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Abstract: The ever-increasing demands for ubiquitous connectivity for faster high-capacity communication systems has driven

the quest for sixth-generation(6G) communication systems. It is expected to address the need for higher capacity, lower latency
systems with higher Quality of Service (QoS) than fifth-generation 5G communication systems. Aerial Access Networks (AANs) have
attracted attention and are considered as a potential solution for 6G systems. Heterogeneous networks with fiber and Free Space
Optics (FSO). FSO front haul architecture is expected to meet the demands for the low-cost deployment of 6G networks. However,
an increase in transmission capacity of FSO by mode division multiplexing to meet the needs for 6G communication has been least
explored. Improvements in fiber multiplexing and demultiplexing techniques have enabled the possibilities for novel Mode Division
Multiplexing (MDM) techniques to improve the capacity of fiber networks at a low cost. In this work, we have discussed the design
of a novel photonics traversal filter to perform Mode Division Multiplexing in Multimode Fiber (MMF), thereby increasing the fiber’s
capacity. The performance of Mode Division Multiplexed FSO links is further examined through simulations to identify its capabilities
to meet the demands of 6G communication systems.

Keywords: 6" generation communication systems; Multimode Fiber; Mode Division Multiplexing; Photonics Filter; Multiplexing;
Demultiplexing

Simulacije delitve rodov multipleksirane optike
prostega prostora z uporabo vecrodovnega vlakna

Izvlecek: Vedno vecje zahteve po vseprisotni povezljivosti za hitrejse komunikacijske sisteme z visoko zmogljivostjo so spodbudile
iskanje komunikacijskih sistemov Seste generacije (6G). Pricakuje se, da bo zagotavljal ve¢jo zmogljivostjo, manjso zakasnitev in

visjo kakovostjo storitev (QoS) kot komunikacijski sistemi pete generacije 5G. Kot potencialna resitev za sisteme 6G se omenja
prostorsko dostopna omrezja (Aerial Access Networks - AANs). Heterogena omreZja z optic¢nimi vlakni in optiko v prostem prostoru
(FSO). Pricakuje se, da bo arhitektura FSO izpolnjevala zahteve po nizkocenovnem uvajanju omrezij 6G. Kljub temu je bilo povecanje
prenosne zmogljivosti FSO z multipleksiranjem delitve rodov za potrebe komunikacij 6G najmanj raziskano. Izboljsave tehnik
multipleksiranja in demultipleksiranja opti¢nih viaken so omogocile moznosti za nove tehnike multipleksiranja delitve rodov (MDM)
za izboljsanje zmogljivosti opti¢nih omrezij z nizkimi stroski. V tem ¢lanku smo obravnavali zasnovo novega fotonskega potovalnega
filtra za izvajanje multipleksiranja delitve rodov v vecrodnih viaknih (MMF) in s tem povecanje zmogljivosti viaken. Zmogljivosti za
izpolnjevanje zahtev komunikacijskih sistemov 6G so bile raziskane s simulacijami.

Kljuéne besede: 6. generacija komunikacijskih sistemov; vecrodna vlakna; milipleksiranje delitve rodov; fotonski filter; multipleksiranje;
demultipleksiranje

*Corresponding Author’s e-mail: prakashp79@gmail.com

1 Introduction

ligent devices. The number of smartphones is expected

There has been an exponential increase in the amount to surpass 8 billion by 2022 [1]. The mobile data traffic
of data being transferred due to the ease of use of intel- is expected to increase seven-fold and reach 77.5 Exa-
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bytes per month [2, 3]. The very rapid development of
technologies like Artificial Intelligence (Al), Internet of
Things (loT), Virtual Reality (VR) has led to a massive
increase in data traffic. It is predicted that the existing
communications and network infrastructure would not
be sufficient to handle the amount of data expected
to be transferred. The fifth-generation communication
is currently being deployed and is aimed at providing
faster, high-capacity transmission. By 2030, 5G com-
munication would reach its limits, requiring higher ca-
pacity systems with lower latency. Artificial Intelligence
would play a significant role in 6G networks providing
network adaptation and management. [4]. 6G should
meet the demands for a fully digital and connected
world. 6G networks would have high bitrate, low la-
tency, high energy, spectral efficiency, high Quality of
Service (QoS), and high reliability.

FSO is one of the key technologies expected to en-
able a 6G wireless communication system [5]. Backhaul
connectivity should have a high capacity supporting
large volumes of traffic. Remote geographic locations,
deployment complexities in congested cities have in-
creased the deployment cost of fifth-generation com-
munication systems. Optical Fibers and Free Space
Optical Communication Systems (FSO) would meet the
demands for 6G communication systems [6, 7]. FSO
would support high-capacity connectivity in hard-to-
deploy places proving to be an efficient communica-
tion technique for front and backhaul. Mode Division
Multiplexing has been least explored to increase the
capacity of fibers. Mode Division Multiplexing can re-
sult in modern, adaptive systems directly combining
components like an amplifier for all channels [8]. This
paper would discuss the role of FSO in 6G communica-
tion and provide multiplexing techniques for reliable
high capacity FSO communication debating the chal-
lenges and future research to be performed.

Sending signals in strands of glass called fibers is Opti-
cal Fiber Communication. The fiber consists of center
glass through which photons are guided by a clad-
ding that traps the photons inside the core. Single-
Mode Fiber (SMF) has a small core diameter, allowing
only one mode of light to propagate. Multimode fib-
ers have a large core diameter which allows multiple
ways of light to propagate. Modes of fiber are defined
by the Helmholtz equation, an extension of Maxwell’s
equations which gives Laplacian relation between am-
plitude and wavenumber. Among various modes in
optical fibers, Linearly Polarized modes (LP Modes) are
used in Mode Division Multiplexing. LP modes are typi-
cally used in graded fibers, LP mode field components
in the direction of propagation are small compared
to the components perpendicular to the direction of
propagation. The transmitter and receiver characteris-
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tics of Free Space Optics (FSO) systems are comparable
to optical fibers.

We have designed and simulated a novel photonics tra-
versal filter using Multi-Mode Fiber, and the capacity of
the channel is increased by using Mode Division Mul-
tiplexing (MDM). The use of a single multimode fiber
provides space demultiplexing to eliminate optical in-
terference and time delays between filter taps.

2 Mode division multiplexing

Mode Division Multiplexing utilizes multiple modes
as different transmission channels within fibers. As a
result, mode Division Multiplexing can increase the
bandwidth of transmission, and it'san alternate solu-
tion to Multi-Core Fiber [9].

2.1 Tunable mode division multiplexing

The block diagram for the tunable multimode fiber for
mode division multiplexing is shown in Figure 1.

Figure 1: Tunable Multimode Fiber with Mode Divi-
sion Multiplexing. Tunability of the filter is obtained by
changing the incident angle of different beams at MMF.

The input signal is generated using Pseudo-Random Bi-
nary Source and encoded with the Non-Return to Zero
(NRZ) pulse. The optical carrier signal used here is Con-
tinuous Wave Laser(CW laser) which gets modulated
with the binary signal using Mach Zehnder modulator
(MZM). [10-12]

Photonics filter has been used for various RF signal pro-
cessing tasks [13]. Microwave photonics filter have pro-
vided significant improvement in performance when
compared to conventional electrical RF filters. Micro-
wave photonics filter provides high bandwidth with
low loss and provides increased tunability and flexibil-
ity. Our photonics filter is based on a single wavelength
multimode optical delay module [14]. The Photonics
traversal filter acts as an optical delay line module. An
optical carrier of a single wavelength is split into sever-
al beams and is incident at the Multi-Mode Fiber (MMF)
at different incident angles. As a result, different spa-
tial modes can be excited within the core MMF region,
which acts as filter taps. Modal dispersion acts as a time
delay between adjacent taps. By changing the incident
angle of the light from SMF, the modes can be tuned.
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Table 1. Simulation Parameters.

Parameters Values

Data Rate 10 Gbps
Wavelength used 1550 nm
Laser Power Ten dBm
Line width 10 MHz
Attenuation (MMF) 1.8 dB/km
PIN Responsivity 1A/W

The input from the CW laser is fed into the mode genera-
tor. For simulation, the mode generator is used as a trans-
versal filter that converts single-mode into multimode.
The generated multimode that are orthogonal to each
other are multiplexed using MDM. The multiplexed signal
is then fed into Multimode fiber. The simulation layout of
the tunable multimode optical delay line with MDM is
shown in Figure 2. For simulation, spatial Multiplexer is
used as Traversal Photonics Filter, which is then fed into
MMF. The use of a single multimode fiber provides space
demultiplexing to eliminate optical interference and time
delays between filter taps using modal dispersion. The
delayed signals from the MMF are demultiplexed using a
spatial demultiplexer. Finally, the optical signal from the
demultiplexer is received by the photodiodes. The simula-
tion parameters are shown in Table 1.

Figure 2: Layout of Tunable Multimode Fiber with
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Mode Division Multiplexing

3 Simulation results

3.1 Transmitted modes

The Linearly Polarized (LP) modes, designated as LPIm,
are good approximations formed by exact modes TM,
TE, EH, and HE. The mode subscripts’|’and ‘m’ describe
the electrical field intensity profile. There are ‘2I' field
maxima along the fiber core circumference and ‘m’
field maxima along the fiber core radial direction. The
LP modes are generated by setting the power ratio
parameter in the multimode generator as (1, 2). Simi-
larly, we can generate Laguerre Gaussian (LG) modes
and Hermite Gaussian (HG) modes. In this work, two-
LP modes, LP (0, 1) and LP (1, 1), have been taken, and
their performance in terms of BER and Quiality factor is
analyzed based on different length parameters.

3.2 Transmitted LP Mode (0, 1):
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Figure 3: LP (0, 1)
From Figure 3, LP (O, 1) indicates no maxima around the

fiber core circumference and single field maxima along
the fiber core radial direction.

3.3 Transmitted LP Mode (1, 1):
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Figure 4:LP (1, 1)

From Figure4, LP (1, 1) indicates two field maxima
around the fiber core circumference and single field
maxima along the fiber core radial direction. Figure 5
and Figure 6 tells about LP(1,2) and LP(1,3).

Figure5:LP(1,2)
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Figure 6: LP (1,3)
3.4 Modes after multiplexing:

The modes LP (0, 1) and LP (1, 1) are multiplexed us-
ing Ideal mux. An ideal Multiplexer is equivalent to a
perfect adder. There is no power splitting or filtering
when in an Ideal Mux. The modes after multiplexing are
visualized by using a spatial visualizer. The modes after
multiplexing are shown in Figure 7.
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Figure 7: Multiplexed LP (0, 1) and LP (1, 1)

4 Free Space Optics

Free Space Optics uses photonics that propagates
through the air like a wireless transmission. Free Space
Optics has all the advantages of wireless radio trans-
mission with a high transfer rate and bandwidth. Still,
Free Space Optics is limited to short-range communi-
cations at a direct line of sight. The basic architecture
of Free Space Optical Communication Systems is given
in Figure 8.

The modulated Input Pulse is fed into the MZM, which
converts the electrical pulses into an equivalent optical
signal. The photonic signal generated from the MZM is
then transmitted into free space with the help ofan op-
tical lens so that the dispersion of light is minimal. Free
Space Optics is affected by weather conditions and
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Figure 8. Basic Architecture of Free Space Optics

other atmospheric factors, which reduces the transmit-
ting distance of the signals.

. adio over free space optics
4.1 Rad p t

Radio over FSO (RoFSO ) is an extension of Radio over
Fiber techniques in which RF baseband signals make
use of optical light as carriers for distribution over
networks [15]. For transmission over the atmosphere,
Radio over Fiber signals is amplified and emitted into
free space. The demerits of RoFSO technology are its
dependence on atmospheric conditions, which can be
solved using various dispersion compensation tech-
niques presented in this paper.

FSO Transmitter and

CW Laser Receiver

—>» MZModulation ——» —>»|  De- Modulator

QAM

Figure 9. Radio over Free Space Optics where modu-
lated signals are transmitted over free air.

Mm-Wave frequencies are limited by range. With its
limited range of capabilities, and adaptive fronthaul
architecture is required. Fibers combined with RoFSO
provide the flexibility to network designers to design a
system that can be adapted to the design environment.

4.2 FSO based backhaul and front haul architecture

In fifth-generation wireless architecture, fibers are be-
ing deployed for front haul because of their higher ca-
pacity. Previously, it is discussed that using Multi-Mode
Fibers, the bandwidth of the fibers can be increased.
Similarly, we have proposed a design methodology
where RoFSO can be deployed in fronthaul and Back-
haul as per design needs. 6Gcommunication systems
are expected to meet the demands of a fully digital and
connected world. High-speed, high-capacity commu-
nication with low latency is expected to be the basic
norm to meet the needs of technologies such as VR
and loT. Remote geographic locations have made the
deployment of 5G internet communication more costly
and complex. 6G communication systems should have
flexibility and adaptability in deployment [16]. Aerial
Access Networks (AANs) are a potential solution for
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6G communication. Unlike terrestrial wireless com-
munication networks, AANs use satellites and airships
to deploy networks in hard-to-reach places. AANs are
expected to work synchronously with existing terres-
trial wireless communication methodologies. FSO can
connect Core Office with satellites which in turn beam
signal to remote 6G antenna nodes. FSO plays a signifi-
cant role in inter-satellite communication and ground-
satellite communication.

Also, FSO could significantly replace fibers in metro
cities where the deployment of fibers is challenging
due to congestion. FSO can be used as a medium of
transmission instead of fibers providing flexibility to
network designers.

5 High-capacity Ro-FSO transmission

with mode division multiplexing

Mode Photo OFDM - QAM
Selector 1 Detector 1 Demodulator

-]

Mode Photo OFDM - QAM
Selector N Detector N Demodulator

Figure 10: High-Capacity Ro-FSO Transmission with
Mode Division Multiplexing.

A schematic diagram of the proposed hybrid high-
speed Ro-FSO transmission system is shown in Figure
10. In the proposed system, Laguerre Gaussian/Her-
mite Gaussian was multiplexed through free space.
Two independent 40 GHz radio signals were modulat-
ed using a 4-level Quadrature Amplitude Modulation
(QAM) followed by modulation by 512 OFDM subcarri-
ers. The purpose of the Orthogonal Frequency Division
Multiplexing(OFDM) modulation is to reduce the mul-
tipath fading effect incurred during the transmission
through the FSO link [17]. The OFDM approach divides
the data over a vast number of sub-carriers, which are
separated from each other at narrow frequencies.

The OFDM signal was then modulated at 7.5 GHz by us-
ing Quadrature Modulator (QM). This OFDM-QM mod-
ulated signal was then fed to a lithium niobate modula-
tor which modulated the experimental LG/HG modes
at 40 GHz. The modulator is assumed to preserve the
modal stability of the channels. The output from the
channels was transmitted over the FSO link.

The modes were demultiplexed using a spatial photo-
detector wherein an inner circular aperture of 5 cm was
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used to extract the modes. The received power between
the apertures was adjusted such that the intensities on
both the circular and outer apertures were equal. A 40
GHzwas applied after the photodetector using a mixer to
recover the Sub Carrier Multiplexing (SCM) signal. Final-
ly, the output signal after the mixer was fed to the OFDM
demodulator followed by the Quadrature Multiplexing
(QM) demodulator to recover the original data. Given ta-
ble shows the constellation plot of various modes after
1 km of FSO transmission. Table 2 shows the constella-
tion diagram of Ro Direct Detection OFDM (DD-OFDM)
4-LG modes. Table 3 shows the constellation diagram of
RoFSO DD-OFDM 4-HG modes. Future work is to deploy
IIR based post dispersion compensation methodology
to increase performance [18]. The proposed photonics
filter can be deployed along with opto-electronics oscil-
lator in order to get a low phase noise, however further
work needs to be done to evaluate the performance of
the filter in above configuration [19].

Table 2. Constellation Diagram of RoFSO DD-OFDM
(4LG Modes).

Constellation
diagram

Modes

(0,0)

(0,3)

Table 3. Constellation Diagram of RoFSO DD-OFDM (4
HG Modes)
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Constellation
diagram

(0,3)

6 Conclusion

A design of novel photonics traversal filter to perform
simulations of Mode Division Multiplexing in Multimode
Fiber to increase the capacity of fiber is proposed. Model
dispersion in the MMF is used as the time delay between
filter taps. By using a single wavelength of 1550 nm, the
capacity of the channel is increased by mode division
multiplexing. We have proposed a design for FSO based
fronthaul and backhaul architecture in next-generation
6G communication. We simulated various modes in
multimode fiber in both FSO based and fiber-based net-
work designs. Dispersion characteristics of FSO in long-
distance transmission and higher capacity transmission
need to be examined. Future works need to be done to
verify the dispersion compensation performance of IIR
based filters in FSO based transmission medium.
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