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Abstract. Previous orthogonal frequency division multiplexing over free space
optics (OFDM-FSO) systems relied on signal strength, wavelength, and polari-
sation to multiplex data streams in order to improve signal quality and feasible
connection range. Alternatively, this work leverages on orbital angular momen-
tum (OAM) mode division multiplexing with multiple OAM modes (OAM +
1, OAM +2, OAM +3, OAM +4) encountering different modal coupling effects
under atmospheric turbulence. Advancedmodulation and coding schemes (QPSK,
16QAM, and 64QAM) are deployed to improve the bit-error rate (BER), packet
error rate (PER), and achieve a connection range of 1000 m in a free space optical
link. OAM+1was shown to achieve average BER and PER of 10–3 at SNR equals
to 22 dB and 30 dB respectively.

Keywords: Free space optics · mode division multiplexing · orbital angular
momentum · advanced symbol modulation

1 Introduction

Free space optics (FSO) is an attractive contender future networks because it provides
a cost-effective solution for high-speed transmission front-haul and backhaul cellular
networks and is capable of tackling last-mile bottleneck difficulties [1]. Fast installa-
tion and deployment, light-weight equipment, economical equipment and components,
license-free transmission, high security, plentiful bandwidth, small beam divergence,
and redeploy ability are some of the benefits of FSO over conventional fibre lines and
radio frequency (RF) networks [2].

Mode division multiplexing (MDM) have gained significant interest in FSO com-
munications for enhancing transmission capacity [3, 4]. In comparison to other modal
bases used in MDM, OAM modes are versatile and may be easily aligned to other
optical systems due to their circular symmetry [5]. OAMmodes of different topological
charges are orthogonal to one another, hence form a basis set of independent channels for
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multiple signal transmission [6]. When propagating through a turbulent medium under
unfavourable weather conditions, OAM modes are subject to modal coupling, which
causes power disparities between OAM modes [7]. This leads to an increase in the bit
error rate (BER) at the receiver.

In FSO systems, on-off keying (OOK) modulation is largely used due its simplicity
but requires an adaptive threshold on the input power and is susceptible to channel esti-
mation errors [8]. Pulse position modulation (PPM) eliminates the decision threshold
dependence and shows good power efficiency [9]. However, this comes with a decline
in spectral efficiency. To address the impediments of OOK and PPM, orthogonal fre-
quency divisionmultiplexing (OFDM) is attractive as amulti-carrier modulation scheme
using low-speed orthogonal subcarriers [10–12]. Orthogonal frequency-division multi-
ple access (OFDMA) is an OFDM-based multiple access technique in which data is
sent to various users on distinct subcarriers. Due to its spectral efficiency and resistance
to multipath fading, it is excellent for high data rate transmission in wideband wireless
systems [13].

References [14–16] discusses the integration of OFDM and MDM to reduce signal
distortion due to turbulence using a variety of spatial modes. Expanding on the previous
work, this paper aims to analyse the bit error rate and packet error rate performance of
OFDM in conjunction with various advanced symbol modulations and code rates in a
FSO system.

The key contribution of this paper is to investigate advanced modulation schemes for
OAM-OFDM wireless communication systems, with particular attention on the effect
of atmospheric turbulence on both the OAM and OFDM signals. The results obtained
are compared with multiple OAM modes such as OAM +1, OAM +2, OAM +3 and
OAM +4 in terms of bit error rates (BER) and packet error rates (PER). The influence
of different types of coding rates and modulation schemes or also known as modulation
and coding schemes (MCS), is investigated as explained in Sect. 2 in this paper. Also,
this paper evaluates the throughput of the MCS in terms of free space optics scenarios.

The paper has the following structure. Themodel systemandparameters of theOAM-
based advanced modulation schemes for OFDM over FSO description is presented in
Sect. 2. The results are analyzed and discussed in Sect. 3. Meanwhile in Sect. 4, it draws
the conclusion.

2 Communication Model System and Parameters

First, OFDMA is an OFDM-based multiple access technique in which data is sent to
various users on distinct subcarriers. Because of its spectral efficiency and resistance
to multipath fading, it is excellent for high data rate transmission in free space optical
systems. For these reasons, a simulator was created using the wireless transmission
interface protocol regarding the physical (PHY) layer as specified in 3GPP TS 36.201
[17]. The transmitter and receiver block diagrams utilised in this work are shown in
Fig. 1.

An electrical signal is generated by an arbitrary waveform generator and advanced
symbol modulation schemes and coding rates shown in Table 1. The electrical signal
is applied to an intensity modulator (IM) and then indirectly modulated into an optical
signal by an 850 nm laser diode.
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Fig. 1. OFDM-FSOOAMmode division multiplexing systemwith advanced symbol modulation
schemes

Table 1. Modulation and coding scheme used in the simulation

MCS Type Code rates Bit rates, R

1 QPSK ½ 8.4 Mbps

2 QPSK ¾ 12.6 Mbps

3 16QAM ½ 16.8 Mbps

4 16QAM ¾ 25.2 Mbps

5 64QAM ½ 25.21 Mbps

6 64QAM ¾ 37.8 Mbps

The Monte Carlo simulation approach is used to apply PHY channel processing
on the OAM FSO channel impulse responses, where BER and PER are calculated an
average of 2000 times. The opposite operation of the transmitter is done on the receiver
side, along with channel estimation, channel equalisation, and data detection [17].

The cyclic redundancy check (CRC) is used as a verification to identify inadvertent or
unintentional data change during the storage or transmission process. CRCs are widely
used because they are easy to implement in binary hardware and are particularly excel-
lent at identifying common faults, such as noise in transmission channels. Meanwhile,
convolutional codes act as a forward error correction (FEC) code that plays a crucial
role in error control in wireless communication.

FEC encoder enables the receiver to identify and repair faults (within certain lim-
its) by inserting some redundant data into the wireless transmission. After encoding,
puncturing is the process of removing portions of the parity bits or, in certain cases, sys-
tematic codes. The code rate may be readily modified to other coding rates by deleting
some of the encoded bits at pre-defined sequences, providing greater precision of coding
rates. Bursty errors are common in wireless communication and hence, bit-interleave is
implemented to avoid such cases.

Bit interleaving tries to randomise error bursts and imitate random errors for error
correction codes.A scrambler is used in awireless system to remove the lengthy sequence
of “0” and “1”. This is important because later in the modulation process, the modulator
will accept binary bit 0 or 1 as input and output complex-valued modulation signals.
This modulation technique is compatible with QPSK, 16QAM, and 64QAM schemes.
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A IFFT is implemented in order to reduce the computational complexity for a larger
FFT size.

At the receiver, the signals are subjected to an FFT to identify the received frequency
domain data symbols that will lead to [13]:

yn =
N−1∑

m=0

Yme
−j(2πnm/N )n = 0, 1, 2, . . . ,N − 1 (1)

A mechanism known as Guard Interval or Cyclic Prefix (CP) is used to avoid inter
symbol interference (ISI) and inter carrier interference (ICI) caused by delay spread and
transmit/receiver filter group delay. The Cyclic Prefix (CP) is removed by the OFDM
demodulator, and a radix-2 FFT (inverse of OFDM signal creation) is conducted on the
received base band signal. Frequency selective fading, in conjunction with timing and
frequency offset, results in random phase and amplitude change of the constellation on
the subcarriers. In an OFDM system, coherent detection is utilised to identify the best
feasible limits for the constellation of each subcarrier by utilising estimations of the
reference amplitudes and phase.

Six kinds of modulation and coding schemes (MCS) are offered in this simulation,
based on [15]. A 20MHz channel bandwidth is used in this simulation as well as 30 kHz
subcarrier spacing. This subcarrier spacing was used for this simulation to accommodate
a high delay spreadwhilemaintaining a fair cyclic prefixoverhead.Whereas the sampling
frequency is set to be at 30.72 MHz and the transmission bandwidth is proposed at
18 MHz. The number of FFT size is defined in 2048. The number of OFDM symbol per
slot is 7 for normal CP whereas for extended CP, it is set to 6. For normal CP, the CP
length is set to 5.2 µs [17].

The modulated optical signals are collimated and linearly polarized, then inserted
into tapered waveguides [18] for MDM of OAM +1, OAM +2, OAM +3 and OAM +
4 modes.

The optical signals are transmitted through a free space optical channel of 1000 m.
Tomeasure the strength of the atmospheric turbulence, the Rytov variance from intensity
profile measurements at the receiver was calculated, to determine the refractive index
structureC2

n indicating the strength of the atmospheric turbulence [19]. In the experiment,
a C2

n value in the range of 8 10–17 to 4 10–16 was obtained, which indicated moderate
turbulence.

The OAM modes were obtained using another set of tapered waveguides to reverse
the effects of the turbulent channel based on [18]. Modal decomposition based on [20]
was performed to obtain the power coupling coefficients of the output OAMmodes. The
channel impulse responses are measured based on the average refractive index structure.

3 Results and Discussions

Figures 2, 3 and 4 depict the performance of a SISO scenario in wireless radio commu-
nication for various MCS modes in free space optics in terms of PER and BER. In the
simulation, a perfect channel estimation is employed. Throughout the paper, a packet
size of 64 bytes is taken into account. Furthermore, unless otherwise mentioned, each



484 A. M. Ramly et al.

Fig. 2. Bit error rate for OFDM-FSO of different OAMmodes OAM+1,OAM+2,OAM+3 and
OAM +4

simulation takes into account 2000 samples. A user equipment will be out of service
when the SNR falls below 0 dB. A higher SNR value indicates that the signal is clearer.
With a lower value, you begin to introduce Gaussian noise (expressed as static), and
as the number approaches 1, the static worsens. The noise disrupts your network’s sig-
nal processing capabilities, resulting in random noise and amplitude modulation. If the
SNR value falls below one, the signal is rendered useless. The term for this is the “noise
floor”. While the UE will be at the maximum MCS at around 24 dB, assuming that a
PER transmission objective of 10% is often predicted.

t is also important to note that MCS 4, i.e., 16QAM ¾ coding rate, is rendered
obsolete for these channel circumstances since it is surpassed by 64QAM½ coding rate
over the entire SNR range while providing the same nominal data rate. Unless otherwise
mentioned, the ideal channel estimation technique is adopted throughout the study for
consistency and comparability. Figures 2 and 3 illustrate the average bit-error rate (BER)
and packet error rate (PER) of the various MCS schemes for FSO. Different values of
OAM which is OAM +1, OAM +2, OAM +3 and lastly, OAM +4 is plotted in Fig. 1.
It is shown that OAM +1 has the best average BER, and PER which are 22 dB SNR at
BER = 10–3 and 30 dB at PER = 10–3.

Figure 4 depicts the average attainable throughput for the MCS modes in the free
space optics scenario based on OAM +1. The feasible throughput is calculated by
multiplying the data rate by the residual packet error rate and is thus measured in bits
per second. The following equations approximate the link throughput:

Throughput ≈ R
(
1 − PERphy

)
(2)

where R and PER denote the bit rate and residual packet error rate for a given mode. The
throughput envelope is calculated by employing ideal adaptive modulation and coding
(AMC) based on the (throughput) optimal switching point. Given a system bandwidth
of 20 MHz, maximum throughput can be obtained in a SISO situation with an average
SNR of 27 dB.
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Fig. 3. Packet error rates for OFDM-FSO of different OAM modes OAM +1, OAM +2, OAM
+3 and OAM +4

Fig. 4. Average throughput for different modulation and coding schemes based on OAM +1

4 Conclusion

The suggested approach, OFDM-FSO, generated outcomes in terms of BER, PER, and
throughput by merging OAMmodes with modulation and coding schemes. An electrical
signal is delivered to an intensity modulator (IM), which is then converted indirectly into
an optical signal by an 850 nm laser diode. The signal is collimated and linearly polarised
before being introduced into tapered waveguides to produce OAM +1, OAM +2, OAM
+3, and OAM +4 modes. The OAMmodes are sent across a 1000-m free space optical
connection, and the channel impulse responses are monitored. The OAM+1 was shown
to achieve average BER and PER of 10–3 at SNR equals to 22 dB and 30 dB respectively.
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