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Abstract— This work investigates a system availability
of high-altitude platform station (HAPS)-based free-space
optical (FSO) system based on the observed cloud data
from the European Center for Medium-Range Weather
Forecast (ECMWEF). The collected data is, then, used to
evaluated the optical link availability for several regions in
Vietnam. The numerical results reveal the advantage of
using site diversity to combat cloud attenuation and
atmospheric turbulence.
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I. INTRODUCTION

6G wireless communication system envision to provide
broadband services in underserved areas with reasonable
costs. Satellite networks are one possible enabler of such a
vision due to their large footprints and their capabilities to
provide ubiquitous coverage to remote areas. Recently,
mega-constellations of small satellites in low-earth orbit
(LEO) gain interest in acamedia and industry to enable
broadband services worldwide [1]. Moreover, the
developlement of the integrated satellite-aerial-ground
networks can further improve the coverage, reliability, and
scalability of 6G wireless communication systems [2]-[4].
A potential integrated spatial network consists of spatial
nodes at the same or different altitudes connected via
optical links. Therein, high-altitude platform is an
important node in the spatial networks since it can operate
as a based station on the sky or a relaying node to forward
the data from the satellite through the atmosphere to
end-users (e.g., ground station, vehicle, sensors, etc.).

In this study, we consider the HAP act as a station.
High-altitude platform station (HAPS) is a quasi-stationary
vehicle like airships, aircraft, or balloons, placed in the
stratosphere at an altitude from 17 to 25 km above Earth’s
surface where the impact of atmosphere on optical beam is
less severe than directly above the ground. Compared with
terrestrial and satellite systems, HAPS has unique
characteristics such as a large coverage area (3-7 km),
quick deployment, flexible capacity increase through spot
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Fig. 1. HAPS-based FSO systems in urban and remote areas.

beam resizing, and low maintenance cost [5, 6]. Since
HAPS is placed far from the atmospheric region, thay
provide a better channel condition than satellites.
Moreover, it provides better light-of-sight (LOS) condition
in almost all coverage areas, thereby causing less
shadowing than terrestrial systems. It can act as a relay
station to forward the high-capacity optical data through
the atmosphere to the ground. The backhaul optical link for
the HAPS is capable of connecting to the core network
through terrestrial gateways stations. In case whenever
HAP network is much larger than the cloud coverage
correlation length, a ground station diversity can be used to
improve the reliability of the system [7]. On the other
hand, free-space optical communications have recently
gained industry and academic attention to provide gigabit
capacity backhaul links due to feasible cost and rapid
deployment compared to radio frequency (RF) and optical
fiber [8]. The combination of HAPS and FSO, as shown in
Fig.1, is opened a new chapter for spatial communications.
As shown in Fig. 1, FSO-based HAPS can work as a
stand-alone system to provide high-speed connection to
urban area or rural area, where is difficult to implement
communications.

Operating over the free-space medium, the performance
of the HAPS-based FSO system is significantly affected by
atmospheric turbulence and cloud coverage [9], which can
severely decrease the system performance, especially
system availability. On the one hand, it is the power loss
due to Mie scattering by particles in clouds. On the other
hand, it is the random fluctuation of transmitted power
caused by atmospheric turbulence. For these reasons, an
investigation of link availability should be studied in
planning and designing a HAPS-based FSO
communication systems.
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As a matter of fact, there have been a number of studies
on the estimation of link availability in the presence of
cloud with/without turbulence [10, 11, 12]. Notably,
Suzuki et al. collected cloud images to estimate the link
availability for implementing the optical system for several
regions in Japan [10]. The drawback of the method is,
however, not always possible for other sites since the
complexity and high-cost facilities are required. In [11,
12], the authors used another method implemented based
on the cloud liquid water content (CLWC) data from
available databases observed by satellites. Nevertheless,
the laser links were blocked whenever CLWC > 0 as the
algorithm was used in [11]. As reported in [11], the FSO
link can still maintain in the presence of clouds with low
CLWC. However, the satellite link availability is only
investigated for Japan.

We, therefore, aim at investigating the impact of cloud
attenuation and atmospheric  turbulence on the
HAPS-based FSO systems. First, we collect the CLWC
data from the meteorological ERA-Interim database
provided by European Center for Medium-Range Weather
Forecast (ECMWF) [14]. Based on the methodology in
[12], the data is used to estimate the link availability for
several regions in Vietnam. Furthermore, the HAPS site
diversity is also investigated in our work to show how the
proposed technique combat the impact of cloud attenuation
and atmospheric turbulence.

Il. CHALLENGING ISSUES IN HAPS-BASED FSO
SYSTEMS

This section will cover two main challenging issues of
HAPS-based FSO communications. In particular, random
phenomena like clouds and atmospheric turbulence are
investigated in our work.

Fig. 1 illustrates the implementation of HAPS-based
FSO systems in urban and remote areas. The optical
downlink from HAPS to end-users is considered. The FSO
link may be blocked or deteriorate during the transmission
due to cloud coverage and atmospheric turbulence.
Therefore, the observation of CLWC is essential to design
the link budget. An example of the average CLWC of 5
years for Hanoi, Danang, and Hochiminh areas is depicted
in Fig. 2.

A. Cloud attenuation

The presence of opaque clouds may occationally disrupt
the signal or completely block the optical signal from HAP
to the ground station rendering the LOS communication
useless. These intermittent blockages can last from gew
seconds to several hours depending on the geographical
location and season. They can lead to wandering off the
downlink signal from the desired position if the
space-borne system relies on uplink beacon signal for
tracking and pointing [13]. Clouds offer significant
attenuation as high as tens of dB and therefore require
necessary actions to combat the signal loss due to cloud
coverage. Mathematical modeling of the FSO
communication system over cloudy channel based on
ECMWEF database is discussed in [15].

Clouds can be characterized by their altitude, which can
be classified into three main groups according to the
altitude: (1) high-level cloud consisting of ice-crystals, (2)
mid-level cloud-primarily made of water droplets with
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ice-crystals, and (3) low-level cloud composed most of the

water droplets. Therein, the optical signal is severely

impacted by low-level clouds (less than 3 km). The reason

behind is the Mie scattering phenomenon, i.e., the cloud

droplet size is much larger than optical wavelength [16].
CLWC (mg/m®)

0.16 0.18 0.2
| a——

HANOI "
X

cLwc 1mgr‘m‘)
0.11 0.13 0.15
| — |

 Latitude (deg)

o

105.5 106
Longitude (deg)

MIETNAM  ~

wc»;;(jmuy

CLWC (mg/m®)
008 009 01 0.11
£

107.9 108
Longitude (deg)

'
/Latitude (deg)

.
1066 106.8
Longitude (deg)

Fig. 2. Average CLWC of 5 years in Hanoi, Danang,
Hochiminh.

As a result, the optical signal power and visibility are
decreased. As reported in [15], variable visibility, V , can
be estimated as
_ 1.002 1)
(Wc 2 NC )0.6473 '
where Wc(g/m3) is the cloud liquid water content

(CLWC), Nc(cm‘3) is the cloud droplet number

concentration, which depends on the cloud droplet radius,
and it can be expressed as
3,
N, =——%—x10°, )
4rrep
where p(zlg/cm3) is the density of liquid water, and

r(,um) is the mean of cloud droplet radius which is given
based on cloud types, e.g., Stratus (r =3.33,um) ,
(r = 4.5ym) and
(r=4.7um) [17].

According to [15], the log-normal distribution can be
used to model the cloud attenuation accurately, the
probability density function (PDF) is written as

(Inﬁt—lu)2
2 2

Altostratus Nimbostratus

exp| — y (3)

1
f =
& (&) \N27oA,
where A:(dB) is the cloud attenuation. & and x are

obtained based on the maximum likelihood estimation of
the curve-fitting method.
B. Turbulence loss

Atmospheric turbulence is a random phenomenon due to
the inhomogeneity in temperature and atmospheric
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pressure along the propagation path. As a result, the optical
received power is  strongly  decreased by
turbulence-induced fading. Typically, the turbulence

strength is given by Rytov variance, denoted as Gé, in
which weak, moderate, and strong turbulence regimes
corresponding to Gé <1, O'é ~1, and Gé >1[4]. In

optical HAPS-based FSO systems, the Rytov variance in
the case of plane wave propagation is given as
Hhap

j C(
(@)

where kK =27/ is the wave number, € is the HAP’s
zenith angle, H

5
-2 25k6 sec )g dh

g is the height of ground user (e.g.,

ground station, vehicle, etc.), and H,__is the altitude of

hap
the HAP. In the vertical network, the computation of the
atmospheric turbulence become more complex due to the
altitude-dependent index structure parameter [9], which
can be determined as

2 wind -5 _Lj
C?(h)= 000594( . j (10 h)exp( 1000

h h
2.7x107 —_— C -
+2.7x exp( 1500j+ (0 )exp( 100)

®)
Where Cﬁ (O) is the ground turbulence level varying in

-2/3

the range of 107" (weak turbulence regime) to

10™m2"? (strong turbulence regime), and V,ing (M/S) is

the root mean squared wind speed with typical value of 21
m/s.

I11. PERFORMANCE ANALYSIS

This section concentrates on the design of the power link
margin for the HAPS-based FSO system. Notably, optical
power loss is analyzed under the impact of clouds and
atmospheric turbulence. The link availability is then
derived to estimate the attenuation due to
atmospheric-related issues. In addition, our solution, site
diversity technique, is also proposed to improve the link
availability.

A. Power link budget

The optical signal is vulnerable to atmospheric-related
issues such as turbulence and clouds. To design the link
budget for optical vertical framework, the power loss,
denoted as A, ., owning to cloud attenuation and

atmospheric turbulence, can be calculated as
Aotal = At + A\ur (6)
where A, and A, are the attenuation caused by clouds

and atmospheric turbulence, respectively. Let d is the
transmission distance from the HAP to end user on the

ground, then, A, can be determined as

S0 03 (CS.01) 2021

A, = 4.343[erfcinv(2 SN (‘75 +1)

1
—E In (O'i +1) ,
Where erfcinv(.) is the inverse error function, D is the
receover aperture diameter, A is optical wavelength, and

Py = 107

given as

()

[18]. The power scintillation index can be

) 5|5
6
Zﬂ?dj -

op =op|1+ 0.33(

Regarding the computation of the cloud attenuation, it is
well investigated in [10] as followed

3.91( A[nm]\™ | ah
A= 24343 V, [550} sin(g)’

where M is the total cloud layers, e.g., 5 layers are
considered in our work. Vk and Ah< are the visibility and

©)

the vertical extent of the k-th layer, respectively. Q, is the

Kim’s model parameter and can be shown as

1.6 if V,>50km,

1.3 if 6 km<V, <50 km,
g, =40.16V, +0.34 if 1km<V, <6km,

V-05 if 0.5km<V, <1km,

0 if V,<0.5km.

B. System availability

A link availability is defined as the power budget more
significant than the total loss caused by clouds and
turbulence and can be estimated as

I:)avai = Pr(A\otal < Abudget)
= Pr(pt < Aaudget - Aur)

where Abudget (dB) is the total link budget, which is

normally used to estimate before transmitting aim to
achieve as much as possible link availability. Based on Eq.

3, and given A (dB)=A A, the link

availability is re-written as

%FT f (A)dA
1,1 r{M}

(10)

(11)

2 2 \/EG
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Where erf(.) is the error function, and In(.) is the natural

logarithm function. Therein, Aw is the cloud attenuation 5

threshold. As defined in Eq. (10), the optical link between e
HAPS and end-user is not availability if the cloud 88

attenuation is larger than threshold.

C. HAPS diversity 8

The site diversity is known as the technique to improve
the link availability under the impact of cloud coverage
and atmospheric turbulence. Assuming the number of
HAPS is more than one at a specific location and the
distance between two HAPS is far enough to avoid the
cloud coverage. Let N is the total number of HAPS that are
available for optical communications. By using
assumption, the link availability is defined as at least one
HAPS is available at any time and can be determined as

A :1_]iL[ Prl:Aoss (I) > A\)udget:l C ‘M"”"‘

(12)

System availability (%)

N

~1-[ [P (i),

Danang
88

where P (I) is defined as the probability that i-th HAPS

na
is not available for communication at given time.

®
-3

IV. NUMERICAL RESULTS

Numerical results of link availability in 6 years from
2015 to 2020 for several regions in Vietnam are presented
in this section. The CLWC data are observed from the
ERA-Interim database [14]. In particular, the average
CLWOC is collected with one sample per hour over a spatial
resolution of 0.25°x0.25° latitude/longitude. We divide
the cloud layer into five layers by considering the
low-cloud layer with an altitude from 1 km to 3 km. The 78
optical wavelength, 4 =1550 nm, HAPS zenith angle of

40° , HAPS altitude H,,, =20 km , receiver aperture
diameter D =10 cm, and receiver altitude Hg =10 m are

System availability (%)
b3

®
N

80

Hochiminh

used in this study. s

First, we investigate the impact of clouds without
1 2 3 4 5 6 = 7 8 9 10 1 12 i

considering the atmospheric turbulence. In this scenario,
Month

-3
-3

Fig. 3 illustrates the link availability for three big cities in
Vietnam, including Hanoi, Danang, and Hochiminh, when
the link budget for cloud attenuation is 30 dB. It is worth
noting that the cloud coverage is different from areas and
climate zones. In Vietnam, the division of seasons is well
recognized in the North, e.g., the Hanoi capital. At the top
of Fig. 3, we can see that system availability varies
according to months (i.e., season variation). For instance,
the HAPS-based FSO system availability is lowest during
the rainy season (e.g., July, August, and September). In
contrast, Danang and Hochiminh have two main seasons, 78
including the rainy and dry seasons. In addition, the cloud,
which is caused by condensation in the air, appears much
more in the regions near the ocean, such as Danang. Here,
the HAPS system's link availability is sometimes very low,
such as in October with 78% availability. Besides, the
rainy season lasts from May to the end of November in
Hochiminh city. Hence, the availabilities of optical
downlinks in these months are lower than in the other
months.

®

System availability (%)

-3
N

80

Fig. 3. HAPS-based FSO system availability in Hanoi (top),
Danang (middle), and Hochiminh (bottom).
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Fig. 4. HAPS-based FSO system availability in Hanoi during
rainy season.

Next, Fig. 4 illustrates the link availability in Hanoi over
the range of the total link budget with the joint impact of
clouds and atmospheric turbulence. The total link budget is
considered for both cloud attenuation and turbulence loss.
As seen from the figure, the link availability has
significantly deteriorated under the impact of the cloud
combined with atmospheric turbulence. For example, the
HAPS-based FSO system availability is 81.96%, 78.39%,
and 77.25% respective to no turbulence, moderate
turbulence, and strong turbulence.

I Cioud without turbulence
I Cloud with moderate turbulence, Cﬁ =10

[ Cloud with strong turbulence, , Ci =107
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951 —

90

85T

System availability (%)

80

75
1 2 3 4

Number of HAPS

Fig. 2. System availability improvement by using HAPS diversity
in Hanoi during rainy season.

Finally, a swarm of HAP (i.e., HAPS diversity) is
proposed to improve the system availability. The
advantage of the technique is highlighted in Fig. 5, with the
total link budget of 30 dB. The system availability is much
improved by deploying more than one HAPS. In particular,
the HAPS-based FSO system availability can be achieved
approximately 100% availability with the help of four
HAPS simultaneously operation.
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V. CONCLUSIONS

In this paper, HAPS-based FSO system availability has
been investigated for several regions in Vietnam under the
impact of cloud attenuation and atmospheric turbulence.
The data was observed from 2015 to 2020 produced by
reanalysis meteorological ECMWF ERA-5. The
comprehensive numerical results were presented link
availability under the above-mentioned challenging issues
and validate the effectiveness of applying the site diversity
technique.

Our study provides a primary method for analyzing the
influence of weather conditions on wireless optical
communication systems based on high-altitude platforms
station. This analysis is not limited to the HAPS-based
FSO system. Still, it can apply to other platforms such as
GEO, MEO, LEO, or low-altitude drones (e.g., drones,
helicopters, etc.). Besides, receivers are stationary ground
stations and can also be applied to other vehicles, such as
self-driving cars and high-speed trains. For future work,
we plan to build a general wireless optical communication
channel model to analyze the impact of weather conditions
and other effects from the devices such as UAV-hovering
misalignment, satellite vibration, etc.

REFERENCES

[1] P. Seitzer, “Mega-constellations of satellite and optical
astronomy,” AAS, pp. 410-430, 2020.

[2] P. Pace and G. Aloi, “Satellite-HAP network supporting
multilayered QoS routing in the sky,” IETE Jounal of Res.,
vol. 56, no. 3, pp. 163-174, 2010.

[3] G. Pan, J. Ye, Tian, and M.-S. Alouini, “On HARQ
schemes in satellite-terrestrial transmissions,” IEEE Trans.
Wireless Commun., pp. 1-1, 2020.

[4] J. Ye, S. Dang, B. Shihada, and M.-S Alouini,
“Space-air-ground integrated network: Outage performance
analysis,” IEEE Trans. on Wireless Commun., pp. 1-1,
2020.

[5] Thang V. Nguyen, Thanh V. Pham, Dang T. Ngoc, and Anh
T. Pham, "UAV-based FSO Systems using SC-QAM
signaling over fading channels with misalignment,” In the
Proc. of the 2020 IEEE 92nd Vehicular Technology
Conference (VTC-Fall 2020), Victoria, Canada, October
2020.

[6] Minh Q. Vu, Thanh V. Pham, Ngoc T. Dang, and Anh T.
Pham. Outage Performance of HAP-UAV FSO Links with
Gaussian Beam and UAV Hovering. In the Proc. of the 2020
IEEE  92nd  Vehicular  Technology  Conference
(VTC2020-Fall), Victoria, BC, Canada, Oct. 2020.

[7] H. Henniger, D. Giggenbach, and C. Rapp, “Evaluation of
optical up and downlink from high-altitude platforms using
IM/DD,” Proc. SPIE Free Space Laser Comm., Tech. XVII,
vol. 5712, pp. 24-36, 2005.

[8] Y. L., M. Pioro, and V. Agelakisi, “Design of cellular
backhaul topology using the FSO technology,” in Proc.
IEEE Optical Wireless Communication, (Newcastle upon
Tyne), PP. 6-13, 2013.

[9] H. Kaushal and G. Kaddoum, “Optical communication in
space: Challenges and mitigation techniques,” IEEE.
Communication Surveys Tutorial, vol. 19, no. 01, pp. 57-98,
2017.

[10] Thang V. Nguyen, Hoang D. Le, Thanh V. Pham, and Anh
T. Pham, “Link availability of satellite-based FSO
communications in the presence of clouds and turbulence,”
IEICE Communication Express, Feb. 2021.

[11] K. Suzuki, D.R. Kolev, A. Carrasco-Casado, and M.
Toyoshima, “Environmental-data collection system for

TAP CHI KHOA HOC CONG NGHE THONG TIN VA TRUYEN THONG 61



IMPACT OF CLOUDS AND ATMOSPHERIC TURBULENCE ON HAPS-BASED FSO SYSTEMS

satellite-to-ground optical communications,” Transaction
JSASS Aerospace Tech. Japan, vol. 16, no. 1, pp. 35-39,
2018.

[12] N.K. Lyras, C.N. Efrem, C.I. Kourogiorgas, and A.D.
Panagopoulos, “Opti-mum monthly based selection of
ground stations for optical satellite networks,” IEEE
Communication Letter, vol. 22, no. 6, pp. 1192-1195, 2018.

[13] B. Hamzeh and M. Kavehrad, “Characterization of cloud
obscured free space optical channels,” tech. rep., The
Pennsylvania State University, PA.

[14] ECMWF, “ERA-interim database,” [online] Available at:
https://apps.ecmwf.int/datasets/data/interim-full-daily.

[15] H.D. Le, T.V. Nguyen, and A.T. Pham, “Cloud attenuation
statistical model for satellite-based FSO communications,”
IEEE Antennas and Wireless Propagation Letters, 2021.

[16] M. Azenad, M. Z. Shakir, H. Yanikomeroglu, and M.
Alouini, “FSO-based vertical backhaul/fronthaul framework
for wireless networks,” IEEE Communication Magezine,
vol. 56, no. 01, pp. 218-224, Jan. 2018.

[17] E. Erdogan, I. Altunbas, G. K. Kurt, M. Bellemare, G.
Lamontagne, and H. Yanikomeroglu, “Site diversity in
downlink optical satellite networks through ground station
selection,” IEEE Access, vol. 9, pp. 31179-31190, 2021.

[18] D. Giggenbach and F. Moll, “Scintillation loss in optical low
earth orbit data downlinks with avalanche photodiode
receivers,” IEEE Int. Conf. Space Opt.Syst., pp. 115-122,
2017.

TAC PONG CUA MAY VA NHIEU LOAN KHI
QUYEN POI VOI HE THONG FSO DUA TREN
HAPS

Tom tdt — Bai bao nay nghién ctu tinh kha dung caa hé
théng quang khéng day (FSO) duwa trén tram nén cao
(HAPS), dua trén dit liéu dam may quan sat dugc tir Trung
tam Dy béo Thoi tiét Tam trung Chau Au (ECMWF). Dix
liéu thu thap dugc sau d6 duoc st dung dé danh gia tinh
kha dung caa hé thong thdng tin quang cho mot sé ving &
Viét Nam. Cac két qua cho thay lgi ich cua viéc sir dung
phan tap tram theo dia Iy dé chong lai sy suy hao do dam
may va nhiéu loan khi quyén.

T khoé — Tram trén nén cao (HAPS), suy hao do dam
may, Hé thong quang khdng day (FSO).
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