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Abstract: High-throughput satellites (HTSs) play an important role in future millimeter-wave (mmWave) aeronau-
tical communication to meet high speed and broad bandwidth requirements. This paper investigates the outage
performance of an aeronautical broadband satellite communication system’s forward link, where the feeder link from
the gateway to the HTS uses free-space optical (FSO) transmission and the user link from the HTS to aircraft
operates at the mmWave band. In the user link, spot beam technology is exploited at the HTS and a massive
antenna array is deployed at the aircraft. We first present a location-based beamforming (BF) scheme to maximize
the expected output signal-to-noise ratio (SNR) of the forward link with the amplify-and-forward (AF) protocol,
which turns out to be a phased array. Then, by supposing that the FSO feeder link follows Gamma-Gamma fading
whereas the mmWave user link experiences shadowed Rician fading, we take the influence of the phase error into
account, and derive the closed-form expression of the outage probability (OP) for the considered system. To gain
further insight, a simple asymptotic OP expression at a high SNR is provided to show the diversity order and coding
gain. Finally, numerical simulations are conducted to confirm the validity of the theoretical analysis and reveal the
effects of phase errors on the system outage performance.

Key words: Aeronautical broadband satellite network; Free-space optical (FSO) transmission; High throughput
mmWave communication; Outage probability; Phase error
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1 Introduction

Recently, satellite communication (SatCom) has
received significant attention because it can provide
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in the air (Lin et al., 2019, 2020a, 2020b; Huang
QQ et al., 2020b; Kong et al., 2020). Since the ex-
pected 6'® generation (6G) wireless systems promise
to support truly worldwide communication anytime
and anywhere, it is foreseen that a future space in-
formation network that seamlessly integrates satel-
lite networks with terrestrial networks will become
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an ambitious vision in 6G communications (Huang
XJ et al., 2019). To meet the continuously increasing
demand for high-bandwidth multimedia applications
like broadband Internet access, airborne communica-
tion, and high-definition (HD)/ultra HD video, high-
throughput satellites (HTSs) are playing an impor-
tant role in SatCom (Sacchi et al., 2019).

In next-generation HTS communication sys-
tems, to satisfy the increasing demand for higher
data rates, a promising scheme is to move the feeder
link, i.e., the link between the gateway and the satel-
lite, from radio frequency (RF) Ka- or Q/V-band to
optical frequencies. Compared with RF links, free-
space optical (FSO) feeder links have many poten-
tial and unique advantages such as larger available
bandwidth, unlicensed spectrum resources, immu-
nity to interference, and secure and reliable connec-
tion (Kaushal and Kaddoum, 2017). In this context,
many studies investigating the application of FSO
feeder links in SatCom have been conducted in the
literature. Among them, Cianca et al. (2018) pro-
vided an overview of the main challenges in exploit-
ing hybrid extremely high-frequency (EHF)/FSO
links. Mengali et al. (2016) and Lyras et al. (2019)
presented a transmit diversity technique for geosta-
tionary Earth orbit (GEO) SatCom systems with
optical feeder links. In addition, Ahmad et al.
(2017) presented a performance analysis for an op-
tical feeder link multi-beam HTS system, where
a zero-forcing (ZF) precoder was used to mitigate
inter-beam interference. By considering nonlinear
high-powered amplifiers at the transparent fixed gain
satellite transponder, Zedini et al. (2020) extended
the work in Ahmad et al. (2017) and derived the
outage probability (OP), the average bit-error rate
(BER), and the ergodic capacity of multi-beam HTS
systems. Illi et al. (2020) investigated the physical
layer security for a multi-beam HTS system with an
FSO feeder link. According to the above mentioned
works, it is expected that FSO will be a promising
candidate for feeder links in next-generation HTS
SatCom systems.

Currently, the user link, i.e., the link between
the satellite and users, often operates at the Ku-
or Ka-band (Kapusuz et al., 2016; Ahmad et al.,
2017).
sources are becoming scarce, the bandwidth spaces
in millimeter-wave (mmWave) bands will, in the
opinion of many researchers, represent “the new

However, because frequency spectrum re-

broadband frontier” for next-generation HTS sys-
tems. From an industrial perspective, several HTS
systems operating in the high-frequency band have
been demonstrated in recent years, such as ViaSat-
3 and Inmarsat-5 Ka-band satellites. On another
front, with the rapid development of the civil avia-
tion market, most passengers on aircraft are eager to
enjoy broadband Internet services similar to such ser-
vices on the ground, which pushes the development
of aeronautical broadband satellite communication
(Chayot et al., 2017; Jacob et al., 2017). More-
over, with the utilization of mmWave for both air-
to-air and air-to-ground transmission, an in-depth
understanding of aeronautical mmWave systems is
necessary to guarantee reliable aeronautical commu-
nication links. To this end, to compensate for the
large propagation loss at the mmWave band, satel-
lites commonly employ a high-gain spot beam an-
tenna, while aircraft uses phased array antennas be-
cause they are very low profile and easy to employ.
Consequently, various research has been carried out
to analyze phased array communication systems. For
example, Rao et al. (2013) investigated the perfor-
mance of a low-cost phased array for satellite commu-
nication on mobile earth stations. Zhang et al. (2019)
studied the BER of communication with a phased
array. In addition, Winters and Luddy (2019) pro-
posed a novel technique for maximizing the signal-
to-noise ratio (SNR) with phased arrays in typical
troposcatter communication systems. However, it is
worth mentioning that the above-mentioned works
(Rao et al., 2013; Winters and Luddy, 2019; Zhang
et al., 2019) have not taken into account the effect of
the phase error in phased array antennas, which is
important in practical systems. These observations
motivate the work presented in this paper.

This paper investigates the outage performance
of the forward link of an aeronautical broadband
satellite communication system. Specifically, the
main contributions of this work are summarized as
follows:

1. We present an analytical framework for the
forward link of an aeronautical communication sys-
tem, where HTS is used to improve the system ca-
pacity. Here, the feeder link from the gateway to
the HTS exploits FSO transmission, while the user
link from the HTS to the aircraft operates at the
mmWave band. Specifically, concerning the user
link, spot beam technology is adopted at the HTS,
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and a massive antenna array is employed at the air-
craft, which provides broadband access for the pas-
sengers in the air.

2. We propose a location-based beamforming
(BF) scheme to maximize the expected output SNR
of the forward link with the amplify-and-forward
(AF) protocol, which turns out to be the phased ar-
ray. Because the aircraft location information is of-
ten obtained through navigation systems, our scheme
can avoid the complex procedure of estimating the
channel state information (CSI). Moreover, different
from the previous works (Rao et al., 2013; Winters
and Luddy, 2019; Zhang et al., 2019), we consider
the phase errors of the phased array antenna at the
aircraft, and derive an analytical expression of the
output SNR of a practical aeronautical communica-
tion system. We also take satellite antenna gain and
path loss into account in the user link.

3. By assuming that the FSO feeder link is
subjected to Gamma-Gamma fading and that the
mmWave user link is characterized by shadowed Ri-
cian (SR) fading, we derive a closed-form OP ex-
pression of the forward link for the considered sys-
tem with the AF protocol. The asymptotic OP ex-
pression at high SNR is also presented to reveal the
achievable diversity order and coding gain of the sys-
tem. These OP expressions can largely facilitate the
study of the effects of phase errors on the forward
link.

Notations: Vectors and matrices are represented
by bold lowercase and uppercase letters, respec-
tively. E [-] is the expectation, CM*¥ is the complex
space of M x N, Iy is the N x N identity matrix,
diag(-) is the diagonal matrix, and NT is the set
of positive integers. N (u,aQ) and CN (‘LL,O'Q) rep-
resent the real- and complex-valued Gaussian dis-
tributions with mean p and covariance o2, respec-
tively. j = v/—1. ()" and (-)" denote the trans-
pose and Hermitian transpose operations, respec-
tively. || and ||-|| stand for the absolute value and
the Euclidean norm, respectively. I'(-) denotes the
Gamma function, G [-|-] Meijer’s G-function, J,(+)
the first-kind Bessel function of order n, K,, (+) the
second-kind modified Bessel function of order n,
1F1 (a,b, z) the confluent hypergeometric function,
and (a), = a(a+1)---(a+p— 1) the Pochhammer
symbol.

2 System model

As illustrated in Fig. 1, we consider the forward
link of an aeronautical broadband satellite commu-
nication system, where an HTS with high-gain spot
beam is used to provide a significant boost in sys-
tem capacity. Specifically, the feeder link employs
FSO transmission to take advantage of its unlicensed
spectrum, free from interference, and high security,
which is regarded as a promising technology in fu-
ture SatCom (Illi et al., 2020; Zedini et al., 2020).
In addition, the mmWave band is exploited for the
user link to meet the broad bandwidth demands of
aeronautical communications.

HTS '%'

Aircraft

= £SO feeder link
———— mmWave user link

Gateway

Fig. 1 System model of the considered network (HTS:
high-throughput satellite; FSO: free-space optical)

The total communication consists of two links.
In the FSO feeder link, the gateway sends optical sig-
nal x1(t) satisfying E {|x1(t)|2} =1 to the HTS with
transmit power P;. At the HTS, the received optical
signal is collected by a telescope and then converted
to an electrical signal through a photodetector (Ah-
mad et al., 2017). As a result, the output electrical
signal y; (t) at the HTS can be expressed as

y1(t) = /Pinlz (t) + ni(t), (1)

where 77 is the optical-to-electrical conversion co-
efficient, ni(t) is additive white Gaussian noise
(AWGN) with zero mean and variance o7 (Ahmad
et al., 2017), and I is the FSO channel fading coef-
ficient. The channel fading I is assumed to follow
a Gamma-Gamma distribution, which is commonly
used to model atmospheric turbulence for optical
feeder links in SatCom (Illi et al., 2020; Zedini et al.,
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2020). Because we consider a limited satellite pay-
load, the AF protocol is often adopted at the HTS.
To this end, the received signal y; (¢) is amplified with
a variable gain G = 1//P1n?I? + 07 and then sent
to the aircraft. In the user link, the HTS employs
high-gain spot beam technology, while the aircraft is
deployed with an antenna array having N elements
to compensate for the large propagation loss operat-
ing at the mmWave band. Furthermore, by adopting
BF technology at the aircraft, the output signal can
be denoted as

w' (VRGhy (1) +na(t))

=V P1P2G’thr]Ix1 (t) + \/FQGthnl(t)
+ anQ (t),

(2)
where P is the transmit power at the HTS, w €
C! the normalized receive BF weight vector at the
aircraft, h € CV the channel vector, and ny(t) the
AWGN satisfying na(f) ~ CN(0,03). According
to Eq. (2), the output SNR at the aircraft can be
expressed as

Y172
=, 3
K M+l ®)
where v = Plgjl £ 517 with 4, =
2 A _
%|th| ény‘th‘ with 4, = PQ.

In what follows, we will discuss the channel mod-
els and statistical properties of the output SNRs and
thus derive the OP expressions of the considered
system.

3 Channel models and statistical
properties

In this study, because the FSO feeder link is
subject to Gamma-Gamma fading, the probability
density function (PDF) of channel fading coefficient
I in Eq. (1) is given by (Andrews and Phillips, 2005)

at+pB

1—*11{& 5(2 aBl ),I>0,
(4)

where « and [ denote the large- and small-scale
scintillation parameters related to the atmospheric
turbulence conditions, respectively.
the PDF expression of 41 = 511 in terms of Meijer’s

fr () = 2 f

)
()T (5)

Furthermore,

G function can be obtained as (Kong et al., 2020)

(aﬂ) g i1

f’Yl(x)i a+L‘3
21 ()
(5)

As for the mmWave channel vector h € CV in
Eq. (2), it can be described as h = {g, in which
g € CY represents the channel fading vector and the
coefficient ¢ is represented as

- Cy/ Gt
 AnfdyK,TB’

where ¢, f, and d represent the speed of light, the
carrier frequency, and the distance from the HTS to
the aircraft, respectively. Meanwhile, K} denotes
the Boltzmann constant, T the noise temperature,
and B the noise bandwidth. Also, satellite antenna

(6)

gain Gy in Eq. (6) can be expressed as (Lin et al.,
2019)

Gy = Gimax <J1(“t) + 36‘]3(";”) NG

2uy Uy

with Gt max being the maximum satellite transmit
antenna gain and uy = 2.071 23sin 6, /sin 0345, where
0; and O3qp are the angle of pitch between the HTS
and the aircraft, and the 3 dB angle of the main
beam, respectively. In addition, the channel fading
vector g € CV is assumed to follow SR distribution,
which is commonly used to describe the satellite link
(Abdi et al., 2003; Huang QQ et al., 2020a). In this
regard, vector g can be written as

g=9g+g, (8)

where g = pa (0) is the line-of-sight (LoS) compo-
nent with p being a random variable (RV) obeying
the Nakagami-m distribution with severity parame-
ter m and average power (2. Suppose that a uniform
linear array (ULA) is deployed at the aircraft; thus,
the array steering vector a (6) is given by

a() = ej(N—l)mdasine}T

[1 ej/fda‘sine . (9)
where 6 is the angle-of-arrival (AoA) of the incom-
ing signal, x = 27t/\ denotes the wavenumber, and
d, denotes the antenna element spacing of the ar-

ray. In Eq. (8), g € CV denotes the scattering
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component which is the independent and identically
distributed (i.i.d.) complex Gaussian RV satisfying
g ~ CN(0, 2bIy) with 2b being the average power.
Considering that perfect CSI is often unavail-
able in an aeronautical communication, we employ a
location-based phased array antenna at the aircraft.
Therefore, the BF weight vector w can be obtained
as given in Lemma 1.
Lemma 1 The BF weight vector that maximizes
the expected output SNR in Eq. (3) is given by

w = (%)
VN
Proof See Appendix A.

In practice, although AoA estimation methods
can be used to calculate 6y, they suffer from high im-

(10)

plementation complexity. Therefore, in this study,
we suppose that the attitude and location informa-
tion of the aircraft can be obtained through advanced
navigation systems, such as the Global Navigation
Satellite System (GNSS) (Morales-Ferre et al., 2020).
It should be pointed out that navigation is of signif-
icant importance for a flying aircraft in the crowed
sky of the near future where a great number of drones
will coexist with manned aircraft. With the help of
Fig. 2, 6y can be calculated as

cos 0, cos p, —0.151

;o (1
\/1 — (08 0, cos @)

0y = arctan

where 0, and ¢, are the latitude of the aircraft in
the flat flight condition and the longitude difference
between the aircraft and the HTS, respectively. The
corresponding proof for the calculation of 6y can be
found in Appendix B. Using Eq. (10), the output
SNR of the user link, i.e., y5 = '72|th|2, can be
written as

12
Yo =2 (‘va—i—th‘ ) . (12)
However, due to hardware impairment in practical
aeronautical communication, the existing phase er-
ror €, should be taken into account, which often

satisfies
Ele,] =0, (13)
E[e2] = o2, (14)
E[emen] = 0,m # n, (15)
E[ef] =0,k > 2, (16)

Earth’s core

7
Horizontal line

A Satellite subpoint

(0]
Earth’s core

(b)

Fig. 2 Geometrical relation between the HTS and the
aircraft: (a) solid figure; (b) plane figure

E[ehel] ~0,k+1>2. (17)

It should be pointed out that in Eq. (14), a larger o
implies a lower precision of the phase shifter. More-
over, the phase errors of two different phase shifters
are assumed to be uncorrelated, i.e., Eq. (15), which
is because phase shifting is performed individually by
each antenna element. Then, for Eqgs. (16) and (17),
the moments and mixed moments of order higher
than 2 approximately equal zero, because the error is
very small and thus its high order is negligible. Based
on Egs. (13)—(17), the output SNR of the user link
with phase error present can be obtained as shown
in Lemma 2.

Lemma 2 By taking the phase error into account,
the expression for the output SNR of user link 75 is
given by

F2 = ¥ <‘p\/5+vHiz(2>, (18)

where @ = N + 02 — No? with o2 being the variance
of phase error RV. Based on Eq. (18), the cumulative
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density probability (CDF) of 45 is given by

m—1

795

4.1 Outage probability

The system OP is defined as (Zedini et al., 2020)

Fs, () =1—a1 Z (L—m k_+1 ) exp (—M)
(a2 — a3) k! V2 A "3
Pou =Pr( < =Pr{—).
Ek: as —as)" o, + () (7<) r(’yl +’72+1>
“ ,—Yn+1 (22)
(19) By employing the results given by Trinh and Pham
(2015), the system OP in Eq. (22) can be shown
where ay = %, a; and a3 can be, respectively, ex- ~ as given in Eq. (23) (at the bottom of this page).
pressed as Then, substituting Egs. (5) and (19) into Eq. (23),
the integration I; can be expressed as Eq. (24) (at
1 2bm " 20 the bottom of this page). With the employment of
=\ 2m o) (20) Egs. (1.111) and (1.211) in Gradshteyn and Ryzhik
(2007), (%h + H””‘ and exp (——“2;2“3 —1717“1“) can
n — 2 (21) be, respectively, denoted as
5720 (2bm + 0Q)°

Proof See Appendix C.

In the following, we will conduct outage per-
formance analysis for the considered aeronautical
broadband satellite communication system.

4 Performance analysis

This section will first derive the OP expression
of the considered system. Then, asymptotic analysis
is carried out to further attain useful insights about
the system performance.

('Yth + 1+'Yth )

i—j J —J (25)
= e () (w = 1)
j=0 \ J
and
as—asz 14+Yih
exp ( 2V2 3 . 'Yll )
L S (e a%)(1+'m1)) (26)
=0 pl(u—1)P Y2

Using Eqgs. (25) and (26), the integration Iy can be
written as Eq. (27) (at the bottom of this page). As

Pout (4n) =1 — %h/ {1 - F5 (%h + Py?)} Sy (uyen)du (23)
1
I
& J m— k k 7
Car(af) Tyt (—as) (a2 — as) (a2 — asz) Yn
I = _ofB Z (az—a k+1k, Z Ll exp _T
' ()T (B)7 * k=0 (@2 3) ©i=0 2
o atB_g 1+ vmn G2 —ag 1+ vmn UYth — d (24)
. u Yeh + exp - af a—p a—_ .
1 u—1 Y2 ou—1 Nl m T
1>
: 7 N | as —as) (1 + P
I, = < . )’Vth (1+ ’Vth)J Z 3 <_( 2 32( %h))
i—o \J s 72
/ Wy — 1) ”Gé:g[ B[ T s ]du.
1 Nl =Tz
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O‘mlki

e )

2l ()T (B) 7 * k=0 i=0 j=

>

0 p=0

Pout ('Yth) :1_
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—m),(—ay)"

) Yo (L4 ) (a2 — a3) ™" (1
Fiilplk!
’Y27’p (32)

o !

Y2

for the integration © in Eq. (27), we first consider
the case of j + p = 0, namely,

o [
(28)

With the help of Eq. (7.811.3) in Gradshteyn and
Ryzhik (2007), © can be expressed as

615 |as

In the case of j +p > 0, applying the Newton bi-
nomial theorem, (v —1)"""" (j 4+ p > 0) can be ex-
panded as

UYth

| %52

2 )

’Yth
ol

_B
@: B

1—
_B a— a—p

2

. e

(u—1)" (30)

i]_Fp —JPQ
q=0

By following a similar manner in the first case, @ can
be expressed as
o0 .

(J+DP)n 30 { Vth

@ = 2 7TLG ’ Oéﬁ —

Z:: q! b3 71

w2

| e

w1

where w1—2<]+p—|-q O‘+B),ﬂ,_a_—3

5 5 and

w2:2<j+p+q— #) )

Finally, the closed-form expression of the system
OP can be easily obtained as Eq. (32) (at the top of
this page).
Remark 1 Herein, note that series equations and
Meijer’s G functions are involved in the OP expres-
sion (32).
using an adequate number of terms, while Meijer’s
G functions can be calculated easily using mathe-
matical tools such as MATLAB and Mathematica.
In the following, a simple asymptotic OP expression
will be derived.

However, the series will converge after

4.2 Asymptotic analysis

To gain further insights, we now analyze the
asymptotic OP for high SNR regions, i.e., 31,52 —

(a2 — as) %h} 0(_ (a2 — a) (1 + %h>>”@.

2

oo. Similar to the related work (Zedini et al., 2015),
the asymptotic OP is given by

Py (ven) =F357 (vin) +Fgy (ven) — F5Y
~ F22 (vn) + F55 (en) 5

(ven) F5y (Yen)
(33)
where F57 (z) and FZ5 (x) represent the CDF of v
and 92 in the high SNR region, respectively. Using
Eq. (07.34.06.0006.01) in Wolfram (2010), FZ? ()
can be obtained as

a2 ()

where = % and o(-) denotes the higher-

order infinitesimal of higher order. Using the

Maclaurin series of the exponential function and re-

taining the lowest order term, F25 (z) can be written
—x +o

as
1

F2 (x) = .

% (@) 2 (72>

By substituting Eqgs. (34) and (35) into Eq. (33), the
OP expression in high SNR with diversity order and
coding gain can be approximated as (Bankey et al.,
2018)

(35)

Povi () = (Gey) ™. (36)

Thereby, the diversity order G4 and coding gain G.
are, respectively, given by

G4 = min (1, g) , (37)
and
,% 3
K =4
G. = { w3 <h (38)
arym’ 2 > 1.

5 Numerical results

In this section, simulation results are provided
to confirm the correctness of theoretical analysis
and to further showcase the effects of phase errors
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on the outage performance of the considered sys-
tem. In the simulation, we assume that the FSO
feeder link undergoes Gamma-Gamma fading with
different channel parameters in terms of weak tur-
bulence (o = 2.902,5 = 2.51), moderate turbu-
lence (o = 2.296,5 = 1.822), and strong turbu-
lence (o = 2.064, 8 = 1.342) (Zedini et al., 2015).
On the other hand, the mmWave user link sub-
ject to SR fading is assumed to have three different
channel fading conditions, namely, heavy shadowing
(HS) (b = 0.063,m = 2,2 = 0.0007), and aver-
age shadowing (AS) (b = 0.251,m = 5,2 = 0.279)
(Abdi et al., 2003). All plots are conducted with
¥ = A = 7. In addition, other main simulation
parameters are listed in Table 1 (Huang XJ et al.,
2019; Lin et al., 2019).

Table 1 Main simulation parameters

Parameter Value
Orbit GEO
Carrier frequency, f 73.5 GHz
Maximum beam gain, Gt,max 52 dBi

3 dB angle, 034 0.4°
Noise bandwidth, B 5 GHz
Noise temperature, 7' 300 K

The effects of phase errors on the output SNR
of the system are depicted in Fig. 3. The FSO feeder
link is subject to weak turbulence, the mmWave user
link is subject to SR fading with AS, and the anten-
nas number N = 16. It can be seen that the SNR
performance decreases as the standard variance of
the phase error increases, which is expected accord-
ing to Egs. (12) and (18).

Figs. 4 and 5 depict the outage performance of
different channel fading for the mmWave user link
and FSO feeder link, respectively, in the case when
~vn = 0 dB, N = 256, and 02 = 0.6. Obviously, the
analytical results agree well with the Monte Carlo
simulations, confirming the validity of the theoretical
formulas. Meanwhile, the asymptotic OP curves are
consistent with analytical results in the high SNR.
In addition, the performance in both Figs. 4 and 5
is greatly reduced when severe fading is present. In
particular, Fig. 4 reveals the same diversity order but
different coding gain, where the diversity order is 1,
which can apparently be shown in Eq. (37).

Fig. 6 shows the OP of two different phase errors
of the user link with respect to various numbers of
antennas. Here, we assume that the FSO feeder link
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9
8
10
7
8
~ 6
S 6
z 5
G54 4
g2 5
=l
©9
2

|
N

Fig. 3 Output SNR of the system with different phase
errors

10°S

Outage probability

Exact analysis D
— - = Asymptotic analysis
o Monte Carlo

0 5 10 15 20 25 30
7 (dB)

10"

Fig. 4 Outage probability versus 4 with different SR
fading for the user link (HS: heavy shadowing; AS:
average shadowing)

follows weak turbulence and that the mmWave user
link follows AS fading while 1, = 0 dB. A note-
worthy observation is that the outage performance
improves as the number of antennas increases or the
phase error decreases. In addition, the effect of the
phase error on the system performance is more ev-
ident when N = 16 than when N = 256. This is
because the antenna gain is great enough to reduce
the effect of the phase error when the number of
antennas is large.

6 Conclusions

In this paper, we have analyzed the outage
performance of an aeronautical broadband satellite
communication system with the AF protocol. With
the help of the location-based BF weight vector, we
have derived the exact and asymptotic expressions
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Fig. 5 Outage probability versus ¥ with different
Gamma-Gamma fading for the feeder link
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Fig. 6 Outage probability versus ¥ with different
antenna numbers and phase errors

for the OP of the forward link of the considered
system, in which the phase error has been taken into
account in the user link. Finally, simulation results
have shown notable effects of phase errors on the
Our findings provide
valuable insight into the aeronautical broadband

overall system performance.
satellite communications.
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Appendix A: Proof of Lemma 1

Letting 7 € [0, 1], the BF vector w (7) that max-
imizes the expected output SNR in Eq. (3) can be
expressed as (Gerbracht et al., 2012)

w (1) =/TW +

a(bo)
N

(A1)

1— 7w,
where w = and w is the orthogonal comple-
ment vector of w. By substituting Eq. (A1) into the
expected output SNR in Eq. (3), we have

Y172 }N E[yl =
1 4+72+1 Ely]+ 5 +1’

El]=E [ (A2)

where & = E [v4] is a constant and “a” holds when
Mullen’s inequality is used (Mullen, 1967). Further,
by substituting Eq. (A1) into Eq. (A2), with the help
of Eq. (8), E [2] can be expressed as

_ _\H |2
E el = ek || (V7w + V= 70)" (pa (00) + )|
(A3)
According to the orthogonality principle, E[y2] in
Eq. (A3) can be rewritten as

E[y2] =72 (TWHG (90)|2E [n?]
+7E [|[@"g[*] + (1 - 1) E [Jwg]’] ),
(Ad)
where E [p?] = 2 and E [|QDHQ|2} =E |:|’LZ)H§|2:| =
2b. Therefore, using w = % in Eq. (A4), Eq. (A3)
can be finally denoted as

E [’}/2] = Y2 (TN.Q + 2b) . (A5)

As a matter of fact, one can easily find that only
when 7 = 1, can the maximum value of E[y] be
obtained.
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Appendix B: Calculation of 6,

As shown in Fig. 2, we first derive the value of
cos 0, with respect to longitude difference ¢, and
latitude 6,. In Fig. 2a, the projection of point B on
OA can be expressed as Rcosp, with R being the
Earth’s radius; the projection of point C on OB can
be denoted as Rcos0,.
of point C' on OA is given by Rcosf,cosg,. On
another front, the projection of point C' on OA can
also be represented by Rcosf,, and thus cosf, =
cos B, cos p,. Next, in Fig. 2b, the lengths of C'D
and SD can be, respectively, derived as

Therefore, the projection

CD = (R+ H)cosb, — R, (B1)

and
SD = (R+ H)sin6,, (B2)
where H is the height of the GEO satellite. Accord-

ingly, we can obtain

CD _ (R+H)cost, — R
SD  (R+H)sing, ’

tanfy = (B3)
with cosf, = costl,cosy,. Then, using sin29p +
cos?0, = 1 and substituting H = 35 786 km and
R = 6371 km into Eq. (B3), the expression of 6y in
Eq. (11) can be easily derived.

Appendix C: Proof of Lemma 2

In the phased array antenna, the actual phase
shift of the n'" antenna element can be denoted as
0y = 0 + €n, Where 0o is the ideal phase shift in
a (6p) and &, is the random phase error. Hence, the
actual receive BF vector v can be expressed as

v =",

(C1)

where A = diag (e1,€2, -+ ,en). Therefore, the out-
put SNR of the user link can be rewritten as

Yo = :72|UH9|2' (C2)
To facilitate the analysis of the impact of phase dis-
turbance on the output SNR of the user link, we
use the Taylor series to further expand the actual
phase complex number. The Taylor series expansion
is given by (Gradshteyn and Ryzhik, 2007)

. < (jAz)t . Ax?
o = 3 e 02T o ing (1+jm_2—9f)-

7!
i=0

(C3)

The approximation is valid when the relationship is
sufficiently small.
On the other hand, !vHa(90)|2 can be expressed

as
H 2 “H —jA 2
[va(6y)]” = ‘(w) o a(ao)(
N 2 N 2 (C9)
=Y wnay (fo)e 7| &N eIemeTion)
n=1 n=1

where w,, and a,,(6p) are the corresponding elements
of the BF weight vector w* and the array steering
vector a(by), respectively. In addition, ¢, is the
phase of wy,a, (0p), i.e., wya, (6p) = . According
to the Taylor series expansion Eq. (C3), along with
the Euler formula (Gradshteyn and Ryzhik, 2007),
we can further expand Eq. (C4) as

N . 22 2
> (1 —jen — 7")

n=1
N 22 N
- Z <1 — 7") COS oy, + €n SiN oy, (C5)
n=1 n=1
"4
N 22 N 2
+ Z (1 — 7") sin @, — Zancosgpn .
n=1 n=1
2}

Applying Egs. (13)—(17), the expectations of ¥; and
W, in Eq. (C5) are, respectively, given by Eqgs. (C6)
and (C7) (at the top of the next page).

By summing up Egs. (C6) and (C7), we can
obtain Eq. (C8) (at the top of the next page). By
substituting Eq. (10) into Eq. (C8), the expectation
of |vHa(6‘0)|2 can be denoted as

E[|va (60)|"] = N +0* - No*. (C9)
Towards this, the output SNR of the user link can
be expressed as Eq. (18).

By denoting g = [g1,92, - ,9n] and v =

['Ul,'U2,"','UN] — |:|v1|ej§1,|v2|e.j£2’... ,|IUN|ej§N:|,
we can obtain
N
g = Z [V | gne®n. (C10)
n=1
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N 22 N 2 N 2 N 2 N 2
E[@,]=E Z (1 7") cos %H—Z £, sin <p,;| = (Z cos <pn> —c? (Z cos <pn> +E (Z £, sin <pn>
n=1 n=1 n=1 n=1 n=1
(C6)
N 22 N 2 N 2 N 2 N 2
E[¥s]=E Z (1—?) sin gpn—ZE,l cos gon} = (Z sin <pn> —o? (Z sin gan> +E (Z €p COS <pn>
n=1 n=1 n=1 n=1 n=1

(C7)

According to g ~ CN(0,2bIy), we have that g, ~ as

CN(0,2b) is a complex Gaussian RV. Consequently,
A aq agx asx
gne®n in Eq. (C10) can be written as f5, () = —exp ( ) 15 (m 1, —) ,
72 V2 Y2
el = X + Yy, (C11) (C12)

where a1, as, and as are as given in Lemma 2. In
Where Xn,Y ~ N(0,b), thereby resulting in  this study, we consider a reasonable assumption of

Z [on| X Z on[Ye  ~ N(O bH'U||2> Using m € NT. As a result, the PDF of 42 in terms of
= " ’ ) m € NT can be expressed as a finite series expansion,

N ly (H t al., 2020
Fas. (C10) and (C11), we have 11§ — 3° [un] X, 4 “omely (Huang QQeta 2)

n=1

S5 Jon] Y, which i lex Gaussian RV with fr (x) =ayexp (—M>

i > |vn|Y,, which is a complex Gaussian wit o

n=1 9 m— 1 k (Cl-?))
average power 2b||v||”. As for the first term of Z a3) k

Eq. (18), we can find that pV® is a Nakagami-m RV
with average power @f2? and severity parameter m.
In a manner similar to Huang QQ et al. (2020a), the ~ With the help of Egs. (3.351.1) and (3.351.3) in

- B _12 . Gradshteyn and Ryzhik (2007), the CDF of 42 can
— H )
PDE of %2 = 732 ( e+ g’ ) can be obtained be expressed as Eq. (19) in Lemma 2.

—k-‘rl |
—o (k!)
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