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Abstract—This paper proposes a rate adaptation design for
high altitude platform (HAP)-aided relaying satellite hybrid
free-space optical/radio-frequency (FSO/RF) systems. The design
allows switching between two links gradually to reduce the fre-
quent link switching in error-prone environments of conventional
fixed-rate hybrid FSO/RF systems. System performance metrics,
including average transmission rate and outage probability, are
analytically studied under the presence of clouds and fading of
FSO and RF channels modeled respectively by Gamma-Gamma
and Rician distributions. The numerical results quantitatively
highlight the effectiveness of our proposed systems over the
conventional ones. Moreover, Monte-Carlo simulations are also
performed to validate the accuracy of the analytical model.

Index Terms—Satellite communication, adaptive transmission
rate, hybrid FSO/RF system

I. INTRODUCTION

According to the annual disaster statistic report, the damage
from flood and storm causes a substantial economic burden
and deadliest worldwide, especially in Asia (40% of disaster
events [1]). In order to reduce the loss of property and people,
it is crucial for Vietnam and other Asian countries to deploy
disaster management communications based on the mobile
station which used to support search and rescue [2]. However,
this solution is difficult to deploy in an inaccessible area.
An efficient solution provides uninterrupted communications,
high speed, large coverage area, flexible deployment that is
optical satellite communications [3]. As a matter of fact, the
connection between the satellite and ground station is sensitive
to weather conditions such as clouds [4]. To maintain the
communications, a high-altitude platform (HAP) is proposed
in the middle of satellite-to-ground to avoid cloud coverage
as shown in Fig. 1. The complementary of HAP for satellite
communications have paved the way for an integrated space-
aerial-ground network [5].

By using HAP as a relay, the dual-hop satellite-HAP-ground
is divided into two parts: (i) satellite-to-HAP, (ii) HAP-to-
ground. Since HAP situates above the clouds, the optical
beam from satellite to HAP is less sensitive to clouds and
atmospheric turbulence. However, the laser link between aerial
relay stations like HAP and ground stations is significantly
affected by clouds, and atmospheric turbulence [4] [6]. Hence,
RF backup link becomes an efficient solution due to less
susceptibility to adverse issues of FSO link [3]. Therefore, the
hybrid FSO/RF system will be used to counteract the effect
of transmission media.
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Fig. 1. An example of aerial networks assisted disaster management.

Recently, there have been several studies on the design of
dual-hop satellite-HAP-ground systems using hybrid FSO/RF
communications [3], [7]. Notably, the authors in [7] inves-
tigated the performance of the HAP relay assisted for hybrid
FSO/RF downlink system was carry out using Gamma-Gamma
distribution to model the FSO channel, and Rician distribu-
tion to model the RF channel. In [3], the average symbol
error rate and outage performance of the ground-HAP-satellite
uplink system were well investigated. The RF channel was
modeled by Rician distribution, and FSO channel modeling
was taken turbulence-induced fading, beam wander induced
pointing error, and free-space loss into account. Aside from
[3], [7], to the best of the author’s knowledge, there are
no other studies on the dual-hop satellite-HAP-ground with
the hybrid system in the literature. However, the limitations
of these studies were the costly decode-and-forward relaying
solution and conventional fixed-rate hybrid FSO/RF system,
which frequently switched between FSO and RF links, led to
degrading the system performance.

We, therefore, aim at proposing the design of rate adapta-
tion for the dual-hop satellite-HAP-ground downlink systems,
which is expected to avoid regularly switching between two
links. Rate adaptation means that FSO and RF link can switch
to each other, and each link has multiple modes to gradually
decrease transmission rate, stay in current mode, or return to
higher mode based on the channel state information (CSI).
Besides, amplify-and-forward relaying is used in our design
to relax the system hardware complexity and cost-effective.
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Fig. 2. Dual-hop hybrid FSO-FSO/RF system block diagram.

II. SYSTEM DESCRIPTIONS

Figure 2 describes a block diagram of dual-hop satellite-
HAP-ground with an FSO system at first hop and hybrid
FSO/RF system at the second hop. In the considered system,
the satellite is a source node. The HAP is a relay node that
amplifies the received signal from the satellite then forwards it
to the destination. The ground station is a destination node. At
the transmitter, the data is modulated by a QAM modulator,
and the output signal can be expressed as

sp (t)= Anrg (t) cos 2w frt) — Angg () sin 2w frt), (1)

where ¢(t) is the pulse shaping function, f,. is the sub-
carrier frequency, 0 < ¢ < T with T is the interval time
of the QAM symbol Apr = {2n—-1- I}I ; and A, =
{2n—1—- Q} _, are the amplitude of the information signal
belong to in-phase and quadrature, respectively. Then, the
electrical QAM signal is used to modulate the intensity of
optical beam to generate the SC-QAM optical signal, which
can be shown as

s(t) = Ps[1 4+ msp (1)], )

where P; is the transmitted power at the satellite, m is the
modulation index. At the HAP, i.e., relay node, the optical
aperture collects the optical signals then forwards them to
an optical switch. Based on channel state information (CSI),
the signal is decided to transmit RF or FSO link in the next
state. If the RF link is selected, the optical signal is converted
to the electrical signal by photodiode then amplify before
transmitting to the destination node. If the FSO link is chosen,
the optical signal is amplified and directly forward to the
ground station. The representative of the output signal of the
relay node can be expressed as

For RF link:
rr(t) = Grr [Dhsr Psmsy, (t) + Nt + Nue_nap] s (3)
For FSO link:
r7(t) = Gr [hsrs(t) + nwi] , (@)

where 7) is the optical-to-electrical coefficient, hgg is the beam
spreading loss at the first hop, ny; is the background noise,
and nre_nap s the receiver noise, Grr is the electrical amplifier
gain, GF is the optical amplifier gain. Based on CSI, the FSO

link will be used if the channel quality is good. Otherwise,

the RF link will be applied if the channel condition is poor.

The received signal at the ground station can be expressed as
For RF link:

yr(t) = hreGrenhsg Psmsy () + hre Grennpt

+ hRFGRFnre_hap + Npe. ©)
For FSO link:
Y5 (t) = hesonGrhsr Psmisy (t)
+ nhrso GEnpt + Nnp2 + Niec, (6)

where hgp and hgso are the channel coefficient of the RF link

and the FSO link, respectively. n, and n.. are receiver noise.

By using Gty = tp ey 0 GF = e

then, the SNR at the destination node, denoted as 'y ¢ for

FSO-FSO link and v¢2¢ for FSO-RF link, can be given as
For FSO-RF link:

(hRFGRFT]hSRPsm)2

(hRFGRFﬂ0b1)2 + (hRFGRFUre_hap)2 + (Ure)Q’
Y17Y2,RF

= 7
7+ 72rF + 1 0

For FSO-FSO link:
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In the second hop, y2rr =
the RF link. And, y2rs0 =
link at the second hop.
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where 71 = is the SNR of FSO link at the first hop.
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III. CHANNEL MODELING
A. Satellite-to-HAP FSO Link

As described in the previous section, the effects of clouds
and atmospheric turbulence on the optical beam from satellite
to HAP can be negligible due to HAP situates above the clouds
(i.e., 17-25 km). An optical Gaussian beam is diverged by
some amount over the path from the satellite to HAP. The
divergence loss is calculated as the fraction of collected power



of HAP’s aperture compare to the area of beam footprint at
HAP. For a single beam, the loss can be approximated as

2 2
! ) , ©
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) is the equivalent beam waist,

hSR ~ AO exp (—

2 merf(v)

2
where Wieq = W3y exp(—07)

2
in which w, = wgy/1+ 5( is the beam waist at the

(J
A)/(m0) is the beam waist at d; = 0

distance dy, wg = (2
(1+2:%5), and

with @ is the divergence angle, ¢ =

po (d) = (0.55C2k%dy) 3/% is the coherence length [8]. By
assuming that active tracking between the satellite and the
HAP is perfect, then the detector of HAP is located at the
center of beam footprint (i.e., p = 0). Hence, 4y = [erf(v)]?
corresponds to the fraction of the collected power at p = 0

with v = 5‘/\2 is the ratio between aperture radius and beam-
d
width.

B. HAP-to-Ground Hybrid FSO/RF Link

1) RF channel: Two individual FSO and RF links between
HAP and the ground station are employed from HAP to the
ground station. For the RF link, due to line-of-sight (LOS)
transmission between HAP and ground station, the Rician
distribution is suitable to model the fading channel. The
channel coefficient of the RF link can be given as hgg = g1 hr,
where g; and h, denote the average power gain and fading
gain of the RF link, respectively. The power gain of the RF
link can be expressed as

g1 (dB) =

where Gt and Gy are the transmit and receive antenna gains,
respectively. L denotes the gaseous atmosphere loss, L =
20log; (4’”12) is the free space loss from the HAP to ground
station, in which f, is the frequency of the RF link, ds is the
transmission distance between HAP and ground station.

Cloud effects: As recommended by ITU-R [9], a mathe-
matical model based on Rayleigh scattering is suitable for
calculating the cloud attenuation on frequencies up to 200
GHz, and it is given by

Gr+GRr — Lp — Lp — L, (10)

L. =dcoy (1D

where d. (km) is the considered length of clouds, a; =
K. M, is the specific attenuation within clouds in which K,
((dB/km)/(g/m?®)) is the specific attenuation coefficient, M,
(g/m?) is the cloud liquid water content (CLWC).

Rician fading model: Due to a strong light of sight (LOS)
between HAP and ground station, the fading gain, h,, is
modeled by Rician distribution with the probability density
function (PDF) given by [10]. Then, the cumulative distribu-
tion function (CDF) of the SNR received at the destination,
denoted as 7y, rr, is shown as

2(K +1
F"/z,RF (’72,RF) =1- Ql (V 2K7 (VH'VQ,RF> s (12)
2,RF

where K is Rician factor, Q; (-, -) is the Marcum ();-function
[10], and 7, g is the average SNR of the RF link.

2) FSO channel: For an optical link from HAP to ground
station, The mathematical model of channel coefficient is
expressed as hpso = hghcha, in which hg is the beam
spreading loss, h, is turbulence-induced fading, and A, is cloud
attenuation. The beam spreading loss is similarly considered
as the previous section since the Gaussian beam is used from
HAP to the ground station.

Cloud effects: The critical effect of clouds on the FSO link
is severe, as recently reported in [4], [11]. In the presence of
cloud coverage, system performance and availability can be
severely degraded due to high CLWC. Following the Beer-
Lambert law, the cloud attenuation can be expressed

hc = exp (_OCQdc) 5 (13)
where ap is the attenuation coefficient and can be expressed
as

3.91 (Anm]\ ?
= 14
2 V[km}< 550 ) ’ (9
where ¢ is the coefficient, which is given by Kim’s model as
1.6, if V> 50 km,
1.3, if 6 km <V <50 km,
g=4¢ 016V +0.34, if 1 km <V <6 km, (15)
V —0.5, if 0.5 km <V <1 km,
0, if V<0.5 km.

The visibility can be determined based on cloud droplet
number concentration N, and cloud liquid water content M,
as followed

1.002

= . 16
(Ne ]\/IC)OA6473 (16)

The typical values of N, and M, for multiple types of clouds
are presented in [6].

Turbulence-induced fading: The Gamma-Gamma distribu-
tion is used to model the atmospheric turbulence caused by the
in-homogeneity in temperature and pressure of the atmosphere
along the transmission path from HAP to the ground station.
In the FSO system, the Rytov variance is used to measure the
strength of atmospheric turbulence and expressed as

Hpap
0% = 2.25k7/%sec!/ (g)/@'g (h) (h — Hy)*%dh,  (17)
Hg

where k., = 27 /X is the optical wave number, ( is the zenith
angle. In [12], based on Hufnagel-Valley model, the variation
of refractive index structure parameter C2 (h) according to the
altitude h can be written as

2 _ Uwind _5 _ h
C2 (h) = 000594( 7) (10 h)exp< —100())

h h
2. 1 16 2 1
+2.7%x 10~ exp(1500>+0n( )e p(100>, (18)




TABLE 1
AN ILLUSTRATIVE EXAMPLE OF RATE ADAPTATION WITH M-QAM

Phase FSO RF Outage
Mode I 2 3 3 5 6 | 7 8
Transmission Rate 8Ry TRy 6Ry 5Ry 4Ry 5R, | 4R, 0

SNR [ FSO | [vf5,00) | [vrarves) | [vessvea) | Dvpzoves) | [vpesven) [0,7f1)

conditions | RF No consideration [vr2,00) | [yr1,vr2) | [0,vr1)
Modulation 256-QAM | 128-QAM | 64-QAM [ 32-QAM [ 16-QAM | 32-QAM | 16-QAM | No transmission

where C2 (0) is the ground turbulence level varying in the
range of 1071"m~2/3 to 10~ m~2/3, and vying (m/s) is the
root mean squared wind speed and has a typical value of 21
m/s.

After transformation of a random variable hgso, the CDF
of the instantaneous SNR received at the destination via FSO
link, denoted as ¥, rso, can be shown as

1

F’Yz.Fso (VZ,FSO) = WGié I:aﬁ “Y2,FSO

1
a?/B70 ’
19)

Y2,Fs0

where T'(-) is the gamma function, and Gp4'(-) is MeijerG
function. o and § are the small scale and large scale of
turbulent eddies [12].

IV. RATE ADAPTATION DESIGN

This section focuses on the design of rate adaptation for
our considered system. Several performance metrics are, then,
analytically derived.

A. Rate Adaptation Operation

As shown in Fig. 2, the channel estimator is implemented
at the destination to estimate the fading on both FSO and RF
channel by reflecting the instantaneous end-to-end SNR, which
is expressed in Eq. (7) and Eq. (8). Assuming a perfect logical
channel for feedback channel state information (CSI), which
includes information regarding the selected link and selected
transmission rate. Based on the CSI, the switching controller
of HAP will decide the transmission link. The FSO link will
be used as long as its SNR higher than a certain threshold. In
other respect, the RF link will be used until the FSO channel
gets better or an outage happens. On the other hand, the rate-
adaptive controller of the source node will be dynamically
adapt transmission rate depending on the CSL

Table I briefly illustrates the process of rate adaptation in our
work. There are three phases: FSO, RF, and outage, in which
the FSO phase and RF phase have several modes correspond-
ing to the different transmission rates. In the beginning, the
system operates in the highest mode of the FSO phase due to
the target of transmitting high speed. Then, the transmission
rate is dynamically adapt based on CSI, and if the channel
quality does not change or degrades, the system will stay in
current mode or move to lower rate mode, respectively. At the
lower rate mode, the transmission rate will return to the higher
mode if channel quality becomes better. At the lowest rate
mode of the FSO phase, the channel quality decreases, leading
to the SNR of the FSO link not meeting the requirement; then,

the RF link will be used. RF phase has several modes, and
its operating mechanism is similar to the FSO phase. At the
lowest rate mode of the RF phase, the quality of the RF link
gets worse, and the outage will occur (i.e., stop transmitting
the data).

To design an adaptive rate for the FSO link and RF
link, adaptive modulation is employed for the sake of sim-
plicity. Besides, the SC-QAM is utilized to support high-
speed transmission. As a result, when the link is nominated,
the modulation order and symbol rate will be chosen based
on the instantaneous SNR of the FSO link and RF link.
Corresponding to multiple modes of FSO link and RF link,
several SNR regions are designed to be compatible with the
transmission rate of FSO and RF link according to the rule as
followed
Rflogo M if vy(j) <75 < vp(+1) FSO link,
Rlogo M if (i) < 5% < yp(iv1)  RF link,

0 if 0 < <7 Outage,

Ry =

where Ry and R, are the symbol rate of the FSO link and
RF link, respectively, note that transmission rate depends on
the modulation order M (M = 2! with t is the number of
bits per symbol). An example of rate adaptation with M-QAM
including five modes for FSO link, two modes for RF link, and
outage mode is depicted in Table . How to divide multiple
regions? These are implemented to satisfy a requirement of
quality of service (QoS). In the physical layer, a target bit
error rate (BER) is considered as a usual metric of QoS for
both links. By applying SC-QAM, the BER( over the AWGN
channel can be well approximated in [13] and expressed as

~ 3y
The switching threshold is derived as
—2(M -1
= (7) In [5BER (M, )] . (21)

B. Performance Analysis

1) Outage Probability: The outage performance is defined
as the probability that no data transmission can avoid the
high error rate in both FSO and RF modes. As a result, it
is computed as

e2e

Ve Yr(h)
P = / £y (1) dn e / Frene (46%) e,
0 0

- Fﬁze(y;?e)FﬁzE (ye2°), (22)
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Fig. 3. Outage probability versus satellite’s transmitted power for different cloud conditions.

where Fe2c(y£2¢) and Feze (7§?¢) are respectively the CDFs
of end-to-end SNR for the dual-hop of FSO-RF and FSO-FSO,
which is given as

For FSO-RF link:

e2e Y172,RF e2e ’Yﬁ?e
FWE-Q“ (%2 ):Pr(i <7 2 >=qu: <7 :

V2R + 1 " 11— g

(23)
For FSO-FSO link:
ee
v

F oo (~2¢ :pr<w - eze> R e

K (57%) Y2rso + 1 Vs POy — 7§
(24)

2) Average Transmission Rate: The average transmission
rate in the proposed system, which is determined through
transmission modes of both FSO and RF links, is calculated
as

N

R=> piRs, (25)
k=1

where N is the total transmission modes, and Rj is the

corresponding transmission bit rate at the k-th mode. py is

the probability of selecting the k-th mode, which is written as
For FSO-RF link:

’Y;?le) ’776-(27‘;»1)
RE . e2e e2e . eZe e2e
b= / fy;le (’Yf )d’Yf Jreze ('Yr )d%
0 e2e

V(i)

= [1*Fw;2“ (V?%le))} [FW (Vf?f#l)) —Fygze (77?(253)]' (26)
For FSO-FSO link:

7;‘?f+1)
FSO _ e2e e2e
Py = / Fyeze (Wf(j)) V%)
e2e
V5 G)

o e2e e2e
=P, (F50) =P, 05) @

TABLE 11
SIMULATION PARAMETERS
Name Symbol Value
LEO satellite
LEO satellite altitude Hiy 530 km
Divergence angle Osat 15 prad
Optical wavelength A 1550 nm
RF frequency ' 2 GHz
High Altitude Platform (HAP)
HAP altitude Phap 20 km
HAP aperture radius Thap 10 cm
Zenith angle ¢ 60°
Divergence angle Oyap 1.5 mrad
Background light power Py 250 uW
Ground Station (GS)
GS altitude H, 10 m
GS aperture radius Ty 10 cm
Detector responsibility R 0.9
Background light power Py 10 pW
Gaseous atmosphere losses La 5.4 x 10~ dB/km
Receiver noise bandwidth BW 74.8 dBHz
System noise temperature TN 17.6 dBK
Noise figure Np 3dB
Other parameters
Target BER BERg 106
Number of concentration N 250 cm—3
Considered length of clouds de 2 km
Turbulence at ground level C2(0) 10713 m—2/3
Rician factor K 6 dB
FSO symbol rate Ry 400 Msps
RF symbol rate R, 100 Msps

V. NUMERICAL RESULTS

In this section, we present the numerical results for the
performance evaluation of our proposed satellite-HAP-ground
system. For the rate adaptation design, five transmission modes
are used for the FSO link, including 16, 32, 64, 128, 256-
QAM. In addition, RF one covers two modes using 16, 32-
QAM. The system parameters, unless otherwise noted, are
given in Table II. Moreover, the Monte Carlo simulations
are also performed to validate the accuracy of the proposed



analytical model.

Firstly, Fig. 3 quantitatively highlights the proposed dual-
hop FSO-FSO/RF system by comparing the outage perfor-
mance with that of FSO-FSO and FSO-RF ones over a range
of satellite’s transmitted power. Also, several cloud conditions
are investigated, i.e., CLWC = 6 mg/m3, CLWC = 8 mg/m?,
and CLWC = 10 mg/m3. As illustrated in the figure, the outage
performance of dual-hop FSO-FSO remarkably rises when the
amount of CLWC grows while the dual-hop FSO-RF ones
do not change. However, if the satellite provides high power
enough, the influence of clouds on the dual-hop FSO-FSO
system can be reduced. For example, in the most left figure,
the dual-hop FSO-RF system performance is greater than the
dual-hop FSO-FSO ones over the range of low transmit power
(e.g., from 10 to 15 dBm). In contrast, the dual-hop FSO-
FSO system outperforms the dual-hop FSO-RF system if the
transmit power is high enough (e.g., larger than 16 dBm). The
reason behind is the cloud effect on the optical link is severe
due to the Mie scattering phenomenon (i.e., the cloud droplet
size is much larger than optical wavelength [4]). Therefore,
the more increasing CLWC is, the more significant attenuation
FSO suffers. In [9], ITU-R P-840 shows that the attenuation
of clouds on the frequencies of the order of 100 GHz is
significant. In our proposed system, the frequency for RF link
is 2 GHz, then the impact of clouds on RF link is small due to
the RF wavelength more enormous than the cloud droplet size.
By inheriting both FSO and RF advantages, the dual-hop FSO-
FSO/RF has better performance due to applying link switching
and rate adaptation to combat the effect of clouds.

Next, we further highlight the effectiveness of our proposed
FSO-hybrid FSO/RF system with the rate adaption design over
the conventional one, i.e., fixed-rate transmission. Notably,
Fig. 4 shows the impact of clouds on the average transmission
rate performance, when the satellite’s transmitted power P
= 13 dBm. Additionally, regarding the fixed-rate design, we
consider 16, 32, 64, 128, 256-QAM for FSO mode together
with 32-QAM for RF mode. As is evident, our proposed
design offers considerably better performance compared to
conventional design. For example, as CLWC = 8.5 mg/m?, our
proposed system is able to achieve 2 Gbps of transmission rate,
while the conventional system can only retain the transmission
rate of 1.58 Gbps, 1.47 Gbps, 1.38 Gbps, 0.89 Gbps, and 0.52
Gbps for 32, 16, 64, 128, 256-QAM FSO, respectively.

VI. CONCLUSIONS

We proposed to design an adaptive rate scheme for hybrid
FSO/RF systems in the scenarios of satellite-HAP-ground
networks. Weather effects were considered on both links. The
Gamma-Gamma distribution is used to model the atmospheric
turbulence, while the Rician distribution is used to model
the RF channel. Numerical performance metrics such as av-
erage transmission rate, outage probability were analytically
studied and confirmed accuracy by Monte-Carlo simulation.
Our system design quantitatively shows how the dual-hop
FSO-FSO/RF system outperforms other systems (e.g., dual-
hop FSO-FSO system, dual-hop FSO-RF system) under the
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Fig. 4. Impact of clouds to the average transmission rate with the satellite
transmit power of 13 dBm.

weather effects such as clouds. Moreover, our design of an

adaptive rate system provides substantially better performance

compared to that of conventional fixed-rate design.
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