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ABSTRACT In this paper, we analyzed the diversity performance with increased pointing error caused by
multiple beam transmissions for spatial diversity based vertical free space optical (FSO) back-haul links.
For power-limited FSO systems, the spatial diversity technique can be employed to mitigate the atmospheric
fading issues in vertical FSO links. However, the arrangement of multiple transmitters to achieve independent
channels can cause additional alignment errors in themisalignment detection process of pointing, acquisition,
and tracking (PAT) systems, as demonstrated by the experiment results. The increase of misalignment makes
the pointing loss severe to reduce the achievable diversity gain, which results in insufficient received power
to satisfy the system requirements. The system optimization with the statistical misalignment model can
mitigate the effect of increased pointing error and improve the diversity gain as the number of channels
increases. The proposed scheme provides an enhanced link margin for designing seamless FSO wireless
back-haul networks for next-generation wireless communication systems.

INDEX TERMS Atmospheric turbulence, diversity gain, free space optical communications, multi-input
single-output MISO, pointing error, spatial diversity technique.

I. INTRODUCTION
Non-terrestrial networks (NTNs) have been actively stud-
ied to deploy innovative network architectures for next-
generation wireless communication systems. Unmanned
aerial vehicle (UAV) based vertical free-space optical (FSO)
communication is one of the candidates for wireless back-
haul links due to its advantages of license-free band-
width, high data rate, etc. [1], [2]. Furthermore, to connect
regions that are hundreds of kilometers apart, employing
high-altitude platform (HAP) UAVs up to 20 km is consid-
ered to mitigate the effect of atmospheric turbulence in the
far apart horizontal link, as shown in Fig. 1. The shaded
areas can be connected to the core network via NTNs over
hundreds of kilometers. However, atmospheric turbulence
and misalignment can still cause significant fading issues
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in vertical FSO systems, making it difficult to achieve suf-
ficient power for communication links [3], [4]. Therefore,
high power gain becomes critical in providing seamless and
high data rate communication for back-haul networks with
FSO transmissions.

The diversity techniques can be employed in FSO systems
to overcome these channel fading issues. The time diversity
and the wavelength diversity techniques suffer from large
symbol duration and large wavelength spacing to accom-
plish independent channels for the atmospheric turbulence
channels [5], [6]. In contrast, channel independence can be
achieved with a spatial distance of a few meters between
transmitters larger than the coherence length [7]. Therefore,
the spatial diversity technique is more suitable for vertical
FSO links.

The main concerns for achieving the desired diversity gain
to mitigate channel fading for spatial diversity based FSO
transmissions are listed below:
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FIGURE 1. UAV based vertical FSO links for the wireless back-haul
networks.

• The received power varies with different atmospheric
turbulence channels. The power combining with mul-
tiple received powers is necessary for the considered
atmospheric channel model.

• The pointing loss occurs with the pointing jitter and
Gaussian beam profile for each transmitted beam. The
pointing losses by multiple beams should be combined.
Channel modeling is required based on the effects of
pointing loss and atmospheric fading.

• The distant arrangement of multiple transmitters can
cause an increase in the pointing error for the position
detection process of pointing, acquisition, and track-
ing (PAT) systems. The increased pointing error should
be considered to minimize pointing loss and maximize
diversity gain.

The channelmodel for spatial diversity based FSO commu-
nications considering atmospheric fading and pointing loss
has been widely studied by many research groups. The atmo-
spheric effect on the spatial diversity with K-distributed chan-
nels and closed-form expression for the bit error rate (BER)
performance were presented in [8]. The BER performance
of FSO links with log-normal channels and non-Kolmogorov
was investigated [9], [10]. The closed-form channel model
was derived considering the effects of pointing loss and
atmospheric fading on the multi-input single-output (MISO)
FSO links with log-normal channels in [11]. The performance
analysis with asymptotic expressions for the Gamma-Gamma
distributed channels with a generalized pointing error was
researched in [12] and [13]. The novel closed-form BER
expressions were presented in [14] for quadrature ampli-
tude modulation (QAM) based orthogonal frequency division
multiplexing (OFDM) radio over FSO by Málaga distributed
channels with the pointing error. The analytical BER results
for the correlated Gamma-Gamma channels were derived and
verified by the experimental demonstrations [15]. Moreover,
the effect of non-zero boresight pointing error was investi-
gated for MIMO FSO systems [16].

These researches dealt with various atmospheric channel
models and pointing error, caused by thermal expansions,
vibrations, etc., for deriving combined channel models to
analyze transmission performance for the spatial diversity
based FSO systems. Thus, the pointing error remains con-
sistent regardless of the number of channels. However, the
multiple transmitted beams can cause an increase in point-
ing error from the misalignment detection process of PAT
systems, which increases the pointing loss and decrease the
diversity gain. Therefore, the increased pointing error can-
not be neglected to achieve the desired diversity gain using
the spatial diversity technique. In our previous work [17],
we investigated a statistical misalignment model for the
increased alignment error due to multiple beam transmissions
and analyzed how it is affected by the atmospheric turbulence
and the arrangement of the transmitters by the simulations.

In this paper, we analyze the transmission performance of
spatially diverse vertical FSO links affected by the increased
pointing error due to the distant transmitter arrangement to
achieve the desired diversity gain. In addition, the statisti-
cal misalignment model from our previous work is exper-
imentally demonstrated to be utilized in power-efficient
FSO transmissions.

II. FSO CHANNEL MODEL
To analyze the transmission performance for spatial diversity
based FSO communications, we focused on the ground-to-
UAV based vertical transmissions.We consideredMISO FSO
links with N transmitters at the ground stations and a single
receiver at the UAV to account for the size, weight, and power
limitations of the UAV.

A. ATMOSPHERIC TURBULENCE CHANNEL
We assumed the vertical atmospheric turbulence channel
with the log-normal channel model for the weak turbulence
regime. For a given altitude of the UAV L, ground h0, and the
wavelength λ, the Rytov variance σ 2

Z = −µZ
/
2 of indepen-

dent and identically distributed channels for N transmitters
is

σ 2
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where k = 2π
/
λ [18]. The zenith angle ς is set to zero to

assume perpendicular environment such that the altitude of
the UAV is equal to the transmission distance. The refractive
index structure at an altitude l follows the Hufnagel-Valley
model, given by

C2
n (l) = 0.00594

(
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/
27
)2 (10−5l)10 e−l/1000

+ 2.7× 10−16e−l/1500 + C2
n (0) e
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where Vrms is the rms wind speed and C2
n (0) is the refractive-

index structure at the ground level.
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B. POINTING ERROR MODEL
The statistical misalignment model was investigated in our
previous work [17]. To achieve independent channels for
spatial diversity technique, the designed misalignment model
is modified to fix the distance between transmitters d to be
larger than the coherence length, regardless of the number of
transmitters. The variance of the increased alignment error σ 2

c
due tomultiple beam transmissions from [17] can be rewritten
as

σ 2
c =

(
eσ

2
Z − 1

)
d2

8
(
eσ

2
Z − 1+ N

)
sin2

(
π
N

) . (3)

The alignment error due to multiple beam transmissions is
independent of the pointing jitter σ 2

s . Note that the boresight
error is assumed to be zero to simplify the performance anal-
ysis. Therefore, the variance of the combined pointing error
with increased misalignment and pointing jitter becomes
σ 2
c + σ

2
s . The PDF of the overall two-dimensional pointing

error is

f (r0) =
r0

σ 2
c + σ

2
s
e
−

r20
2(σ2c +σ2s ) , (4)

where r0 is the radial displacement between the center of
the transmitter arrangement and the origin of the receiver
aperture.

III. SPATIAL DIVERSITY PERFORMANCE
The increased pointing error defined in the previous section
causes an increase in the pointing loss and degrades the diver-
sity gain. The increased error in (3) should be considered for
optimizing the spatial diversity based FSO systems to com-
pensate for the increased pointing loss and achieve the desired
diversity gain.We assumed an intensitymodulation and direct
detection (IM/DD) system to analyze the transmission per-
formance with non-return-to-zero on-off keying (NRZ-OOK)
modulation. Thus, the FSO link could be established when
the received power is larger than the receiver sensitivity. The
outage probability for the N transmitted beams with channel
gain H is defined as

pout (Pr ) = Prob
(
Pr < Prs,NRZ−OOK

)
= Prob

(
H · Pt < Prs,NRZ−OOK

)
, (5)

where Pr ,Pt , and Prs,NRZ−OOK are the received power,
transmitted power, and receiver sensitivity for NRZ-OOK
modulation, respectively [19]. The transmit power required
to achieve the target outage probability ptgout given in [17]
can be rewritten as follows using the increased pointing error

in Eq. (4);

Pt,req =
Prs,NRZ−OOK

A0
(
ptgout

)−ω2
/
{4(σ 2s +σ 2c )}

× e2d
2/{4ω2 sin2(π/N )

}
+ω2σ 2G

/{
8
(
σ 2s +σ

2
c
)}
−µG , (6)

where ω and arare the beam width and the aperture size of
the receiver. The beam parameter A0 ≈ 2a2r

/
ω2 represents

the received power fraction in terms of the receiver aperture
and the beam width. µG,andσ 2

G are the mean and variance of
the combined atmospheric fading for N channels. Thus, for
the given transmit power Pt , the link margin SdB for the FSO
transmissions can be expressed as

SdB = 10 log10
Pt

Pt,req
. (7)

The required transmit power for target outage proba-
bility can be minimized by the beam width optimization.
The optimum beam width ωopt can be achieved by differen-
tiating Eq. (6) as, equation (8), shown at the bottom of the
page. The optimum beam width for multiple transmitters to
achieve the target outage probability of the system is larger
than that of the single-input single-output (SISO) link; thus,
the divergence loss becomes severe. The divergence loss for
multiple beam transmissions is defined by the received power
fractions as

Dloss,dB = 10 log10

(
A0|N
A0|N=1

)
= 10 log10

(
2a2r/ω

2
opt,N

2a2r/ω
2
opt,1

)
= 20 log10

(
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ωopt,N

)
,

(9)

where ωopt,1, and ωopt,N are the optimum beam widths for
the SISO and MISO FSO links, respectively. The diversity
gain GdB required to achieve the equal target outage proba-
bility can be obtained using (10), as shown at the bottom of
the next page.

The diversity gain with N transmitters can provide redun-
dant power to adopt high-order modulation techniques such
as M pulse amplitude modulation (M-PAM) for high data
rate communications. The required power margin Sreq,dB for
M-PAM compared to NRZ-OOK is described as [20],

Sreq,dB = 10 log10
Prs,M−PAM
Prs,NRZ−OOK

= 10 log10

(
M − 1√
log2M

)
,

(11)

where Prs,M−PAM is the receiver sensitivity ofM-PAM. Using
(5), (10), and (11), we can analyze the diversity performance
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of the system to determine the number of channels required
to achieve the desired transmission performance.

IV. EXPERIMENT AND SIMULATION RESULTS
We experimentally demonstrated and analyzed the alignment
error behavior as a transmitter arrangement and atmospheric
turbulence to verify the statistical misalignment model. After
verification, we analyzed the performance of the diversity
technique affected by the increased error as the number of
channels with the simulations.

A. EXPERIMENTAL DEMONSTRATION OF THE
MISALIGNMENT MODEL
The experiment setup for verifying the misalignment model
is shown in Fig. 2. A continuous wave (CW) was driven from
a laser diode (LD) and transmitted through a collimator. The
2D atmospheric turbulent channel model was generated by
the von Kalman spectrum [21] and modulated in a spatial
light modulator (SLM,Meadowlark Optics, E512-1550). The
transmitted beam experienced the atmospheric channels by
the SLMandwas received by a quadrant detector (QD,Hama-
matsu, G6849) via a convex lens. The transmitted power and
the transmission distance were set to 0 dBm and 80 cm.

It is difficult to transmit multiple beams simultaneously at
the laboratory level; therefore, we performed multiple single-
beam transmissions at different positions of the transmitter
and turbulent channels. The received signals from each trans-
mission were combined to conduct multiple beam transmis-
sions and used to estimate the alignment error by the centroid
algorithm.We generated 1×104 samples to calculate the vari-
ance of the alignment errors and compared the experimental
results with the statistical misalignment model using (3).

The variance of the experiments and misalignment model
show similar results, as shown in Fig. 3. The increase in
alignment error is determined by the power variation due to
the atmospheric turbulence and the position of transmitters
as presented in (3). When the distance between transmitters
becomes large and the number of transmitters increases, the
position of the transmitters furthers, which in turn increases
the impact of power changes due to the atmospheric tur-
bulence. A stronger turbulence strength makes the power
variation severe to increase the alignment error, which results
in a large pointing loss. Therefore, increasing the number

FIGURE 2. Experiment setup to estimate the alignment error.

of channels required to achieve diversity gain can cause an
increase in pointing loss. To construct spatial diversity based
FSO systems, an increase in the pointing error should be
considered to maximize the diversity gain.

B. PERFORMANCE ANALYSIS FOR SPATIAL DIVERSITY
BASED FSO SYSTEMS
We set the vertical FSO system configuration as given in
Table 1 and analyzed the transmission performance using the
simulation results. The receiver sensitivity, to establish the
communication links in the NRZ-OOK based IM/DD system,
is assumed to be −20 dBm for high data rate transmission of
greater than tens of Gbps.

Fig. 4 shows the optimum beam width for the target outage
probability with four channels. The optimum beam width
increases as the target outage probability becomes smaller.
Furthermore, compared to considering pointing jitter as the
only source of pointing error, the increased alignment error
due to multiple beam transmissions results in a wider optimal
beam width. This wider beam width causes an increase in
divergence loss.

The divergence loss and diversity gain without divergence
loss for the systems, designed by the pointing jitter only and
the statistical misalignment model, are shown in Fig. 5. There
are tradeoffs between the diversity gain and the divergence
loss as the number of channels for the spatial diversity. The
increased number of channels can provide larger diversity
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FIGURE 3. Variance difference between the misalignment model and experiment results for (a) the distance from the center of transmitters with
C2

n = 4× 10−13 and N = 2, (b) atmospheric turbulence strength with d = 2 mm and N = 2, and (c) the number of transmitters with d = 2 mm
and C2

n = 4× 10−13.

TABLE 1. Basic FSO link design parameters.

gain as expected. However, the divergence loss increases as
the number of channels increases due to the wider arrange-
ment of transmitters to maintain the channel independence.
Furthermore, considering the increased pointing error, the
optimized system design requires a larger beam width, so
the divergence loss becomes more severe. In contrast, the
increased pointing error caused by diversity channels causes
additional pointing loss to decrease the diversity gain. The
transmitted beams of the FSO systems follow the Gaussian
beam profile, so the narrower beams are more susceptible to
the increased pointing error. Therefore, the optimized system
considering the increased pointing error due to multiple beam
transmissions can achieve greater diversity gain than the sys-
tem designed by considering the pointing jitter as the only
source of pointing error, even at severe divergence loss.

Fig. 6 shows the required transmit power for the differ-
ent turbulence strength and the number of channels using
the proposed misalignment model and experiment results
from Fig. 3. The larger transmit power is required to satisfy
the desired outage probability when the turbulence strength
increases. In power-limited FSO systems, the SISO link fails
to establish the communication link in a stronger turbulence

FIGURE 4. Optimum beam width for the target outage probability with
four channels.

FIGURE 5. Divergence loss and diversity gain without the divergence loss
as the number of channels.

channel. Therefore, the spatial diversity technique is required
to communicate for desired atmospheric conditions. The sys-
tem optimization considering the increased pointing error
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FIGURE 6. Required transmit power for the atmospheric turbulence
strength with the different number of channels.

FIGURE 7. Outage probability for transmit power changes with the
different number of channels.

can mitigate additional pointing loss, as shown in Fig. 5,
and achieve greater diversity gain as the diversity channels
increase.

The outage probabilities according to the transmit power
for the different numbers of channels and distance between
transmitters are shown in Fig. 7. For a given transmit power,
a significant improvement in outage performance can be
achieved by increasing the number of channels. Further-
more, the improvement in outage probability increases for
the larger transmit power. When the distance between trans-
mitters becomes shorter, the arrangement of transmitters gets
closer and pointing error decreases. Thus, the diversity gain
increases due to decrease in divergence and pointing loss.

Fig. 8 shows the power margin for a transmit power of
30 dBm and channel capacity as the number of diversity chan-
nels with different turbulence strengths. As the turbulence
strength increases, the proposed spatial diversity scheme can
mitigate the effects of atmospheric fading and increased

FIGURE 8. Power margin and channel capacity as the number of channels
for different turbulence strengths at 20 km vertical FSO links.

pointing error. Thus, the achievable diversity gain can be
increased. When stronger atmospheric fading occurs, the
FSO transmission system requires more than three channels
to establish the communication links. The redundant power
of more than four channels can transmit 4-PAM signals to
increase the channel capacity under given conditions. Fur-
thermore, a much higher order modulation technique can
be adopted in weaker turbulence strength by the increased
power margin using spatial diversity. Therefore, the increased
diversity gain can provide a larger link margin for the FSO
links to resist atmospheric fading and achieve higher data rate
communication.

V. CONCLUSION
In summary, we analyzed how the diversity performance
is affected by the number of channels and their increased
pointing errors using the statistical misalignment model. The
experiment results show that the increased number of chan-
nels causes severe pointing errors, which results in additional
pointing loss. Thus, the diversity gain is reduced, and suffi-
cient power cannot be provided for power-limited FSO links.
The achievable diversity gain is improved by the appropriate
system design, considering the increased pointing error due
to multiple beam transmissions. The non-zero boresight error
and multiple receivers could be discussed further to improve
the proposed scheme. Nevertheless, the increased power of
the proposed system design can help spatially diverse FSO
systems achieve seamless and high data rate communications
for next-generation wireless back-haul networks.

REFERENCES
[1] M. A. Khalighi and M. Uysal, ‘‘Survey on free space optical communica-

tion: A communication theory perspective,’’ IEEE Commun. Surveys Tuts.,
vol. 16, no. 4, pp. 2231–2258, 4th Quart., 2014.

[2] M. Alzenad, M. Z. Shakir, H. Yanikomeroglu, and M.-S. Alouini, ‘‘FSO-
based vertical backhaul/fronthaul framework for 5G+wireless networks,’’
IEEE Commun. Mag., vol. 56, no. 1, pp. 218–224, Jan. 2018.

[3] H. Kaushal and G. Kaddoum, ‘‘Optical communication in space: Chal-
lenges and mitigation techniques,’’ IEEE Commun. Surveys Tuts., vol. 19,
no. 1, pp. 57–96, 1st Quart., 2017.

129930 VOLUME 10, 2022



S.-J. Kim, S.-K. Han: Power Efficiency Analysis of Spatial Diversity Based Vertical FSO Links

[4] Y. Kaymak, R. Rojas-Cessa, J. Feng, N. Ansari, M. Zhou, and T. Zhang,
‘‘A survey on acquisition, tracking, and pointing mechanisms for mobile
free-space optical communications,’’ IEEE Commun. Surveys Tuts.,
vol. 20, no. 2, pp. 1104–1123, 2nd Quart., 2018.

[5] M. Czaputa, T. Javornik, E. Leitgeb, G. Kandus, and Z. Ghassemlooy,
‘‘Investigation of punctured LDPC codes and time-diversity on free-space
optical links,’’ in Proc. 11th Int. Conf. Telecommun., Graz, Austria, 2011,
pp. 359–362.

[6] V. Weerackody and A. Hammons, ‘‘Wavelength correlation in free space
optical communication systems,’’ in Proc. MILCOM, Washington, DC,
USA, Oct. 2006, pp. 1–6.

[7] Z. Chen, S. Yu, T.Wang, G.Wu, S.Wang, andW.Gu, ‘‘Channel correlation
in aperture receiver diversity systems for free-space optical communica-
tion,’’ J. Opt., vol. 14, no. 12, Nov. 2012, Art. no. 125710.

[8] T. A. Tsiftsis, H. G. Sandalidis, G. K. Karagiannidis, and M. Uysal, ‘‘FSO
links with spatial diversity over strong atmospheric turbulence channels,’’
in Proc. IEEE Int. Conf. Commun., Beijing, China, 2008, pp. 5379–5384.

[9] S. M. Navidpour, M. Uysal, and M. Kavehrad, ‘‘BER performance of free-
space optical transmission with spatial diversity,’’ IEEE Trans. Wireless
Commun., vol. 6, no. 8, pp. 2813–2819, Aug. 2007.

[10] Y. Fu, J. Ma, S. Yu, and L. Tan, ‘‘BER performance analysis of coher-
ent SIMO FSO systems over correlated non-Kolmogorov turbulence fad-
ing with nonzero boresight pointing errors,’’ Opt. Commun., vol. 430,
pp. 31–38, Jan. 2019.

[11] A. A. Farid and S. Hranilovic, ‘‘Outage capacity for MISO intensity-
modulated free-space optical links with misalignment,’’ IEEE/OSA J. Opt.
Commun. Netw., vol. 3, no. 10, pp. 780–789, Oct. 2011.

[12] R. B. Ruiz, A. G. Zambrana, B. C. Vazquez, and C. C. Vazquez, ‘‘On the
capacity of MISO FSO systems over gamma-gamma and misalignment
fading channels,’’Opt. Exp., vol. 23, no. 17, pp. 22371–22385, Aug. 2015.

[13] J. Ding, S. Yu, Y. Fu, J. Ma, and L. Tan, ‘‘New approximate and asymptotic
closed-form expressions for the outage probability and the average BER
ofMIMO-FSO systemwithMRC diversity technique over gamma-gamma
fading channels with generalized pointing errors,’’Opt. Commun., vol. 456,
Feb. 2020, Art. no. 124633.

[14] A. Kumar and P. Krishnan, ‘‘Performance analysis of RoFSO links with
spatial diversity over combined channel model for 5G in smart city appli-
cations,’’ Opt. Commun., vol. 466, Jul. 2020, Art. no. 125600.

[15] R. Priyadarshani, M. R. Bhatnagar, J. Bohata, S. Zvanovec, and
Z. Ghassemlooy, ‘‘Experimental and analytical investigations of an opti-
cally pre-amplified FSO-MIMO system with repetition coding over
non-identically distributed correlated channels,’’ IEEE Access, vol. 8,
pp. 12188–12203, 2020.

[16] R. B. Ruiz, A. G. Zambrana, B. C. Vazquez, and C. C. Vazquez, ‘‘Impact
of nonzero boresight pointing error on ergodic capacity of MIMO FSO
communication systems,’’ Opt. Exp., vol. 24, no. 4, pp. 3513–3534, 2016.

[17] S.-J. Kim and S.-K. Han, ‘‘Estimation and performance analysis of multi-
ple incident beam misalignment in spatial diversity based FSO transmis-
sions,’’ Opt. Commun., vol. 521, Oct. 2022, Art. no. 128618.

[18] L. C. Andrews and R. L. Phillips, Laser Beam Propagation Through
Random Media, Bellingham, WA, USA: SPIE, 2005.

[19] V. V. Mai and H. Kim, ‘‘Adaptive beam control techniques for airbone
free-space optical communication systems,’’ Appl. Opt., vol. 57, no. 26,
pp. 7462–7471, Sep. 2018.

[20] T. Y. Elganimi, ‘‘Performance comparison between OOK, PPM and PAM
modulation schemes for free space optical (FSO) communication sys-
tems: Analytical study,’’ Int. J. Comput. Appl., vol. 79, no. 11, pp. 22–27,
Oct. 2013.

[21] M. R. Chatterjee and F. H. A. Mohamed, ‘‘Split-step approach to electro-
magnetic propagation through atmospheric turbulence using the modified
von Karman spectrum and planar apertures,’’ Opt. Eng., vol. 53, no. 12,
Dec. 2014, Art. no. 126107.

SUNG-JIN KIM received the B.S. degree in
electrical and electronic engineering from Yonsei
University, Seoul, South Korea, in 2013, where
he is currently pursuing the Ph.D. degree in
electrical and electronic engineering. His current
research interests include visible-light communi-
cation, optical camera communication, and free
space optical communication.

SANG-KOOK HAN (Senior Member, IEEE)
received the B.S. degree in electronic engineer-
ing from Yonsei University, Seoul, South Korea,
in 1986, and the M.S. and Ph.D. degrees
in electrical engineering from the University
of Florida, Gainesville, FL, USA, in 1994.
From 1994 to 1996, he was with the System IC
Laboratory, Hyundai Electronics, where he was
involved in the development of optical devices for
telecommunications. He is currently a Professor

with the Department of Electrical and Electronic Engineering, Yonsei Uni-
versity. His current research interests include optical devices/systems for
communications, optical OFDM transmission systems, optical networks, and
optical wireless communications, including visible-light communication.

VOLUME 10, 2022 129931


