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Abstract - The paper builds a computational model of a multi-
subcarrier free space optic, a variant of the Subcarrier Intensity
Modulation Free Space Optic (SIM-FSO), establishes algorithmic
flowcharts, writes a computational program to investigate the
system performance under various modulation methods, air
turbulence levels and different numbers of subcarriers and data
rates. In order to achieve a BER value of 10, FSO-SIM systems
using BPSK, DPSK, 16-QAM, 64-QAM, 16-PSK and 64-PSK
modulation techniques require SNR approximately values of
17 dB, 18 dB, 19.6 dB, 22.6 dB, 22.8 dB and 34.5 dB, respectively.
When compared to other modulation techniques, DPSK performs
better and comes very close to BPSK without requiring complex
synchronous detection. The paper focuses on evaluating the
performance of the SIM-FSO-DPSK system at various bitrates,
subcarrier numbers, and with different diversity techniques to
enhance transmission capacity and system performance.

Keywords — Performance; multi-subcarrier free space optic
system; algorithm flowchart; air turbulence; diversity.

1. Introduction

Nowadays, as a result of the continuous increase in
internet traffic and the rapid development of optical
technologies, the modern telecommunications network
architecture has experienced significant modifications.
With their huge transmission capacity, current fiber-optic
communication systems can connect many users and
provide a wide range of services. Deploying such fiber-
optic infrastructures is difficult, though, especially in areas
with unusual geography or restricted infrastructure. Free-
Space Optical (FSO) communication is considered as a
necessary addition to current optical transmission systems.
In recent years, FSO has become an attractive alternative
for traditional broadband wireless connections due to its
ultra high-speed transmission capability, no frequency
license requirement, simple installation, relocation, or
reconfiguration when network topology changes are
needed [1-5].

Basically, FSO technology uses light transmission to
send signals between two locations through free space.
However, the atmosphere is not an ideal medium for

Tom tit - Bai bao xay dyng m6 hinh tinh toan cho hé thong
thong tin quang khdng day da song mang phu, mot bién thé cua
hé théng quang khéng day diéu ché cuong d6 séng mang phu,
lap lwu db thuét todn va viét chuong trinh khao sét higu niang véi
cac phuong phap didu ché, muc do nhidu loan khong khi, s6 séng
mang phu va tdc do dir lieu khac nhau. Két qua cho thiy, dé dat
BER = 104, céc hé théng FSO-SIM dung cac ki thuat didu ché
song mang phu BPSK, DPSK, 16-QAM, 64-QAM, 16-PSK va
64-PSK yéu ciu cac gia tri SNR 1an luot x4p xi 17 dB, 18 dB,
19,6 dB, 22,6 dB, 22,8 dB va 34,5 dB. Nhan théy, DPSK cho
hiéu nang tét hon so véi cac truong hop st dung cac dinh diéu
ché khac, gan bing voi BPSK nhung khdng cin céu tric tach
s6ng ddng bo phirc tap. Bai bao tap trung khao sat hiéu niang cua
hé théng SIM-FSO-DPSK theo téc db bit, s6 song mang phu va
cac phuong phap ‘phan tap khac nhau nhim nang cao dung lugng
truyén dan va chét lugng hé théng.

Tir khoa - Hi¢u nang; h¢ théng quang khong day da séng mang
phuy; luu d6 thuat toan; nhiéu loan khéng khi; phan tap.

communication. The light beam may suffer from
deflection by air turbulence caused by changes in the
refractive index along the transmission path caused by
variations in air temperature and pressure. Furthermore,
weather factors like wind, rain, and fluctuating light levels
throughout the day may affect system performance,
creating major challenges for FSO systems that aim to
achieve user’s demands for signal quality, high capacity,
and long transmission distances [6-9]. Therefore,
improving the quality of signal in FSO system while
considering balancing power, capacity, and complexity of
system has become an important goal for both research
teams as well as service providers. To address these
challenges, advanced signal modulation techniques and
diversity schemes have been proposed for FSO systems to
improve the reliability and efficiency of optical
communication links.

To balance these above goals, multi-subcarrier
modulation techniques combined with basic modulation
methods have attracted a lot of attention in recent years [10—
12]. However, in these studies, the authors mainly focus on
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BPSK-SIM systems, where the BPSK modulation and
demodulation methods require the recovery of the subcarrier
at the receiver. This requires the synchronization of phase
and frequency with the subcarrier at the transmitter (coherent
detection) using a Phase-Locked Loop (PLL), which
increases system complexity. In [13-15], the authors did not
discuss the application of diversity techniques at the receiver
to improve transmitted signal quality.

This paper compares and evaluates the performance of
FSO-SIM systems after surveying their features using
multi-subcarrier techniques with different modulation
methods, including BPSK, DPSK, 16-QAM, 64-QAM, 16-
PSK, and 64-PSK. We also examine the SIM-FSO-DPSK
system at various bit rates, with varying numbers of
subcarriers that improve transmission capacity, and with
different diversity techniques to enhance overall system
performance.

2. Diagram of an FSO system using multi-subcarrier
modulation SIM technique
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Figure 1. Block diagram of the FSO-SIM system using
N-subcarrier modulation technique. (a) block diagram of
the transmitter section; (b) block diagram of the receiver section

Figure 1 illustrates the block diagram of the FSO-SIM
system with N subcarriers [16]. The source data (original
data), d(t), is first converted from serial to parallel and then
encoded to distribute the data to the corresponding N
subcarriers. At this stage, the data is modulated with the
subcarriers to generate electrical signals m,(t), m,(t)
..my(t), which are then combined into a single signal,
m(t). After that, the signal m(t) is DC-biased before being
fed into the driver circuit to modulate by laser and generate
an optical signal with power P;. Note that, when the signal

travels through the FSO channel, it is affected by
atmospheric turbulence and leads to random fluctuations in
received optical signal intensity. With the intensity
variations are characterized by the air turbulence intensity
af (Rytov variance) [17], for weak turbulence conditions
(of < 1), these fluctuations have a log-normal distribution.
The overall performance of the system decreases as a result
of fading and signal distortion. Both unknown fading
effects caused by turbulence and deterministic path loss
determine the received optical power P,. After travelling
through the air to an optical bandpass filter (OBPF) and into
a TIA (Transimpedance Amplifier) optical receiver, the
optical signal is converted back into m(t)with the addition
of noise. The signal m(t) is then passed through the
bandpass filters (BPFs), which have central frequencies
corresponding to the subcarrier frequencies used at the
transmitter, to recover the individual signals m, (t), m,(t)
...my (t). Finally, these signals are demodulated and digital
signal processed to restore the data streams and reassemble
the original source data, d(t).

The scenario with N users, in which each user uses a
subcarrier with a different frequency, is not shown in
Figure 1. Similarly, before getting intensity modulation,
each user's data is modulated with separate subcarriers.

The expression for m(t) is given as follows:

m(t) = TiLym;(t) (€
And each subcarrier is expressed by [16]
m;(t) = g(O)a; cos(wet + ¢;)

— g(O)a sin(wgt + ;) (2)
where g(t) is the pulse-shaping function, and [w;, ;]
is the angular frequency and phase of each subcarrier. Note
that each subcarrier can be modulated by any modulation
method, such as: QAM, M-PSK, M-FSK, or M-ASK, etc...
After that, the optical signal at the transmitter, with power
Py, is transmitted through free space to the TIA receiver,
where it attenuates to a power Pg. Here, the receiver optical
signal is converted to an electrical signal i(t). By
normalizing the receiver's area to 1 and representing the
received power by the irradiance I, we have the received
signal as below:

i(t) = RI[1+ém(t)] + n(t) 3)
where, the optical modulation index & = |m(t)/ig — il
Table 1. Parameter values of the simulation system

System parameters Value
Bit rate 155 Mbps
Wavelength A =850 nm
Modulation index £=1
Normalized carrier amplitude A=l
Filter bandwidth By =10"°m
Receiver opening angle FOV = 0.6 rad
Number of subcariers N =1+10
Length of LoS route d=1km
Optical-electrical responsivity R =0.95 A/IW
Load resistance of receiver R, =50Q
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After that, a bandpass filter (BPF), with a minimum
bandwidth of 2Rg, is used to select the coressponding
subcarriers for demodulation, reduce the power of noise,
and reduce any slowly varying components RI in the
received signal. For a subcarrier with frequency w;, the
received signal is expressed as:

i(t) = Icomp + Qcomp (4)
Icomp = leg (t)aic Cos(wcit + (pi) + nl(t) (5)
Qcomp = _leg(t)ais Sin(wcit + (pi) + Ng (t) (6)

where, n,;(t) and ny (t) are AWGN noise with a mean of 0
and variance of 2.

3. Results and discussion

3.1. Performance comparison of the SIM-FSO system
using different subcarrier modulation techniques

Figure 2 illustrates the flowchart for estimating the
FSO-SIM system’s BER of using different modulation
methods. Meanwhile, Figure 3 presents the relationship
between the bit error rate (BER) and the signal-to-noise
ratio (SNR) for the FSO-SIM system at the wavelength of
A =850 nm. The analysis considers various modulation
techniques and assumes air turbulence intensity of

0, 12 = 0 2 2 .
/ Input the set of noise variance values /
2
o]

v

/ Input the set of SNR values

A 4

Plot the BER
Calculate BER at SNR(i) and o graph

corresponding to each modulation
T e D

[ e ]

Figure 2. Flowchart for determining the BER values of

the SIM-FSO system using different modulation techniques

The result demonstrates that the BPSK modulation
gives better performance than other ones, regarding the
required SNR to achieve the given BER. Specifically, to
achieve BER of 107, the FSO-SIM system using different
subcarrier modulation techniques BPSK, DPSK, 16-QAM,
64-QAM, 16-PSK, and 64-PSK need growing SNR values
of 17 dB, 18 dB, 19.6 dB, 22.6 dB, 22.8 dB, and 34.5 dB
respectively. This suggests that the M-PSK and M-QAM
modulation techniques, the greater phase states M require

no

the higher SNR values demands to maintain a consistent
BER - since the proximity of bit combinations increases,
raising the system’s error probability.

Consequently, increasing the phase states M improves
the bit rate but reduces the overall system performance.
Based on the result of these evaluations, selecting a
modulation technique depends on specific applications and
requires the balancing system requirements such as
complexity, capacity, power efficiency, bandwidth, and cost.

Since BPSK and DPSK modulation offer higher signal
quality than M-PSK and M-QAM, the paper focuses on
evaluating the FSO-SIM system's performance using these
modulation methods. Furthermore, system capacity will be
increased by employing multiple SIM subcarriers.

. T
—=k— BPSK-no fading
—e—BPSK
DPSK
e 16-QAM
—#— 16-PSK
64-QAM
—B— 64-PSK

BER

2I5 3I0 3‘5 4I0 45
SNR (dB)
Figure 3. BER graph of the FSO-SIM system using different
modulation techniques with A4=850 nm va o7 = 0.22
3.2. Performance comparison of the SIM-FSO system
using BPSK and DPSK with different turbulence
intensities

26 28 30 32
SNR (dB)

Figure 4. BER graph of the SIM-FSO system using BPSK and
DPSK modulation with different turbulence intensities

Figure 4 illustrates the relationship between BER and
SNR for the FSO-SIM system using BPSK and DPSK
modulation techniques, with varying air turbulence
intensities of a2 = [0.22,0.32,0.42%,0.5%]. The BER is
plotted based on SNR = (RE[I])?/a?, where both R and
lo are normalized to 1. Simulations are set up with different
af values.
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The results show that for any given o7, BPSK
modulation technique always gives slightly better BER
than the DPSK case does. For example, to achieve an equal
BER, the required SNR for the DPSK demodulator is
higher than that for BPSK, approximately 0.5 to 1 dB.

However, the DPSK method is simpler than BPSK one
since it doesn’t require coherent detection at the receiver.
Which mean the subcarrier can be recovered without the
need of Phase-Locked Loop (PLL). Therefore, to reduce
system complexity, compared to earlier studies, the paper
proposes evaluating system performance using the DPSK
technique in the following sections.

3.3. Performance analysis of the SIM-FSO-DPSK system
corresponding to different bit rates and number of
subcarriers with various turbulence intensities

Figure 5 presents the algorithm flowchart for determining
BER of the SIM-FSO-DPSK system at different bit rates R,.

Input the set of bit rate values Ry,
set of irradiance intensity values I

v

Calculate log irradiance variance o7 by
wavelength

A

Plot the BER
graph Calculate BER at R,(i)
and /(j)

Figure 5. Algorithm flowchart for determining the BER values
of the SIM-FSO-DPSK system at different R,

f | —e—R,= 100Mbps
Rb = 155Mbps
+Rb = 625Mbps
10,5 L —'—Rn= 1Gbps
_A_Rb=1,56bps
T

-30 -28 —2‘6 —£4 —2‘2 —2‘0 —1‘8
lo (dBm)
Figure 6. BER graph of the FSO-SIM-DPSK system at different
bit rates R, and 1 = 850nm

Figure 6 illustrates the relationship between BER and
radiation intensity I, at the ngreceiver for the SIM-FSO-
DPSK system operating at wavelength of 1 = 850nm. It
has been observed that for a given I, system performance
degrades (corresponding with BER increasing) as the data
bit rate per channel increases from 100 Mbps, 155 Mbps,
625 Mbps, 1 Gbps, to 1.5 Gbps. As the bit rate increases,
so does the receiver bandwidth (B; = 0.75 R}), resulting
in increasing noise power, which reduces SNR and raises
BER.

Figure 7 shows the relationship between BER and SNR
of the SIM-FSO-DPSK system with varying numbers of
subcarriers N = 1,2,4,8, assuming that all subcarriers
have the same modulation index &, = &/N. It can be
observed that, for a given BER value, the required SNR
increases as the number of subcarriers rises. Specifically,
to achieve a given BER of 1073, the required SNR values
for SIM-FSO-DPSK systems using 1, 2, 4, and 8
subcarriers are approximately 16 dB, 22 dB, 28 dB, and
34 dB, respectively. And to achieve a BER of 1074, the
required SNR values for these systems are approximately
18 dB, 24 dB, 30 dB, and 36 dB, respectively.

10° T

T T
No of subcarriers = 1
No of subcarriers = 2
=+ No of subcarriers = 4

+ No of subcarriers = 8

1072

15 20 25 30 35 40
SNR (dB)
Figure 7. BER graph of the system for different numbers of
subcarriers
This result can be explained as follows, as the SNR for
each subcarrier is proportional to the square of
the modulation index, according to the formula
SNR = (R¢1y)?/20?% . Therefore, an additional loss of
approximately 20 lg( N) [dB] occurs when the number of
subcarriers increases.

At the same BER requirement, the SNR increases with
the number of subcarriers according to:

SNREs0-DPSK-SIM~Nsypearrier =

SNRFSO—DPSK—SIM—l_subcarrier + 20 lg (N) [dB] (7)
where, N is the number of subcarriers used in the FSO-
SIM system.

3.4. SIM-FSO-DPSK system using SelC receive diversity
technique

The SelC (Selection Combining) technique is suitable
for DPSK modulation, where the subcarrier signal is
asynchronously demodulated. Moreover, the SelC
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technique may reduce the receiver complexity compared to
MRC and EGC as in earlier works, and the SNR of SelC is
given by:

R2A21Z .«
Vseie() = =53

Where, Imax = max([l, 12,. "IN)'

Input the turbulence intensitie
variance values o

¥

Input the set of detector count
values N

v

Input the set of SNR values at the
receiver

(8)

A 4

no
/> length(SNR)

Plot the BER yes
graph Calculate BERgc at
N(i) and SNR(j)

Figure 8. Flowchart for determining the BER values of
the FSO-SIM-DPSK system using the SelC receive diversity
technique

Figure 8 shows an algorithm for calculating the BER in
the SIM-FSO-DPSK system using the SelC diversity
reception technique. Figure 9 illustrates the simulation
results, demonstrating the relationship between BER and
SNR in the SIM-FSO-DPSK system using SelC diversity
reception with the number of optical PIN photodetectors in
the receiver are set to N = 1, 2, 3, and 4 in the turbulent
conditions with o = 0. 52.

When N =1, corresponding to SIM-FSO-DPSK
system without diversity reception, where turbulence
causes slow fading at the symbol rate Rgyp,;,,1 at which the
system operates. Assuming that, the turbulence correlation
time is much greater than the duration of two symbols, so
that the receiver can perform DPSK demodulation easily.

When N = 2,3,4, this corresponds to a SIM-FSO-
DPSK system employing SelC diversity reception. Here,
N photodetectors (PIN) are located at appropriate distances
to receive uncorrelated laser radiation while remaining
within the laser beam width.

The results in Figure 9 show that the performance of the
SIM-FSO-DPSK system improves when the number of
photodetectors N increases from 2 to 4. For example, at a
given SNR of 25 dB, the BER in the case of system without
SelC diversity ( N=1) and with diversity using
N = 2,3,4 photodetectors are approximately 1.1x10%,
1.2x10°°, 9x10 and 8x10°® respectively. However, once
the number of photodetectors reaches a certain threshold,
further increases only get a minimal performance gains,
as shown by the nearly overlapping BER curves when
N increases from 3 to 4. So, limiting the number of
photodetectors at 4 may reduce system complexity
and cost.

=—B— No of photodetector = 1Rx (No diversity)
No of photodetector = 2Rx

1072 E —&— No of photodetector = 3Rx E

—+— No of photodetector = 4Rx

40
SNR (dB)

Figure 9. BER graph of the SIM-FSO-DPSK system using
the SelC receive diversity technique

4. Conclusions

Based on the computational model of a multi-
subcarrier free space optic system (SIM-FSQO), this paper
has demonstrated algorithm flowcharts and written a
Matlab program to evaluate the system's performance
using various modulation techniques. From the
simulation results, the paper has analyzed, compared, and
evaluated the system's performance under various
modulation methods, air turbulence levels, different
numbers of subcarriers, and data rates. In this paper, to
reduce the complexity of the receiver, we propose using
DPSK modulation rather than BPSK method, as earlier
studies with the need of PLL for subcarrier’s
synchronization. The work also deploys the SelC
diversity technique, which can improve signal quality
while slightly increasing the complexity or cost of the
system. Considering the above results, the paper proposes
the SIM-FSO-DPSK system as a solution to balance the
demands of increased capacity, improved signal quality,
reduced complexity, and lower system costs, which
enhances the system's practical applicability and satisfy
the growing information needs of users.
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