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Abstract: Orthogonal frequency division multiplexing (OFDM) technology is presented for use in
free-space optical (FSO) communications accompanied by the spatial diversity reception. Using
quadrature phase shift keying (QPSK) modulation formats, the OFDM signals show robustness to
support high spectral efficiency and compatibility with the spatial diversity reception to improve
receiver sensitivity. Compared with the single-carrier QPSK signal, the OFDM-QPSK signal with
64 sub-carriers can reduce the BER from 2.87 × 10−3 to 2.98 × 10−4 at the SNR of 6 dB. Using a
two-aperture spatial diversity reception with OFDM, the BER can be reduced from 2.45 × 10−3 of a
single receiver to 6.10 × 10−4 under moderate turbulence conditions. Under strong turbulence, the
BER of the single receiver is 2.14 × 10−2. It can be improved to 1.16 × 10−3 by using four-aperture
receivers, and even 6.87 × 10−4 by using six-aperture receivers. The optimized aperture number
should be selected according to channel conditions.

Keywords: free-space optical communications; orthogonal frequency division multiplexing; spatial
diversity reception

1. Introduction

Free-space optical (FSO) communication is widely employed in inter-satellite links,
satellite-ground links, and communication between various flight platforms and terrestrial
stations due to the advantages of high speed, high security, small equipment size, and
no requirement of a spectrum license [1–4]. However, the atmospheric refractive index
fluctuates randomly, resulting in an atmospheric turbulence effect [5]. It will severely
deteriorate the laser beam and limit the FSO transmission distance or the communication
bit rate. Techniques such as adaptive optics [6], aperture averaging [7], error control
coding [8], and relaying [9] have been used to mitigate the effects of turbulence and
improve the reliability of the FSO system.

For FSO transmission, higher speed signals suffer more from the influence of atmo-
spheric turbulence. It will perform better if the data are separated into multiple low-speed
consequences. Orthogonal frequency-division multiplexing (OFDM), which includes mul-
tiple orthogonal sub-carriers [10], can carry a high-speed data stream by dividing it into
a series of low-speed sub-carrier signals. Furthermore, coherent modulation formats,
such as binary phase shift keying and quadrature phase shift keying (QPSK), have better
transmission performance in turbulence channels than intensity-modulated formats [11].
Coherent optical OFDM (CO-OFDM) has exhibited high spectral efficiency and strong
anti-interference ability [12–14]. The complex OFDM series can be easily separated into
real and imaginary components and modulated by an in-phase quadrature modulator
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(IQM) [10]. As a result, it is entirely compatible with conventional coherent FSO communi-
cation systems. Using OFDM technology, an FSO communication link is experimentally
demonstrated with a distance of 2.5 km and a rate of 10 Gbit/s, where a 3 dB receiver sensi-
tivity improvement is obtained compared to OOK signals [15]. Moreover, a CO-OFDM-FSO
scheme with quadrature amplitude modulation (QAM) signals has been proposed to signif-
icantly improve the transmission distance and data rate [13]. Furthermore, CO-OFDM with
an optical receiving antenna array has been numerically predicted to realize a 20 Gbit/s
FSO communication over 4500 km [16].

Diversity technologies, including spatial diversity, temporal diversity, polarization
diversity, and wavelength diversity (or frequency diversity), are widely utilized to increase
receiver sensitivity [17]. In principle, OFDM and diversity technology are compatible, and
they can be used together to improve the link performance. The outage performance has
been improved by using wavelength diversity in an OFDM-FSO system under E-Weibull
channels [18]. The sensitivity has been predicted to improve by 6 dB with polarization
diversity for an OFDM-FSO link [19]. Spatial diversity is a promising solution to sup-
press atmospheric turbulence [20]. In particular, spatial diversity reception with multiple
receivers has a simple structure and does not need any extra change at the transmitter.
The signals collected by all the receivers can be combined using digital signal processing
(DSP) of linear combining algorithms, such as the selection combining (SC) algorithm, max-
imum ratio combining (MRC) algorithm, and equal gain combining (EGC) algorithm [21].
However, OFDM-FSO communications with spatial diversity reception are still limited.
It is expected to improve the FSO receiving performance by combining the two kinds
of technologies.

In this paper, we propose to detect the OFDM-QPSK signal using a spatial diversity
receiver array in a FSO link in order to improve the receiving sensitivity. The turbulent chan-
nel is simulated by the phase screen method and the OFDM-QPSK signal is simulated using
the Monte Carlo method to calculate the bit error rate (BER) and the constellation diagram.
The sensitivity improvement of spatial diversity is evaluated by using multiple receivers.

2. System Structure and Channel Model

Figure 1 shows a schematic diagram of the proposed OFDM-based spatial diversity
reception FSO communication system. At the transmitter, a radio frequency (RF) OFDM
series carrying the initial data is modulated on an optical carrier through an IQM to generate
the CO-OFDM signal, and it is launched into an atmospheric turbulence channel via a
collimator. At the receiver, the signal is collected by multiple optical apertures, coupled into
optical fibers, and demodulated by the coherent detectors. Then, these branched received
signals are combined using an EGC algorithm after offline DSP processing.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 2 of 10 
 

(IQM) [10]. As a result, it is entirely compatible with conventional coherent FSO commu-
nication systems. Using OFDM technology, an FSO communication link is experimentally 
demonstrated with a distance of 2.5 km and a rate of 10 Gbit/s, where a 3 dB receiver 
sensitivity improvement is obtained compared to OOK signals [15]. Moreover, a CO-
OFDM-FSO scheme with quadrature amplitude modulation (QAM) signals has been pro-
posed to significantly improve the transmission distance and data rate [13]. Furthermore, 
CO-OFDM with an optical receiving antenna array has been numerically predicted to re-
alize a 20 Gbit/s FSO communication over 4500 km [16]. 

Diversity technologies, including spatial diversity, temporal diversity, polarization 
diversity, and wavelength diversity (or frequency diversity), are widely utilized to in-
crease receiver sensitivity [17]. In principle, OFDM and diversity technology are compat-
ible, and they can be used together to improve the link performance. The outage perfor-
mance has been improved by using wavelength diversity in an OFDM-FSO system under 
E-Weibull channels [18]. The sensitivity has been predicted to improve by 6 dB with po-
larization diversity for an OFDM-FSO link [19]. Spatial diversity is a promising solution 
to suppress atmospheric turbulence [20]. In particular, spatial diversity reception with 
multiple receivers has a simple structure and does not need any extra change at the trans-
mitter. The signals collected by all the receivers can be combined using digital signal pro-
cessing (DSP) of linear combining algorithms, such as the selection combining (SC) algo-
rithm, maximum ratio combining (MRC) algorithm, and equal gain combining (EGC) al-
gorithm [21]. However, OFDM-FSO communications with spatial diversity reception are 
still limited. It is expected to improve the FSO receiving performance by combining the 
two kinds of technologies. 

In this paper, we propose to detect the OFDM-QPSK signal using a spatial diversity 
receiver array in a FSO link in order to improve the receiving sensitivity. The turbulent 
channel is simulated by the phase screen method and the OFDM-QPSK signal is simulated 
using the Monte Carlo method to calculate the bit error rate (BER) and the constellation 
diagram. The sensitivity improvement of spatial diversity is evaluated by using multiple 
receivers. 

2. System Structure and Channel Model 
Figure 1 shows a schematic diagram of the proposed OFDM-based spatial diversity 

reception FSO communication system. At the transmitter, a radio frequency (RF) OFDM 
series carrying the initial data is modulated on an optical carrier through an IQM to gen-
erate the CO-OFDM signal, and it is launched into an atmospheric turbulence channel via 
a collimator. At the receiver, the signal is collected by multiple optical apertures, coupled 
into optical fibers, and demodulated by the coherent detectors. Then, these branched re-
ceived signals are combined using an EGC algorithm after offline DSP processing. 

 
Figure 1. Schematic diagram of the spatial diversity reception FSO communication system using 
OFDM signals. 

Figure 2a shows the schematic diagram of the modulating process of the CO-OFDM 
signal at the transmitter. The initial data are mapped into QPSK format, and then con-
verted into a parallel sequence through serial-to-parallel conversion. The parallel se-
quence is modulated on the sub-carriers through inverse fast Fourier transform (IFFT), 
and a cyclic prefix (CP) is added. All sub-carriers are combined into an RF-OFDM-QPSK 

Figure 1. Schematic diagram of the spatial diversity reception FSO communication system using
OFDM signals.

Figure 2a shows the schematic diagram of the modulating process of the CO-OFDM
signal at the transmitter. The initial data are mapped into QPSK format, and then converted
into a parallel sequence through serial-to-parallel conversion. The parallel sequence is
modulated on the sub-carriers through inverse fast Fourier transform (IFFT), and a cyclic
prefix (CP) is added. All sub-carriers are combined into an RF-OFDM-QPSK series through
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parallel-serial conversion, which is modulated on the optical carrier through an IQM. Then,
the CO-OFDM signal is sent to the atmospheric turbulence channel.
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In the FSO communication system, the transmission of the signal will be influenced
by the atmospheric turbulence to cause light attenuation, power jitter, and phase distortion.
The FSO link can be expressed as

y = h ⊗ sOFDM + n, (1)

where sOFDM(t) = ∑N
k=1 xkexp(j2π fkt) is the OFDM signal sent by the transmitter, N is the

number of sub-carriers, fk is the frequency of the kth sub-carrier, xk is the complex data in
the kth sub-carrier which is modulated in a QPSK format, y is the receiving signal at the
receiver, n is the additive white Gaussian noise (AWGN), and h is the influence coefficient
caused by the atmospheric turbulence channel. As shown in Figure 1, the OFDM-FSO
system’s performance can be evaluated by using a split-step beam propagation method
based on phase screen theory [22]. The transmission distance L is divided into several
segments, each of which has two parts: a vacuum transmission link of length ∆z and a phase
screen regardless of thickness. The effect of the atmospheric turbulence is superimposed
on the optical carrier through the phase screen after the vacuum transmission. The phase
screen is generated by the power spectrum inversion method. According to the von Karman
model, the phase power spectral density is described as

Φ(κ) = 0.033C2
n

exp
(
−κ2/k2

m
)(

κ2 + κ2
0
)11/6 , (2)

where κ = 2π
(

fx î + fy ĵ
)
, κm = 5.92/l0, k0 = 2π/L0, and l0 and L0 are the inner and outer

scales of the turbulence, respectively. C2
n is the atmospheric refraction-index structure

parameter, which can characterize the strength of atmospheric turbulence. The effect of the
atmospheric turbulence on the CO-OFDM signal is simulated by transmitting it through a
series of phase screens.

The optical signal is collected by multiple apertures at the receiver after introducing
the AWGN noise. As shown in Figure 2b, the CO-OFDM signal is down-converted to
RF-OFDM by coherent photodetectors. After compensating for the frequency offset and the



Appl. Sci. 2022, 12, 6828 4 of 9

phase noise of each receiver branch signal, and then sampled through an analog-to-digital
converter. The initial data are reconstructed through serial-to-parallel conversion, CP
removal, fast Fourier transform (FFT), parallel-to-serial conversion, and QPSK demodu-
lation. The EGC algorithm is used to combine them for its high diversity gain and easy
combining process [23,24]. The weight coefficient of each branch is selected as 1, and the
phase alignment is realized by calculating the relative phase between each channel and the
reference channel with the largest SNR [25]. Finally, the constellation diagram and BER
curves are obtained.

3. Simulation Results and Discussion
3.1. Improvement Based on OFDM

In the simulation, the initial values of the used parameters are shown in Table 1. The
optical carrier output from the transmitter was supposed to satisfy the Gaussian distribution.
The transmission length was divided into 10 segments with the equal spacing, and one
phase screen was placed at the end of each segment. In total, 1000 samples were collected
to investigate the atmospheric turbulence effect on laser transmission. Figure 3a–c show
the normalized optical intensity variations under weak, moderate, and strong turbulence
conditions. With the turbulence strengthened, the fluctuations of the optical intensity are
enhanced. The variance of the optical intensities is 0.0088, 0.2104, and 0.4898 for weak,
moderate, and strong turbulences, respectively.

Table 1. Simulation parameter values.

Symbol Value

Wavelength, λ 1550 nm
Link distance, L 1000 m

Phase screen size 0.5 m × 0.5 m
Inner scale, l0 0
Outer scale, L0 100 m

Refractive-index structure parameters, C2
n

5 × 10−15 m−2/3 (weak turbulence)
5 × 10−14 m−2/3 (moderate turbulence)

5 × 10−13 m−2/3 (strong turbulence)

The performance of the OFDM-FSO transmission link was evaluated in an atmospheric
turbulence channel. A 20 Gbit/s pseudo-random bit sequence (PRBS) was mapped to the
QPSK modulation format, and then loaded onto 64 sub-carriers. Another 8 sub-carriers
were used as the CP to eliminate the inter-symbol interference (ISI). Finally, the IFFT with
a size of 128 was used to convert the data into an OFDM signal. Figure 4 shows the
BER curve of this OFDM-QPSK signal in the turbulence channel with the refractive-index
structure parameters C2

n of 5.0 × 10−15 m−2/3, where the BER of the single carrier QPSK
(SC-QPSK) signal was also simulated for comparison. The BER of the OFDM-QPSK signal
is much lower than that of the SC-OFDM signal without sub-carriers. At the SNR of 6 dB,
the achieved BERs of the SC-QPSK and the OFDM-QPSK signals are 2.87 × 10−3 and
2.98 × 10−4, which are efficiently reduced. Figure 5a,b show the constellation diagrams
of the OFDM-QPSK and the SC-QPSK signal at the same SNR of 6 dB. Their error vector
magnitudes are 0.3481 and 0.4903, which means that the OFDM-QPSK signal has a better
quality than the SC-QPSK signal.

Figure 6 shows the BER of the OFDM-QPSK signal as a function of the SNR under dif-
ferent turbulence conditions, as shown in Table 1. At the SNR of 6 dB, the BER of the OFDM
signal under weak, moderate, and strong turbulences is 2.98 × 10−4, 2.45 × 10−3, and
2.14 × 10−2, respectively. The transmission quality degrades as the turbulence strengthens.
In Figure 6, the BER curves become flat under moderate and strong turbulence. The reason
may be that the degradation caused by the turbulence is too heavy to be fully compensated
by the DSP. The signal quality cannot be further improved even though the SNR increases.
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3.2. Improvement Using Spatial Diversity

The spatial diversity reception technology is adopted to further improve the receiver
sensitivity. Figure 7 depicts the BER curve as a function of the SNR with different aperture
numbers of receivers. Figure 7a–c show the weak, moderate, and strong turbulences,
respectively. Here, 1R, 2R, 4R, and 6R represent the aperture number 1, 2, 4, and 6,
respectively. In the case of weak turbulence shown in Figure 7a, the system performance
cannot be further improved by increasing the aperture number since the sensitivity of a
single receiver is sufficient. In the moderate turbulence (see Figure 7b), the performance of
two-aperture spatial diversity is much better than the single receiver. At the SNR of 6 dB,
the required BER drops from 2.45 × 10−3 to 6.10 × 10−4 if the two-aperture receiver array
is used instead of the single receiver. By further increasing the aperture number to four, the
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BER is further reduced to 3.89 × 10−4 by using four-aperture receivers. Under the strong
turbulence, the BER cannot be reduced below 0.01 using a single receiver, even when the
SNR is increased to as high as 20 dB. Using two-aperture spatial diversity reception, the
BER can reach approximately 1 × 10−3. While four-aperture receivers are adopted, the
BER is reduced to 1 × 10−4 when the SNR is about 10 dB. At the SNR of 6 dB, the BERs are
2.14 × 10−2, 6.23 × 10−3, 1.16 × 10−3, and 6.87 × 10−4 for the single receiver, two-aperture
receivers, four-aperture receivers, and six-aperture receivers, respectively. It can be seen
that the FSO link performance of the OFDM-QPSK signal is effectively improved using the
spatial diversity reception.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 10 
 

Figure 6. BER curves of the OFDM signal under different turbulence conditions. 

3.2. Improvement Using Spatial Diversity 
The spatial diversity reception technology is adopted to further improve the receiver 

sensitivity. Figure 7 depicts the BER curve as a function of the SNR with different aperture 
numbers of receivers. Figure 7a–c show the weak, moderate, and strong turbulences, re-
spectively. Here, 1R, 2R, 4R, and 6R represent the aperture number 1, 2, 4, and 6, respec-
tively. In the case of weak turbulence shown in Figure 7a, the system performance cannot 
be further improved by increasing the aperture number since the sensitivity of a single 
receiver is sufficient. In the moderate turbulence (see Figure 7b), the performance of two-
aperture spatial diversity is much better than the single receiver. At the SNR of 6 dB, the 
required BER drops from 2.45 × 10−3 to 6.10 × 10−4 if the two-aperture receiver array is used 
instead of the single receiver. By further increasing the aperture number to four, the BER 
is further reduced to 3.89 × 10−4 by using four-aperture receivers. Under the strong turbu-
lence, the BER cannot be reduced below 0.01 using a single receiver, even when the SNR 
is increased to as high as 20 dB. Using two-aperture spatial diversity reception, the BER 
can reach approximately 1 × 10−3. While four-aperture receivers are adopted, the BER is 
reduced to 1 × 10−4 when the SNR is about 10 dB. At the SNR of 6 dB, the BERs are 2.14 × 
10−2, 6.23 × 10−3, 1.16 × 10−3, and 6.87 × 10−4 for the single receiver, two-aperture receivers, 
four-aperture receivers, and six-aperture receivers, respectively. It can be seen that the 
FSO link performance of the OFDM-QPSK signal is effectively improved using the spatial 
diversity reception. 

 

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 10 
 

 

 
Figure 7. BER curves of the spatial diversity reception under different turbulence conditions: (a) 
weak turbulence, (b) moderate turbulence, and (c) strong turbulence. 

The above analysis shows that the OFDM-QPSK link performance can be effectively 
improved by using spatial diversity, but the improvement becomes limited as the receiver 
aperture number increases. Therefore, it is reasonable to consider an optimal aperture 
number of receivers under the requirement of a certain BER. Here, a requirement for the 
number of apertures is proposed, where the maximum BER of 1 × 10−3 is permitted when 
the signal SNR is 6 dB. In this way, Figure 8 shows the required aperture number of re-
ceivers under different turbulent conditions. As turbulence strength increases, the re-
quired aperture number of receivers increases accordingly. When the turbulence is weak, 
a single receiver is sufficient. For the moderate turbulences (such as 𝐶௡ଶ is 5 × 10−14 m−2/3 
and 1 × 10−13 m−2/3, corresponding to the Rytov coefficients of 0.99 and 1.99, respectively), 
2–4 aperture receivers are needed to satisfy the BER requirement. Moreover, at least 6 
aperture receivers are required to keep the BER below 1 × 10−3 under strong turbulence 
with 𝐶௡ଶ of 5 × 10−13 m−2/3 (the Rytov coefficient is 9.95). In practical applications, the ap-
propriate aperture number of receivers should be selected according to the channel con-
ditions. 

Figure 7. BER curves of the spatial diversity reception under different turbulence conditions:
(a) weak turbulence, (b) moderate turbulence, and (c) strong turbulence.



Appl. Sci. 2022, 12, 6828 8 of 9

The above analysis shows that the OFDM-QPSK link performance can be effectively
improved by using spatial diversity, but the improvement becomes limited as the receiver
aperture number increases. Therefore, it is reasonable to consider an optimal aperture
number of receivers under the requirement of a certain BER. Here, a requirement for the
number of apertures is proposed, where the maximum BER of 1 × 10−3 is permitted
when the signal SNR is 6 dB. In this way, Figure 8 shows the required aperture number
of receivers under different turbulent conditions. As turbulence strength increases, the
required aperture number of receivers increases accordingly. When the turbulence is weak,
a single receiver is sufficient. For the moderate turbulences (such as C2

n is 5 × 10−14 m−2/3

and 1 × 10−13 m−2/3, corresponding to the Rytov coefficients of 0.99 and 1.99, respec-
tively), 2–4 aperture receivers are needed to satisfy the BER requirement. Moreover, at least
6 aperture receivers are required to keep the BER below 1 × 10−3 under strong turbu-
lence with C2

n of 5 × 10−13 m−2/3 (the Rytov coefficient is 9.95). In practical applica-
tions, the appropriate aperture number of receivers should be selected according to the
channel conditions.
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