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Robust Beamforming and Outage Performance of
Uplink Multiuser Satellite- Aerial-Terrestrial
Networks With Mixed RF-FSO Channels
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Abstract—TIn this paper, we investigate the uplink transmission
in a satellite-aerial-terrestrial network (SATN), where an aerial
platform acts as an amplify-and-forward relay assisting the com-
munication between multiple users and satellite. The users send
messages to the aerial relay via radio frequency (RF) links, which
are then forwarded to the satellite through a free-space optical
(FSO) link. By assuming that the angle-of-arrival based imperfect
channel state information of each user is known at the aerial plat-
form, we propose a beamforming scheme to maximize the minimum
average signal-to-interference-plus-noise ratio of the users. Due to
the mathematical intractability, we design an iterative algorithm to
obtain the optimal beamforming vector for the RF link. Further-
more, by considering that the FSO link experiences the Malaga
fading with non-zero boresight pointing error and the RF links
follow Nakagami-m fading, we derive an analytical expression for
the outage probability of the considered SATN. Finally, computer
simulation is conducted to validate our theoretical analysis. It is
shown that the proposed algorithm can improve the system perfor-
mance and robustness compared to existing works.

Index Terms—Mixed RF-FSO channels, uplink transmission,
outage probability, robust beamforming, satellite-aerial-terrestrial
network.

1. INTRODUCTION

UE to the rapid development of smart mobile devices, the
current terrestrial communication system is facing many
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challenges, such as higher data rates, better quality of service,
and wider network coverage [1]. To meet those challenges in ter-
restrial networks, aerial communication is proposed as a promis-
ing solution for its easy deployment, high flexibility, and large
coverage [2]. Unmanned aerial vehicles can be used as aerial
relays to expand the radio coverage for the terrestrial users [3],
and collect data for the internet-of-things (IoTs) [4]. Despite the
promising benefits brought by aerial platforms, the explosive
growth of IoT devices makes the aerial platform connection
using backhaul/fronthaul a challenging issue [5]. Because of
its inherent large footprint, satellite provides the possibility of
connecting the aerial communication for long distance, and fur-
thermore acts as backhaul to the core network [6]—[9]. Thus, the
satellite-aerial-terrestrial network (SATN) has attracted increas-
ing attention [10]-[12]. In industry, the ABSOLUTE Project
completed the proof of SATN architecture implementations and
realistic demonstration [11]. Moreover, the system performance
of SATN can be greatly enhanced by employing beamforming
(BF) technology to achieve optimum receive and transmit BF
vectors at the aerial platform [12]. However, since the radio
frequency (RF) spectrum is overcrowded, the conventional RF
link between the aerial platform and satellite will be unable to
meet the high data rate requirement in the future.

Due to its high bandwidth, free spectrum allocation, and high
security, free-space optical (FSO) communication is considered
as a potential solution to the spectrum scarcity problem [13].
Note that FSO link is not suitable for the aerial-terrestrial
communication because the line-of-sight (LoS) link between the
aerial and the moving user could easily be blocked by obstacles,
such as buildings and trees, etc. Unlike the aerial-terrestrial
link, the LoS path always exists in satellite-aerial link, which
is suitable for and in favor of the FSO transmission [14]. Mean-
while, the FSO can meet the high-capacity requirement of the
satellite-aerial link to forward a high volume of data by the
aerial platform to the satellite [15]. Therefore, a mixed RF-FSO
architecture has emerged as a viable solution for SATN.

A mixed RF-FSO network consists of RF and FSO links
and normally employs cooperative relay protocol to extend the
coverage area and enhance the reliability. In [16], an asym-
metric dual-hop relay system was studied for the first time.
By considering the pointing errors in the FSO link, the au-
thors in [17] then studied a fixed-gain amplify-and-forward
(AF)-based dual-hop RF-FSO network and analyzed the system
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performance. To achieve higher data rates in the RF link, the
authors of [18] and [19] applied multi-antenna relaying tech-
niques in the mixed RF-FSO network. It should be pointed
out that the above-mentioned works assumed perfect channel
state information (CSI) available in the RF link. In wireless
communication systems, however, the perfect CSI is difficult
to obtain due to the moving transceivers and the channel estima-
tion mismatches. Therefore, mixed RF-FSO systems based on
imperfect CSI have received increasing attention [20]-[22]. The
performance of a mixed RF-FSO system was analyzed in [20]
where a moving user communicates with the relay via an RF link.
To serve multiple terrestrial users, the authors further proposed a
novel user scheduling scheme using imperfect CSI in the mixed
FSO-RF SATN [21]. Besides, in [22], the authors studied the
outage performance of mixed FSO-RF SATN, and concluded
that imperfect CSI in the RF link due to the instability of
aerial platform would significantly degrade system performance.
However, the pervious works did not analyze or evaluate the
negative impact of imperfect CSIL.

Motivated by these observations, in this paper we introduce
BF in a multiuser mixed RF-FSO SATN to reduce the effect
of the instability of aerial platform and the mobility of user. We
focus on the uplink transmission of the SATN in which the aerial
platform employing multiple antennas serves users through RF
links, while communicating with a geosynchronous orbit (GEO)
satellite through FSO link based on AF protocol. Specifically,
our main contributions are listed as follows:

e We analyze the uplink transmission of a practical satellite-
aerial-terrestrial network using mixed RF/FSO communication,
where the RF link operates with space division multiple access
(SDMA) to connect multiple users and experiences Nakagami-
m fading, while the satellite-aerial FSO link experiences more
general Malaga turbulent fading with nonzero-boresight point-
ing error, unlike the Gamma-Gamma atmospheric turbulence
with zero-boresight pointing error as considered in [17]-[20].
Moreover, we employ only imperfect CSI, instead of perfect
CSI asin [16], [17], [19], of the RF links in our analysis.

e By using the angle-of-arrival (AoA) based imperfect CSI
of each user, we formulate an optimal BF problem at the
aerial platform to maximize the minimum average signal-to-
interference-plus-noise ratio (SINR) of the users. Due to the
mathematical intractability of the optimization problem, we first
use the discretization method to deal with the uncertainty of
imperfect CSI. Then, by using Holder’s and Cauchy-Schwarz’s
inequalities, we propose an iterative algorithm to obtain the
optimal BF vector. Compared to the existing works on SATN
that were focused on single-antenna aerial platform [10] or
single-user scenarios [12], [18], [22], we consider a more general
case.

e Based on the proposed optimum BF scheme and the
Nakagami-m fading and general Mdlaga turbulent fading con-
sidered for the RF and FSO links, respectively, we analyze the
outage probability (OP) for the considered SATN.

e Simulation results are provided to validate our theoretical
analysis of the outage performance of the SATN. It has been
shown that pointing errors can significantly degrade the per-
formance, particularly for big values of the normalized beam
width. Furthermore, the proposed BF scheme exhibits a good
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Fig. 1.  System model.

robustness of the aerial platform against imperfect CSI in the
RF link as compared to the zero forcing (ZF) BF scheme [20]
and non-robust BF scheme.

Notations: Vectors and matrices are denoted by bold lower-
case and upper-case letters, respectively. exp(-) represents the
exponential function; K, (+) is the modified Bessel function; and
['(-) denotes the gamma function. Besides, | - | is the absolute
value of a scalar; || - || denotes Euclidean norm of complex
vector; A represents the conjugate transpose; Iy stands for an
N x N identity matrix; C**N complex space of M x N di-
mensions; E[-] denotes the expectation; p ~ Nakagami(m, Q)
denotes that p follows Nakagami-m distribution with severity
parameter m and average power 2. Finally, G}';"[-] and (),
denote Meijer’s G-function and the Pochhammer symbol, re-
spectively [26].

II. SYSTEM MODEL

We consider the uplink transmission of a multiuser satellite-
aerial-terrestrial network as shown in Fig. 1, where K mobile
10T users (MUs) transmit messages through RF links to a hov-
ering aerial platform, which acts as an AF relay and sends the
received messages to the satellite through an FSO link. The aerial
platform is equipped with an N-element (N > K') uniform
linear array (ULA) to take the advantage of BF, while each MU
employs a single antenna.

A. Channel Models

To realistically model the aerial-terrestrial links, we take the
path loss and small-scale fading into account. Mathematically,
the channel vector of the aerial-terrestrial link between MUy
and the aerial platform can be obtained as

h;, = l.gx, (D

where £, = 1(201g(dim) + 201g( fom,) + 92.4)[dB] denotes
the free path loss of the aerial-terrestrial link [21] with dyy,
being the distance between MU, and aerial platform in km, and
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fan, the frequency in GHz, and the channel fading vector of
aerial-terrestrial link gy, is given by

gk = pra(0r) )
where py, is a Nakagami-m random variable with severity param-

eter my, and average power )i, and a(fy) is the array steering
vector, namely,

a(by) = {1, exp (j27r% sin 9k> ey

exp (j27r (N -1) %sin F)kﬂ , 3)

with d. being the antenna spacing at the aerial platform, XA the
carrier wavelength, and 60, the AoA of the antenna.

The fading channel coefficient of the aerial-satellite link can
be expressed as [21]

hrso = Lrsohahy, 4)
where the path loss fpso is given by {lpg, =
(G + G, — Attpg — Att aym — Lienses — M)[dB].  The

parameters G; and G, are the transmitter and receiver
gains, respectively, Attpg the free space losses, Attayy, the
atmospheric attenuation, Lj.pscs the lenses losses, and M a
system margin. In addition, we use Madlaga distribution to
describe the atmospheric turbulence induced fading h,, whose
probability density function (PDF) is given by [23]

B
_ =k |_oBl_
fha(I)—Akz::lakI Kok (2 P Q) (5)

. A S o A

with A= glfg—z(a)(gﬁg—f@) 2+B, and ap =
— 1 /1’k /

(gil)%(%)k‘l(%)g, where « represents a

positive parameter related to the effective number of large-scale
cells of the scattering process, 8 € N denotes the amount of
fading parameter, and g = 2by(1 — p). Here, 2by denotes the
average power of the total scatter components, and the parameter
p € [0,1] defines the amount of the scattering power coupled to
the LoS component Q' = Q + 2bgp + 21/2boQp cos(da — ¢5)
where (2 is the average power of the LoS component, ¢ 4 the
deterministic angles for the LoS component, and ¢p the
coupled-to-LoS scatter terms.

In (4), h), stands for the non-zero boresight pointing error.
Due to the fact that the aerial platform is instable and unaligned
with satellite, the pointing errors should be considered. Thus,
we adopt a general and comprehensive model, which integrates
the effect of beam width, detector size, different jitters for the
elevation and the horizontal displacement, and the effect of
nonzero boresight error. The attenuation due to geometric spread
and pointing errors can be approximated as [24]

22
hy (r; z) = Ag exp ( 5 ) , (6)

zeq

where r > 0 denotes the radial displacement at the receiver
plane, and w,,, is the equivalent beam radius defined as w, ., =

q
fr VX"AL, with w, being beam waist at the distance z and
p(—v?) z

Ag = [erf(v)]?, v = /T 2 is the detection radius of the FSO
receiver. For simplicity, the beam width w,, can be approximated
by w, = wz where w is the transmit divergence angle defining

w
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Fig.2.
plane.

Beam footprint with generalized pointing errors on the receiver aperture

the increase in beam radius with a link distance. As shown in
Fig. 2, x and y represent the horizontal displacement and the ele-
vation, respectively. The radial displacement can be further rep-
resented as 7> = 72 + 2. We consider a nonzero boresight error
in addition to the random jitters, and model each component as
nonzero mean Gaussian random variables, i.e., 7, ~ N (i, 03 ),
7y ~ N(py,0,). Thus, the radial displacement 1 follows the
Beckmann distribution [24]

fr(r)=

r 27
2moL0y Jo

(r cos @ — pig)* (rsinw—yy)2
exp{ — — dw. 7
202 207

Since there is no closed-form expression for the above Beck-
mann distribution, we use the approximation of the Beckmann
distribution presented in [24], which is given by

2
fr(r) = 27" exp < " > )
d

2
O 'mo 20 mod

where o, is the misalignment parameter related to the two
displacement components, which can be expressed as

) i/?wiaé +3uzoy + o8+ of
od — :

T 5 ©)
Substituting (6) into (8), we obtain the PDF of hp as
2
fp (1) = 104 1750001 0 < T < Ao, (10)
Ald

where ¢ mod = Weq/20 mod and A ,0q is given by

11 @ ui)

202 23

1
A mod = Ag exp <2—

mod
(11)

with ¢, = 52 and ¢, = 524
When p, = p,, = 0,0, =0, = 0, the non-zero boresight
pointing error reduces to the special case of zero boresight
error [21], [22]. Therefore, we can extend the previous system

model to a more general case.

B. Signal Model

The uplink transmission from the multiple mobile users to
the satellite can be divided into two phases. In the first phase,
all MUs are connected through RF access links to the aerial
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platform simultaneously using SDMA. Thus, the received signal
at the aerial platform from MUy, is given by

Yrk(t) = Wi hyy/ Pezy(t)

K
+wi Y hi\/Pozi(t) + wilng(t),  (12)
i=1,i%k

where Py and x(t) represent the transmit power and message
at the MUy, respectively, hy € C Kx1 is the channel vector
between MUj, and the aerial platform, wy € CN*1 ig unit-
norm BF vector of MUy, satisfying ||w,| = 1, and ng(t) is
the additive white Gaussian noise (AWGN) satisfying np(t) ~
CN (0, O’%IN ) .

For the second phase, considering that the aerial platform is
power-limited, the lower-complexity AF protocol is used in this
work. Thus, the received RF signal yr 5 (¢) is first amplified with
a fixed gain Gy, as given by

K
Z PLWthlh,LHWk + 0'12% ,

i=1

Gy =1/E (13)
and then the RF signals are converted into an optical signal using
the subcarrier intensity modulation before being transmitted to
the satellite [ 16]. Finally, the satellite filters out the direct current
component, and extracts the received signal from MUy, as
yp k() = VPrGrChpso ( Wi hy/Peag(t)
K
+wil > hyVPa(t) + wiln,(t) ) +np(t)
i=1,i%k

where Pr denotes the aerial platform transmit power, ( is the
electrical-to-optical conversion coefficient, and np(t) denotes
AWGN with zero mean and variance 0123. Thus, the end-to-end
SINR of MU, signal at the satellite is given by

2
PRG£C2|hFSO|2Pk’WJIjhk|

(14)

YD,k = -
2
PrG3C2|hrsol’ ( > PBilwih| + a%) +0op)
i=1,i
IN Ve,kYFSO
A : (15)
vrso (Ve,r +1) + Cx
) 2
where i = Zrlwih, 2, yrso = £5-|hpsol® ks =
R D

i ik Vo and Cr = E[1+ 7k g + Yk 1]-

III. PROPOSED BF SCHEME

To ensure the quality of service for each user, we aim at
maximizing the minimum average SINR through solving the
following BF optimization problem

i E
w1r7I~1~a:)V(VK mkln [IYDJC] (16)
st will = L,VE=1,...,K.

Unlike previous works, we consider the instability of aerial
platform and the mobility of user in our BF design. We assume
that the RF channel is within given uncertainty sets, which are
available at the aerial platform, and can be expressed as [25]

Ay = {0, € [01,1,00]},1 € {i,k}, 17

where 6, 1, and 6; ;; denote the lower and upper bounds of AoA,
respectively. Substituting (17) into (16), we can reformulate the
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original BF problem as

max min min E [vp.k]
WwWi,...Wg k hjel;

s.t. [|lwi||=1,Vk=1,..., K.
Since the optimization problem is mathematically intractable,
we use Mullen’s inequality to approximate the objective function
E[yp,x] as

(18)

E [yi,1] E [yrsol
E[vrsol E [y, + 1] + E[ykk] + E [ve,r +1]
__ Ebwsl/Elws +1) Eyrso] (19)
Eypsol + (E el /E e +1]) +1°

It can be shown that E[yrgco] is not affected by the BF vectors
w,,, and it monotonically increases with E[vg x]/E[vk 1 + 1]
and E[yrso]. The optimization problem can be further ex-
pressed as

E[pxl =

.. E[wsl
max min min ——— 2%
wiwi k hed By + 1]

E hkwlghkhgwk]

K
El ¥ ~wfhhfw, +1

i=1&i#~k
st ||wil| = LVk=1,..., K, (20)
where 7; = 12512. Because wy(Vk = 1,..., K) is mutually in-

dependent, theRoptimization problem (20) can be decomposed
into K independent sub-problems as

ewi B[h, b Jw,

max min =
wir hjed; > ’?inE[hihf{]wk+l (21)
i=1&iEk
s.t. llwel| = 1,
where E[hlhiH] = E[pf]a(&l)a(el)H =OH, with Q=

E[|p|?] and H; = a(6;)a(f;)". It can be found that the
objective function includes AoA uncertainty region A;, which
makes the optimization still difficult to solve. To address this
problem, we discretize the channel uncertainty region in (21).
Specifically, we first divide uniformly the uncertain region A;
as

07 =6, + 06, j =0,..., M, (22)

where A8, = (0, — 0;,0)/M;, and M; > N represents the
number of samples. Then, we define U; as [25]

M; M;
v, = Z/J’l,jHl,j Z/-‘Ll,j =1, /’(‘l,jo ) Vi e {1a .. 'aK}a
j=1 j=1

(23)
where H; ; £ a(0"))a(0")H and 11, ; denotes the weighted
coefficient. Furthermore, the optimization problem (21) can be
rewritten as

My,
Wil | Y6k X2 pe i Hr g | wy,
. =
min max
KoM 24
el w _
{hkgomig} W wi > >0 il i H G+ T wy (24)
i=1&isk j=1
s.t. [lwi|| =1

Note that (24) is still mathematically intractable. We now pro-
pose an iterative algorithm to obtain the BF vector. First, for
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given /i ; and 4, ;, using generalized Rayleigh quotient, we
obtain the BF vector w,, as

M,
W = eig kaZMk 7Hk7a Z Z% z/J%J 77+I

i=1&i#kj=1
(25)
where eig(A, B) represents the normalized eigenvector corre-
sponding to the largest generalized eigenvalue of the matrix
B~ A. Then, the value of Hk.j> i ; are used to minimize the
objective function in (24). By utilizing Holder’s inequality, we
obtain

M,
> ik jwi Hy jwy
j=1
2 -1
M, \ [ M )
> (D () ?| | Y (wilHy ywy,) (26)
j=1 j=1
1
The equality holds true only if M =

S (e.i)2
(i Hiswy) 4 ). To minimize th tor of
S (i w ) T AR j. To minimize the numerator o
j=1 (Wi Hi jwy
the objective function in (24), py, ; is given by

2
finj = M(Akij) 27)
> (Ag,)?
j=1
By applying Cauchy-Schwarz’s inequality, we obtain
M; 2
Z Hi, j W, 7 H; dWE
j=1
M; M,
<32 ) S (wiH, yw)” (28)

The equality holds true only if —bil— = —Ei2 — = ... =

WinJWk W,?Hi,zwk
. Furthermore, to maximize the denominator of

Hi, M,
wHH; v, Wi
objective function (24), j; ; is given by

H
S Wi Hi,jwk
Hi,j M; o
Y wiH
j=1

Substituting (27) and (29) into (25), we compute and update BF
vector wy,. Moreover, iy, j, [; j, and wy, are operated iteratively
until v no longer increases, yielding the optimal BF vector
w,. The proposed iterative algorithm to compute the robust BF
vectors is summarized in Algorithm 1.

(29)
i,i Wk

IV. OUTAGE PERFORMANCE

In this section, we focus on the outage performance of the
considered SATN with the proposed BF scheme. The outage
probability of MUy, is defined as the probability that vp ;, falls
below a certain threshold 7, i.e.,

Poute (ven) =Pr{vpr < vn}- (30)
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Algorithm 1: The Proposed Iterative Algorithm.
1: Initialize m = 0;
2:  Let 6; be uniformly distributed in [6; ., 6, /], and

further construct H; 5,1 € {i,k},j € {1,..., M;};
. _ _Elykw] .
3: Lety, = E[’Yk,klj‘l] ;
4 Setyy ; = g 1 ; = 3 and the convergence

tolerance § > 0;
Calculate wg and ’y,g through (25);
while [y* — ! > 5 do
m:=m+1;
Compute the coefficient :

upd ) Hwp Vi
2?11(1%1)2 Zi\ikl(( 1) H wm 1) ’ >
. o (Aap)?
9: Update “kj'*W
m (wm 1) H; jw;: !

pr =

i,J ZJ 1( ml) H1JWT1,
10:  Compute w;* and ;" using (25);
11:  end while
12: Substitute {;"; } and {x"; } into (25) to obtain wj.

Substituting (15) into (30) gives

Vk,kVFSO
Pou, Jk th ) — Pr { ’ g ,h,}
ek () vrso (Ve,r +1) + Cy "

Rl CrYin
= Pr Vi w <Yer Ve, 1 + Ve +——— f“/Fso ('VFSO)
o Jo YESO

Jrver (V1) dyrsodiyk,1 (€29)

To calculate the integral, we first derive the PDFs of vrso
and vy, 7, and the cumulative distribution function (CDF) of 7, .
The joint distribution of hpgo = {rsohahy is derived by

fpeo (1) = / S (L) Fr (I\L)dI
I/(/FSOA mod )

—/oo Jno (1 )#f ( ! >dI
I/(FrsoAmoa) o e Ilrso e I.lrso “
(32)

Applying simple random variable substitution, we obtain the

PDF of vps0 = 258 |hpsol? as
D
72 0d Amod af \
I) = mod mo "
Frraol1) = Tt 32, (20
I 72 +1
<30 ap _ mod (33)
13 (gﬁ + Q/) A mod YFSO 7_%nod y QLT

where Yrso = . Next, we focus on the CDF of v}, ,, and

the PDF of y;, ;. Slnce w, is obtained by the robust BF scheme,
Yk,; can be denoted as

(wi)a; (00| 2. G4

Note that |(w} )" a,(0)|? in (34) is a constant, and |p;| follows
Nakagami(m,, §);) distribution. Thus, the PDF of ~y;, ; can be

2
il =Y

(W)

H

Ve, = Vi
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denoted as

f’Yk,i (LL') = (nf’i

Vi

xmi—l

' (m;)

exp | —— ,

Yi

where 7;,.; = m; /(wr.:Q:) with wi; = |(w})7a;(8)]? . In ad-
dition, resorting to Eq. (3.351.1) in [26] and using (35), the CDF

of i,; is given by
m;—1
()
"\ Vi

)y L
— T
Vi ) =P
According to (35), the Laplace transform of «y; ; can be calcu-
lated as

(35)

F

Vk,i

() =1—exp < (36)

w’Yk',i( ) E[exp( 5'7%1 = fooo exp (_Sx)f’m,(‘r)dx
= (% ) F(m 5 Jo ™ exp (—sx — n’%—jx)dx
(37)
From [26, Eq. (3.351.3)], we further have
Mei \ [ i o
Y (5) = (7> (7;4-3) RETS
Then, the Laplace transform of 7;, ; can be calculated as
K K
Q/J'Yk,l(s) = H €xXp (_Slyk,i) = H z/)'\/kz(s)
i=1&i#k i=1&i#k
3 ()™ 0 (e 4s) ™
= = -+ s) .
i=1&itk N =&tk N
(39)

According to the inverse Laplace transform, the PDF of «y;, ; can
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o))

YFSO

X exp <—nk::%h (’Yk,l"‘l +
k

m;—1
1 C P
Z = (”’“ all <%,z+1 + 2k )) dyrso| (@)
p: Tk YFSO
In (41), Ck, can be calculated by
Cr =E[1+ i1 + vk
K m; K m;
:1+<H<nkz) )ZZAM( le;)
i=1 i=11=1
0 .
/ z'exp (—nk_’lx)dx, (42)
0 i
which leads to [26, Eq.(3.351.3)]
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Utilizing the binomial expansion in [26, Eq. (1.111)],
Pyt 1:(7en) can be further written as (44), shown at the bottom of
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TABLE I
MAIN SIMULATION PARAMETERS

Parameters Values
Height of Satellite 36000km
Height of aerial platform 10km
Number of users K=6
Number of antennas N =16
Wavelength of the laser 1550nm
Carrier frequency of RF links 1900MHz
Electrical-to-optical conversion coefficient (=1

It is worth noting that when the FSO link parameters are set
asp=1,¢9=0,and Q' = 1 in the scenario of single user (i.e.,
K=1) and single antenna at the aerial platform, (47) reduces
to a similar expression for OP as [17, eq. (18)]. Thus, we have
obtained a more general OP expression.

V. NUMERICAL RESULTS

In this section, we present numerical results to validate the
performance analysis and the superiority of the proposed BF
scheme. We define the Malaga turbulent channel fading param-
eters of the FSO link as a= 10.53 and 3 = 10. Some other FSO
link parameters used in our simulation are set as €2 = 1.3265,
by = 0.1079, p = 0.596, and ¢4 — ¢ = 7/2. Meanwhile, all
the MUs are uniformly distributed in a circular area, and the
AoA uncertainty is calculated as A = 6; ;y—0,; 1. For analytical
tractability, we suppose all the MUs use the same transmit
power P, = Ppp. Other simulation parameters are presented in
Table I. In our simulation, all the Monte Carlo simulations are
obtained by performing 10® channel realizations. In addition,
we compare the performance of the proposed BF scheme with
ZF BF scheme and non-robust BF scheme:

e In ZF BF scheme, the intended signals are strengthened
while interference is eliminated.

e In non-robust BF scheme, we obtain the BF vectors without
considering the channel errors.

Fig. 3 and Fig. 4 show the impact of different transmit
power on OP of the considered system. The pointing error
parameters are assumed as (w,/a, p,/a,u,/a,0,/a,0,/a) =
(10,1,2,1,2), and AoA uncertainty A = 6, ;—0, 1, is set as
1°. It can be observed that the simulation results are perfectly
coincide with analytical results, confirming the validity of our
theoretical analysis. As expected, the outage performance im-
proves as transmit power increases. In Fig.3, the behavior of OP
appears to be different in two regions. When the transmit power
Py is below 25 dBmW, OP decreases with the increase of
Pgr, while if Py > 25 dBmW, OP contributes to a floor due
to the dominant effect of FSO link in this region. A similar
phenomenon occurs in Fig.4. When P,y is fixed, the OP
decreases with increasing aerial platform transmit power Pr
and then falls to a constant when Ppr exceeds a certain level.
Moreover, this constant decreases with the increase of user
transmit power Pp,y. This is because when P, is large enough,
the OP is mainly determined by the RF link.
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Fig. 3. OP versus user transmit power Pjsr; with different aerial platform
transmit power Pr.
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Fig. 4. OP versus aerial platform transmit power Pr with different user
transmit power Ppys.
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Fig. 5. OP versus transmit power P with different pointing errors.
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Fig. 6. OP versus transmit power P with different pointing errors.
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Fig.5 presents the outage performance of the considered sys-
tem under different pointing errors. We assume that the AoA un-
certainty A is equal to 1°, and the aerial platform transmit power
Pprisequal to user transmit power Py, (i.e., Pr = Py = P).
It can be observed that the outage performance degrades as
a result of assuming much more severe pointing errors, such
as normalized jitter values and normalized boresight errors. In
addition, we also observe that the normalized beam width has
an important impact on the outage performance.

Fig. 6 demonstrates the outage probability versus transmit
power for different BF schemes. We take the ZF BF scheme and
non-robust BF scheme as benchmarks. These BF schemes are
based on the imperfect CSI. It can be found that the proposed
BF scheme outperforms other two schemes, and its outage
performance is not affected by the AoA angle uncertainty. This
phenomenon indicates that our robust BF scheme can well
handle the imperfect CSI in the RF link. Besides, when the AoA
angle uncertainty is high, the performance of ZF and non-robust
BF schemes is degraded, entailing that these two BF schemes
are seriously deteriorated by channel uncertainties.

VI. CONCLUSION

In this paper, we have investigated the uplink transmission in
a mixed RF-FSO satellite-aerial-terrestrial network. To ensure
the quality of service for each user, we have designed a robust
BF scheme to maximize the minimum average SINR of all
the users. Then, by using the discretization method, H”older’s
inequality and Cauchy-Schwarz’s inequality, we proposed an
iterative algorithm to solve the BF optimization problem with
the imperfect CSI in the RF links. Furthermore, we derived an
analytical expression of OP based on the proposed BF algorithm.
Finally, numerical results revealed that our proposed algorithm
outperforms the existing works and can reduce the effect of the
instability of aerial platform and the mobility of user in practice,
thereby improving the system performance and robustness.
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