WiFi, LTE, etc.) become even higher as well. [1], [2], [3].
Consequently, the cell size of the wireless technologies become even smaller (picocell and
nanocell systems). [4], [5]. Due to the smaller cell sizes, the number of the base stations
increases therefore, the optical networks can be a proper choice for the distribution of the
radio frequency (RF) signals, as the optical fiber has low attenuation, high bandwidth
and immunity of the electro-magnetic interference. The system in which the RF signals
are distributed by optical networks is called Radio over Fiber (RoF) [6], [7]. ADue to the
high number of the base stations, the cost of the RoF newtwork could be also high. The-
refore, centralized, robust and simple technical solutions are essential in order to reduce
the costs of the RoF system. In the optical networks the deployment costs are the highest.
Utilizing multimode fibers (MMF) the installation costs can be reduced, because the core
size of the MMF is relatively large, and it makes the alignement easier: „do it yourself”
(DIY) solutions are applicable. Furthermore, sometimes the multimode fibers are already
deployed (for example in older offices and governement buildings). In this case, the instal-
lation costs can be totally avoided[8],[9], [6], [13]. However, due to the larger core size, the
performance of the MMF used optical networks could be poorer than the performace of
the single mode fiber (SMF) used optical networks. As several mode groups can propagate
in the MMF, the modal dispersion distorts the channel. The purpose of my research was
to show a simple and robust method which can reduce the effect of the modal dispersion
and can increase physical bandwidth of the RoMMF channel. [11], [12], [13]. To reduce
the modal dispersion,several methods exist: pre-and post distortionmethods in electrical
domain [14], the number of the generated modes can be reduced (center launch, offset
launch,twin spot, etc) [15], [16]), iand the number of the mode groups can be reduced at
the receiver side by using mode filtering techniques [17], [18].[]. As the pre- and postdis-
tortion methods require complex electonics, and offset launch technique require precise
alignment, the most simple and robust method is the mode filtering technique. Therefore,
I investigate the imporvements in RoMMF systems by mode filtering techniques. The
mode filters can filter off the higher order modes, thus only a reduced number of mode
groups can be detected, and it reduces the effect of the modal dispersion. However, the
insertion loss of the mode filter is higher than without mode filtering. The purpose of my
research was to show that the mode filters can reduce the effect of the modal dispersion,
meanwhile the insertion loss remain accaptable. Four different RoMMF applications were
investigated in my thesis: narrowband system, broadband system, millimeter-wave (mm-
wave) links, and hibrid RoMMF-RoFSO (Radio over Free Space Optics) links, which can
combine the advanages of the fiber optic and free space optic links. Before the comparison
of the mode filters, I had to introduce a comparison metric. I cold compare the different
mode filtering setups utilizing the bandwidth. To determine the bandwidth of the link,
I investigated the transfer function of the link. I introduced a simplified model for the
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transfer function of a conventional RoMMF link, and this model was extended for the
mode filtering case. Furthermore I suggested a method to determine the bandwidth of
the link with lower computational requirements: this led the new bandwidth definitions,
which could be calculated by using only the parameters of the fiber, the mode generation
characteristic and the characteristic of the mode filters. Utilizing these new bandwidth
definitions, the different mode filtering scenarios became comparable. Then, I compared
three mode filters: air gap mode filter, mandrel wrap and single mode fiber (SMF) patch-
cord. This comparison was made on restricted mode launch (RML) and overfilled launch
condition (OFL) as well, and I investigated mode filters on both step index (SI) and
graded index (GI) multimode fibers. In the second and the third chapter of my thesis, I
investigated different mode filtered RoMMF applications. In the first chapter I showed,
that mandrel wrap is a proper choice for narrowband applications, and SMF patchcord is
advantageous in broadband applications, therefore in the second and third chapter I fo-
cused on the effect of the SMF patchcord in different RoMMF applications. In the second
chapter I investigated the enhancement effect of the SMF patchcord in boradband and
mm-wave RoMMF applications. In mm-wave applications not only the modal dispersion,
but also the chromatic dispersion distorts the channel. Therefore I proposed a method,
which can reduce both of these effects. In this proposed system I combined the optical
single side band (OSSB) modultion with the mode filtering. In the third chapter, the novel
hybrid RoMMF-RoFSO channels were investigated: the enhancement effect of the SMF
patchcord mode filter in this hybrid RoMMF-RoFSO systems were analyzed.

2. Investigation methods
The main goal of the mode filtering techniques are to reduce the effect of the modal dis-
persion, meanwhile the insertion loss remains accaptable. The investigation of the transfer
function of the mode filtered RoMMF is the most sufficient way to characterize these sys-
tems. From the ripple of the absolute value of the transfer function, the effect of the
modal dispersion can be determined, and the maximum of the absolute value of the
transfer function can show the insertion loss of the mode filtered RoMMF. Moreover, the
bandwidth definitions can be determined by using the transfer function. Although, the
modulated signals with different modulation bandwidth and different carrier frequencies
can be analyzed by investigating the transfer function, the error vector magnitude (EVM)
is more suitable for analyzing the modulated signals. Therefore, I used the EVM for in-
vestigating the modulated signals on different mode filtered RoMMF scenarios. For the
investigation of the transfer function, I used the formulas from literature [11], [19] and
I derived a simplified closed transfer function formula for conventional RoMMF connec-
tions. This formula was extended to mode filters setups as well. The initial and derived
formulas were implemented and compared by MATLAB [20] The calculated and simula-
ted transfer function results were verified by measurements as well. I used Vector Network
Analyzer (VNA) to measure S21 parameters (transmission) in order to get the transfer
functon of the connection. The EVM of modulated signals were simulated by VPI Trans-
mission Maker [21] This is a simulation software for optical networks. The EVM of of the
modulated signals were analyzed by measurements as well. For the measurement results
a signal generator and a signal analyzer was used for.
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3. New scientific results – Theses
I. Thesis: I introduced a simplified, closed transfer function model in mode filtered

RoMMF systems. With the aid of my model, a simplified method was introduced
to compare different mode filtered RoMMF scenarios. This method reduces the
computational requirements. Utilizing this method three different mode filters were
compared: air gap filter, mandrel wrap and single mode fiber (SMF) patchcord.
According to these investigations, the mandrel wrap performed best for narrowband
applications.

I.a) I showed that mode group coupling can be neglected in practically used 50µm
and 62.5µm multimode fibers. By using the negligable mode group coupling, I
gave a simplified, closed transfer function formula for RoMMF links. I verified
this simplified, closed transfer function formula by simulations and measure-
ments for both step index (SI) and parabolic gradient index (GI) fibers as
well.

I.b) I extended the simplified, closed transfer function formula to the mode filtered
RoMMF case. By using the simplified, closed transfer function formula of mode
filtered RoMMF, I introduced a simple method for comparing different mode
filtered RoMMF scenarios, which is referred as the method of dominant pair of
mode groups. Utilizing the method of dominant pair of mode groups, I defined
new bandwidth parameters: Bdom and Bprec. I proved with calculations and
simulations that Bdom and Bprec values act together with numerically defined
B1% and B3dB bandwidths.

I.c) I proved with calculations and simulations that Bdom bandwidth is sufficient if
the mode filter can change the dominant pair of mode groups. I proved that,
when the mode filter can only adjust the power ratio of the dominant pair of
mode groups, it is beneficiary to use the Bprec parameter.

I.d) My simulations and measurements proved, that the mandrel wrap can effi-
ciently reduce the effect of modal dispersion in narrowband (Bmod

fc
< 0.07)

GI-MMF and SI-MMF applications compared to the non-mode filtered setups.
I verified this statement by using transfer function, bandwidth and EVM re-
sults. In the investigated setup, the transfer function became flat in a range
of at least 200MHz and EVM was reduced by at least 1% when the SNR was
moderate.

Related own publications: J1, C1, C2, C3.

II. Thesis: I showed that an SMF patchcord used as a mode filter is the most effici-
ent mode filter in broadband RoMMF applications and in millimeter wave RoMMF
applications. Furthermore, I introduced a novel mode filtering structure for elimi-
nating both modal dispersion and chromatic dispersion in millimeter wave RoMMF
applications.

II.a) I verified by the method of dominant pair of mode groups and I showed through
simulations, measurements that an SMF patchcord as a mode filter enhances
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the bandwidth of the convential RoMMF link (50/125 SI-MMF) significantly,
compared to the non-mode filtered setups. I verified this statement by using
transfer function and bandwidth results. In the investigated setup, B1% was
increased by 16% and B3dB was higher than 4GHz. Besides, the additional
insertion loss of the SMF patchcord was less than 6 dB.

II.b) I proved by simulations and measurements, that when the modulation band-
width is relatively high (Bmod

fc
≈ 60%), the SMF patchcord as a mode filter

reduces the EVM significantly at moderate SNR at a convential RoMMF link
(50/125 SI-MMF) compared to the non-mode filtered setups. In the investiga-
ted setup the SMF patchcord as a mode filter can reduce the EVM by 4-10%
at moderate SNR.

II.c) I investigated the millimeter wave RoMMF systems with calculations, simula-
tions and measurements. I suggested a novel mode filtering setup, which can
combine the mode filtering and optical single sideband modulation in order to
eliminate both modal and chromatic dispersion. I proved, that the ripple of the
transfer function is less than 3 dB, in the 55-65 GHz range, when the proposed
setup is used. Furthermore, I showed with simulations, that EVM is improved
significantly in the proposed system at moderate SNR as well. Thus, the pro-
posed system performed significantly better than the original non-modefiltered
millimeter wave RoMMF link.

Related own publications: J2, C4.

III. Thesis:I introduced the novel hybrid Radio over Multimode Fiber-Radio over Free
Space Optical (RoMMF-RoFSO) systems, and I extended the simplified mode fil-
tered RoMMF model with the effects of the FSO channel. Furthermore, I proved,
that the SMF patchcord can significantly improve the performance of the hybrid
RoMMF-RoFSO link.

III.a) I extended the simplified mode filtered RoMMF model with the effect of
the FSO channel. I showed analitically, that the transfer function of hybrid
RoMMF-RoFSO can be split to a RoMMF section and RoFSO section, if the
RoFSO section is modeled as an ideal, fadingless FSO channel which appli-
es collimated beams. By using the separated transfer function formula of the
hybrid RoMMF-RoFSO channel, I proved analitically and by simulations and
measurements, that the frequency dependency of the hybrid channel is caused
by the RoMMF section of the link, thus the FSO channel does not affect the
modal behaviour of the hybrid link.

III.b) I proposed two different mode filtering setups in the investigated hybrid
RoMMF-RoFSO systems:

• when the mode filter is in front of the FSO channel
• when the mode filter is behind the FSO channel

I showed analitically, that the differences between the transfer function of the
two different mode filtering setups are not significant. I verified this statement
by simulations and measurements: the differences between the transfer function
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of the two given setups are less than 1 dB in the investigated setup. I compared
the two different setups with wideband multicarrier signals as well: the EVM
difference between the two different investigated setups were less than 1%.

III.c) I proved by simulations and measurements, that the SMF patchcord as mode
filter improves the bandwidth and EVM of the hybrid RoMMF-RoFSO setups
significantly compared to the non-mode filtered setups. In the investigated
hybrid RoMMF-RoFSO setup, B3dB became higher than 2GHz at least, and
the EVM improved by an average of 3% when the SMF patchcord was applied
as mode filter.

Related own publications: J3, C5, C6, C7
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4. Utilization of the results and outlook
Multimode fibers can be a proper choice in RoF systems, and the results of my rese-
arch show that the mode filtering technique is a simple and robust soultion to reduce
the modal dispersion. The cost effective RoF is still an active research area nowadays
[18]. My conference paper[C1] on the enhancement effect of the SMF pathcord used mode
filter in RoMMF systems is cited by the US9520943B2 patent, which is about multimode-
singlemode interfaces in optical transmitters and receivers. Several scientific papers write
about the millimeter wave RoF systems [22], [23] aand some of them apply multimode
fibers in them [24], [25]. Thus, the topic is still active, and my proposed system can be one
of the solutions in order to reduce both the modal and chromatic dispersion. The radio
over FSO systems are also in the focus of scientific interests ([26], [27]), and my results
can have a strong contribution on the topic of the fiber optic-free space optic interface.
A lot of results of my research is come from joint work with foreign Universities and Ins-
titutes. The conference paper on „Improvements on broadband signals in radio over fiber
systems by mode filtering [C4]”That was a joint work with Le Cnam (Conservatoire natio-
nal des arts et métiers), and it was a coopertion of the Campus France and the hungarian
TÉT 12 FR/2. The investgations of the hybrid RoMMF-RoFSO was a joint work with
Northumbria University and the Czech Technical University, and it was cooperation of
COST action IC1101 (OPTICWISE). Our joint scientific work could contribute the future
cooperation between the Department of Broadband Infocommunication and Electromag-
netic Theory of the Budapest University of Technology and Economics and other foreign
institutes, which could aid the international embeddedness of Department of Broadband
Infocommunication and Electromagnetic Theory. As it was mentioned above, the RoMMF
system is an active research area nowadays, so there are a lot of open questions in it. My
theoretical results can be a good basis for other methods which can reduce the effect of the
modal dispersion. Comparing my theoretical result with the channel estimation capability
of the practical OFDM systems, efficient pre- and postdistortion methods can be created.
Furthermore, the pre- and postdistortion methods can be combined with mode fitering
technique as well. In the future I am going to focus on the developement of these kind of
efficient methods.
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