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for nonlinear high power amplifiers at the transparent fixed gain satellite transponder. Specifically, we consider the forward link
of such systems, where the RF user link is assumed to follow the shadowed Rician model and the FSO feeder link is modeled
by the Gamma-Gamma distribution in the presence of beam wander and pointing errors where it operates under either the
intensity modulation with direct detection or the heterodyne detection. Moreover, zero-forcing precoder is employed to mitigate
the effect of inter-beam interference caused by the aggressive frequency reuse in the user link. The performance of the system
under study is evaluated in terms of the outage probability, the average bit-error rate (BER), and the ergodic capacity that are
derived in exact closed-forms in terms of the bivariate Meijer’s G function. Simple asymptotic results for the outage probability

and the average BER are also obtained at high signal-to-noise ratio.
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I. INTRODUCTION

The design of a unified platform that offers ubiquitous broadband global network coverage with
very low latency communications and very high data rates in the order of Tbit/s is increasingly
becoming a challenging task for 5G and beyond 5G wireless communication systems [1]—
[5]. To this end, the integration of satellite communications (SatCom), aerial networks, and
terrestrial communications into a single wireless network, called space-air-ground integrated
network (SAGIN), is deemed from now on crucial [6]. More specifically, broadband multibeam
SatCom systems are expected to provide seamless reliable and high data rate services at any
place on the earth, particularly unserved and underserved areas [6]. In such platform, the ground
stations feed the satellite through a high capacity link, i.e. the feeder link, and then the satellite
communicates the signal to different user terminals (UTs) via multiple beams, i.e. the user links
[7]. Based on the orbit type and the altitude, satellites can be classified into three categories,
namely, Low Earth Orbit (LEO), Medium Earth Orbit (MEQO), and Geosynchronous Orbit (GEO)
where the latter provides the greatest coverage [6]. Currently existing GEO satellite systems
are based on the radio-frequency (RF) technology such as Ka-Sat with a throughput of 70
Gbit/s, Viasat 1 with 140 Gbit/s, Viasat 2 with 350 Gbit/s, and Viasat 3 that expectedly will
provide throughput in the range of 1 Tbit/s by 2020 [7]. In recent years, different constellations
of satellites have been proposed to provide global broadband access to internet including the
Starlink supported by SpaceX with 12000 LEO satellites [8], Oneweb with 900 LEO satellites
[9], and Telesat LEO with 300 to 500 satellites [10]. All these constellations are based on
the conventional RF solutions for both feeder and user links operating at the Ku-band (12-18
GHz), the Ka-band (27-40 Ghz), and the Q/V band (40-50 GHz). Obviously, the bandwidth
limitation remains one of the key challenges when increasing the capacity. For instance, around
50 ground stations are required to reach a satellite capacity of 1 Tbit/s with the traditional
RF feeder links, and the number of these ground stations increases linearly with the system
throughput [7]. Another key issue with RF links is the high risk of interference with other
communication systems, leading to signal interception or jamming. Free-space optical (FSO)
technologies are being substantially considered as an attractive alternative to the existing RF
feeder links for next generation very high throughput satellite systems (VHTS) [11]-[19]. By
using dense-division-multiplexing (DWDM), a fiber based technique, more than one Tbit/s can

be sent by a single optical ground station (OGS) to the GEO satellite, leading to the minimization



of the number of required ground stations and hence drastically reducing the ground network
cost [15]. Besides the wide available bandwidth (THz) without any restriction or regulation
(license-free spectrum), FSO communications hold the advantages of immunity to interference
due to the very narrow laser beams along with lesser size, weight, and power compared to their
RF counterparts. FSO systems can be classified into two categories based on the detection type
at the receiver side, namely coherent and non-coherent. Non-coherent systems, also known as
intensity modulation with direct-detection (IM/DD), are commonly used in FSO links mainly
because of their simplicity and low cost [20]. In such systems, the receiver directly detects
the intensity of the emitted light. With recent advances in integrated circuits as well as high-
speed digital signal processing, coherent detection is becoming more attractive [21]-[23]. In such
systems, the incoming optical signal is mixed with a local oscillator (LO) before photo-detection,
which improves the receiver sensitivity [24]. Another interesting property of coherent detection is
that amplitude, frequency, and phase modulation can be employed, which considerably increase
the system spectral efficiency [23]. Furthermore, coherent detection allows background noise
rejection [25]. Although most of laser satellite communication (laser SatCom) systems, currently
under development, are operating using the IM/DD technique, coherent detection systems have
also been employed as a viable alternative for certain applications [26]-[28].

On the other hand, the primary concerns of the FSO feeder link are atmospheric turbulence,
beam wander, and misalignment pointing errors. The atmospheric turbulence is caused by fluctu-
ations in the refractive index resulting in strong intensity fluctuations, or scintillations, that may
cause severe performance degradation of the FSO link. The scintillation index, i.e. normalized
variance of the irradiance, is generally used to characterize these irradiance fluctuations. As for
the beam wander, it is caused by deviations of the beam from the boresight due to the presence
of turbulent eddies larger than the beam diameter. This beam wander effect can hence lead to
strong fading of the received signal [26].

Lastly, maintaining a constant line-of-sight (LOS) communication between the transceivers is
very essential to have a 100% availability of the FSO feeder link, where the optical beam is highly
directional with very narrow beam divergence. Due to the satellite mechanical vibration [29]—
[33], the transmitted beam to the receiver satellite vibrates leading to a misalignment between
the transmitter and the receiver, known also as pointing error. These pointing errors may lead
to significant performance degradation or result in failure of the FSO link [33], [34].

Despite all these technical challenges, the FSO feeder-link remains the most promising tech-



nological option for next generation VHTS systems [7], [14]. For instance, in the frame of the
Terabit-throughput optical satellite system technology (THRUST) project, the German Aerospace
Agency DLR set the world-record in FSO communications to 1.72 Tbit/s and 13.16 Tbit/s in
2016 and 2017, respectively [35], [36].

On the RF user link side, full frequency reuse is employed where all beams operate at the
same frequency in order to enhance the bandwidth efficiency of the system. However, such
an aggressive use of the spectrum introduces inter-beam interference, i.e. each UT receives
interference from adjacent beams. An efficient interference mitigation technique consists of
precoding the signals at the OGS before transmitting them to the different UTs, but requires
the availability of accurate channel state information (CSI) at the OGS [37]-[40]. However,
acquiring up to date and reliable CSI at the OGS introduces a long delay, leading to an outdated
CSI. Subsequently, the slow fading channel in fixed satellite services (FSS), where the UTs have
fixed positions inside the beams [38], [41], [42], would facilitate the CSI acquisition process
as CSI needs to be updated less frequently. Interestingly, in [43], a novel zero-forcing (ZF)
precoding scheme has been proposed for FSS multibeam SatCom systems that only exploits the
UTs positions and the antenna beam radiation pattern, without requiring any CSI at the OGS.
More precisely, the OGS can generate the deterministic multibeam matrix without requiring any
feedback from the UTs [38], [43]-[48].

The vast majority of conventional high power satellite transponders employ travelling wave
tube amplifier (TWTA) and solid-state power amplifier (SSPA) as onboard memoryless high
power amplifiers (HPAs). For high output powers, TWTAs are commonly employed, in particular
at higher frequency bands, because they offer higher data rates and greater bandwidth with better
efficiency than SSPAs. For lower frequency bands and for lower transmitter power applications,
SSPAs are generally preferred as they exhibit higher reliability, lower mass, and better linearity
[42], [49]. However, these HAPs models have two major nonlinear characteristics, namely,
amplitude to amplitude modulation (AM/AM) and amplitude to phase modulation (AM/PM)
conversions that should be taken into account as they can lead to severe performance degradation.
Therefore, several models have been proposed to represent these nonlinear characteristics, mainly,
Saleh model [50] and Rapp model [51] to characterize the nonlinear distortion due to TWTA and
SSPA models, respectively. A few works have studied the impact of hardware impairments on the
performance of satellite relay networks [52]—-[54]. Their results demonstrate that the impairments

degrade the system performance, in particular when the impairments level is larger.



Motivated by the DLR experimental demonstration in [36], we propose in this work to
investigate the performance of VHTS FSO systems with multi-beam RF capabilities. As per
authors’ best knowledge, the first performance analysis of multibeam high throughput satellite
systems with optical feeder links has been carried out in [47]. More specifically, the FSO
feeder link is considered to be operating using direct detection over the lognormal distribution
whose scope is restricted to weak turbulence channel conditions, and the RF user link is
modeled by the double-lognormal fading. Based on the precoding scheme presented in [43],
the authors provided approximations for the outage probability, the average BER for MQAM
and MPSK modulation schemes, and the ergodic capacity in the case of linear power amplifier
(PA) at the fixed gain satellite transponder. However, to the best of our knowledge, there are
no exact closed form expressions that capture the outage probability, the average BER for
a variety of modulation schemes, and the ergodic capacity performance under both IM/DD
and heterodyne detection techniques with HPA nonlinearity taken into account. In this context,
this work presents, for the first time, a unified analytical framework for the calculation of the
fundamental performance metrics of multibeam VHTS systems with HPA nonlinearity in exact
closed form, applicable to both types of detection techniques. The FSO feeder link is modeled
by the Gamma-Gamma distribution, a good model for atmospheric turbulence under both small
and large scales atmospheric fluctuations [55], in the presence of beam wander and pointing
errors. On the other hand, the RF user links are modeled as shadowed Rician channels that have
been proposed in [56] for land mobile satellite channels (LMS). Indeed, it has been shown in
[56] that the shadowed Rician model provides an excellent fit to the experimental data and has
a simple mathematical form, making it attractive from a performance analysis point of view.

Hence, the main contributions of this work are stated as follows.

« We present a detailed description of the system and channel models with a particular focus
on the statistics of the FSO feeder link to stress that there is a great difference between
modeling horizontal propagation paths and slant paths, where it is required to consider
changes in the refractive index structure parameter along the path.

o We introduce TWTA and SSPA nonlinear amplifiers along with their impairment parameters,
and utilize the Bussgang linearization theory to linearize the distortion introduced by these
two HPAs.

o We first derive the end-to-end signal-to-noise-plus-distortion-ratio (SNDR) in the case of



fixed gain transparent satellite transponders, considering both types of detection techniques
for the FSO feeder link (i.e. IM/DD and heterodyne) and using the ZF precoder proposed
in [43].

« Capitalizing on this result, we present closed-form expressions for the cumulative distribu-
tion function (CDF) and the probability density function (PDF) in terms of the bivariate
Meijer’s G function, and the moments in terms of simple functions.

o We then derive the outage probability, the average bit-error rate (BER) of a variety of
modulation schemes, and the ergodic capacity, all in terms of the bivariate Meijer’s G
function.

«» Finally, we present very tight asymptotic expressions for the outage probability and the
average BER in the high signal-to-noise ratio (SNR) region in terms of simple elementary

functions which are particularly useful to reveal some physical insights.

The remainder of this paper is organized as follows. The system and channel models are
outlined in Section II. We derive the statistics of the end-to-end SNDR in Section III and we
present closed-form expressions for the performance metrics along with the asymptotic results at
high SNR regime in Section IV. Numerical and simulation results are then provided in Section

V followed by the conclusions in Section VI.

II. SYSTEM AND CHANNEL MODELS

We consider the forward link of a multibeam VHTS system which is defined as the end-to-end
link from the OGS to the different UTs. More specifically, it includes the uplink of the feeder
link (i.e. the link between the OGS and the GEO satellite), the transparent or non-regenerative
GEO satellite with NV antenna feeds, and the downlink of the user link (i.e. the link between the
GEO satellite and the UTs). In addition, we consider that the feeder link is a high capacity FSO
single-input single-output (SISO) link, whereas the user link is a multiuser multiple-input single-
output (MISO) Ka-band RF link as shown in Fig. 1. In this paper, we assume a high-energy FSO
link whose performance is limited by shot noise as well as thermal noise. In this case, the noise
can be modeled to high accuracy as zero mean, signal independent additive white Gaussian noise
(AWGN) (a widely accepted assumption in many reported works in the literature [57]-[60]. In
this context, a single OGS simultaneously serves multiple UTs via /NV beams, in a single feed per
beam scenario. Moreover, on the user link side, full-frequency reuse is assumed with a cluster

size K = 1, where all beams operate at the same frequency. The coverage area of the GEO
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Fig. 1: Architecture of a multibeam very high throughput GEO satellite system with FSO feeder links.

satellite is filled up with seven beams arranged in a circular way, resulting in overlapping regions
as detailed in Fig. 1. With beam radius R, the coordinates of each beam center are determined by
C1(0,0), G (=2 R 3R), Cs (LR, 3R). €1 (V3R.0), G5 (LR ~IR), G5 (— 4R ~3R),
and C (—\/§R, 0). Furthermore, we focus herein on FSS systems and therefore the UTs have
fixed positions inside the beams and can be ultra small aperture terminals (USATSs) [42], usually

equipped with single antennas, as shown in Fig. 1.

A. FSO Feeder Link

We assume that the data is first precoded at the OGS before being transmitted in order to
mitigate inter-beam interference. Moreover, DWDM techniques are used to provide the aggre-
gated throughput of multiple Tbit/s where the optical carriers, modulated using either intensity
modulation or coherent modulation, are multiplexed into a single-mode fiber (SMF), amplified,
and sent through the telescope of the OGS towards the GEO satellite. At the GEO satellite,
the optical signal is captured by the telescope, demultiplexed to separate the individual DWDM
channels, converted to electrical RF channels in the Ka-band, and sent to the users [15]. Then,

the received signal at the GEO satellite, y; € CV*!, can be expressed as

y1 =nIx+ny, (1)



where 7 stands for the effective photoelectric conversion ratio, / represents the received optical

CN*1 is the precoded transmit signal vector with a total power constraint of

irradiance, x €
Exx"] < P,, and n; € CN*1 refers to the additive noise vector consisting of circularly
symmetric complex Gaussian entries with zero-mean and variance o3, i.e. CN(0,0%). The
irradiance [ includes the effect of the path loss [;, the attenuation caused by the atmospheric
turbulence I,, and the attenuation due to pointing errors I, i.e. I = [;1,1,. The path loss I; is
deterministic and is described by the exponential Beers-Lambert Law as [; = exp(—oc L) where
o represents the atmospheric attenuation coefficient and L is the FSO link length [61].

The pointing error loss due to misalignment is caused by the displacement of the laser beam
along elevation and azimuth directions that are typically modeled as independent and identically
distributed Gaussian random variables with zero mean value and variance o2. The resulting radial
displacement at the receiver 7 is therefore statistically characterized by a Rayleigh distribution
[29], [31], [33], [61] for which the PDF of the irradiance I, is given by [61, Eq.(11)]

i (1) = jg I 0<1, < A @

where A is the fraction of the collected power at » = 0 and ¢ is defined as the ratio between
the equivalent beam radius at the receiver and the jitter standard deviation at the receiver, and
used to quantify the severity of the pointing error effect [61].

The atmospheric turbulence /, is modeled by the Gamma-Gamma distribution whose PDF is
given in [26] as
%Jﬁ Ko s (2 aﬁ[a> L >0 3)
where I'(-) represents the gamma function [62, Eq.(8.310/1)], K,_z(-) stands for the modified

fIa (Ia) =

Bessel function of the second kind with order o — (3, and « and [ are positive parameters which
are related to the large- and small-scale irradiance fluctuations, respectively. Taking into account
the effect of beam wander, the parameters « and /3 for an untracked collimated beam are defined

as [26, p. 517]
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where H represents the altitude of the GEO satellite in m, hy is the altitude of the optical ground
station in m, ( refers to the zenith angle, 1/}, denotes the beam radius at the transmitter, W' is
the beam radius at the receiver W = Wo\/m where ©g and A, are the transmitter beam
parameters defined as © = 1 — L/Fy and Ay = 2L/(kW?) with F, being the phase front
radius of curvature at the transmitter (F' — oo for a collimated beam), L = (H — hg) sec((),
k = 2w/ denotes the wavelength number, 7 stands for the Fried parameter, Qe 18 the beam

wander-induced angular pointing error and o3 is the Rytov variance given by [63, Eq.(8)]

H
on, = 2.25 k:%(H — ho)® seclﬁ}(g)/ C2(h)

ho

5 5
h—ho\é [ h—hg\é
1- dh.
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The Fried parameter r( is defined as [26, p. 492]

3
5
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ho
where C2(h) is the refractive index structure parameter that varies as a function of the altitude

h based on the most widely used Hufnagel-Valley (H-V) model as [26, p. 481]

2(p) = YN 10-51)  exp [~
C2(h) = 0.00594 (27) (10-°h) eXp( 1000)

h h
2.7x 10 Cexp ( ——— | +C2 -
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where w denotes the rms windspeed in m/s and C?(0) refers to the ground level turbulence in

m~2/3,

The beam wander-induced pointing error variance o7, is related to oy, such that aye = o /L

C2W2 /12 3
1 (W g
[ (+Foman) ] )

where (. is a scaling constant set as 27 [63] and ry given by (7).

and can be expressed as [26, p. 503]
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Based on (2), (3), and the path loss expression, the PDF of [ = [;I,I, under the combined

effect of atmospheric turbulence, beam wander, pointing errors, and path loss can be written as

gap

__ EaBb s B, &
AoiT(a)T'()

G3,0
1.3
Aol |2 _1.a-1,8-1

fr(I) , (10)

where Gg?;]”(-) is the Meijer’s G function [62, Eq.(9.301)].

B. Nonlinear Satellite Transponder

Considering nonlinear HPA at the satellite transponder, the amplification process is performed

in two distinct steps. In the first step, the RF precoded signal y; is amplified with a constant

____pBr
Py E[(n])"]+0%

is selected such that the total transmit power constraint at the satellite transponder is met, i.e.

gain matrix F = Gly, that is y, = Fy;, where the amplification factor G =

E [HFylHQ} < P., where P, is the mean signal power at the output of the gain block.
In the second phase, the amplified version of the signal y, is passed through a nonlinear

circuit and then the signal at the output of the memoryless nonlinear HPA can be given as [64]

Yo, = Jalllysl) exp (G (fe(lly:l) + arg(ys))) (11)

where fa(-) and fp(-) represent the AM/AM and AM/PM characteristic functions, respectively,
and j2 = —1. As discussed in Section I, we consider two types of nonlinear amplifiers which are
widely employed in conventional high power satellite transponders, namely TWTA and SSPA.
For the TWTA model, the AM/AM and AM/PM conversions are given as [50]

Fallyal) = A2 —2e ey = @1l (12)

sat T 2 . Ao
HySH2+Asat HySH2+A§at

where Ag,; represents the input saturation amplitude level and &, controls the maximum phase
distortion introduced by TWTA. The AM/AM and AM/PM functions of the SSPA model can
be expressed as [51]

Fallysl) = — ¥ ey =0, (13)

lysl ) > >
CE

where v refers to the smoothness factor that controls the transition from linear to saturation

region.
It is worthy to mention that the nonlinear distortion created by both TWTA and SSPA models

as shown by (11) makes it very hard to obtain closed-form and easy-to-use expressions for



important performance metrics such as the outage probability and the average BER of the VHTS
FSO system under consideration. However, we can linearize this distortion by means of using
the Bussgang’s linearization theory [65] since the input signal ys can be approximately modeled
as Gaussian distributed. This is due to the fact that the precoded transmit signal x given in (22)
is a weighted sum of independent and identically distributed (i.i.d.) random variables that can
be approximated by a Gaussian distribution according the central limit theorem. By using the

Bussgang’s theorem, the output of the nonlinear HPA can be expressed as

ySNL = Kys + nne, (14)

where K is the linear scale parameter and ny;, € CY*! is the nonlinear distortion term
uncorrelated with y, and modeled as CN(0, 0% ). As discussed in Section I, we consider two
types of nonlinear amplifiers which are widely employed in conventional high power satellite
transponders, namely TWTA and SSPA. More specifically, in the case of TWTA model, the
impairment parameters K and o%; can be given under the assumption of negligible AM/PM

effects by [66, Eq.(11)], [67, Eq.(19)]

A2 | 442, A2, A2 2A2
sa sa/ sa f sat sat 1
\/4Pr \/ P, fexp( P, )e” P, < P, )

A2 A2 A2
oxe, = Al [ ;at exp( ];at>E1( %at)] - K*P,,

where A, represents the input saturation amplitude level, erfc(-) is the complementary error

function [62, Eq.(8.250/4)], and Ei(-) is the exponential integral function [62, Eq.(8.21)]. Addi-

(15)

tionally, for the SSPA model, K and 0%, can be expressed using [67, Eq.(18)] as
A2 A2

A? A?
sat sat “sat : sat
K= e e () ()|

Al A2 A2 A2
oh = — ;at [(l—l— ];at)exp< ;at)Ei( ];at)—i—l} — K*P,.

It is important to mention that in practice, the satellite transponders are not operated at saturation

(16)

but backed off in order to reduce the nonlinearity. Indeed, the actual transmission power is
reduced by a given amount below the HPA saturation point, which is known as the input back-

off (IBO) and is defined as [66]
A2
IBO = =2, 17
P 7)
Moreover, it is noteworthy that K and ¢%; depend on IBO for both TWTA and SSPA models,

and are constants for a fixed IBO value.



C. RF User Link

The received signal vector at all the UTs can be given as
y2 = Hy,, + n2 = KGnIHx + KGHn,; + Hnyy, + no, (18)

where the user link channel matrix H € CV*¥ represents the channel gains between the N
feeds and the N UTs and takes into account the atmospheric fading, the beam radiation pattern,
and path losses, and ny € CV*! refers to the noise vector with elements drawn from CA/(0, 1).

Using [39], [43], [47], the user link channel matrix can be expressed as
H = DB, (19)

where B € RY*¥ is the multibeam gain matrix that models the satellite antenna radiation pattern,
the receive antenna gain, and the path loss [47], [48]. Assuming that the receive antenna gains
for all UTs are identical and equal to G, the transmitter antenna gains for all satellite feeds are
identical and equal to GG, neglecting the Earth curvature so that all UTs have a common slant
range equal to the GEO satellite elevation distance, and employing the Bessel function model
for a typical tapered-aperture antenna, the beam gain from the j-th feed towards the i-th UT can

be expressed as [47], [48]

cv GG, J1(uij) J3(uij)
B|, — 36 : 20
[Bli 47rfD\//£BTTBw< ;| g .

where ¢ is the speed of light, f is the carrier frequency, kg refers to the Boltzman constant,
T, denotes the receiver noise temperature, B, stands for the bandwidth of the user link, J;(-)
and J3(-) are the Bessel functions of the first kind of order 1 and 3, respectively. In (20),
u;; = 2.07123sin(6;;)/ sin(fsqp) is a function of the off-axis angle with respect to the beam’s
boresight ¢,; = arctan(d,;/D) where d;; represents the distance between the i-th UT and the j-th
beam boresight (slant-range), D is the distance from the UT to the satellite, and 0345 = R/D
refers to the beam’s 3 dB angle, with R denoting the beam radius. Since we consider that UTs
have fixed positions on earth, the beam gain between the :-th UT and the j-th satellite feed is
fixed and therefore the multibeam gain matrix B is deterministic [43], [46], [47].

In (19), D € CV*¥is a diagonal matrix that represents the fading in the user link with the
diagonal entry d; referring to the fading gain for the i-th UT, 7 € N which is assumed to follow
the shadowed Rician model for LMS channels with the PDF given in [56] by

2b;m; "y y? Q2
() = (2 )Y S o y>0, (21
fiaa (v) (Qbimi—i—ﬂi) b; eXp( 2@)1 1(m 20, (2bim; + ) ) Y @D




where (2; refers to the average power of the line-of-sight (LOS) component, 2b; represents the
average power of the multipath component, m; stands for the fading severity parameter, and
1Fi(+, -, -) is the confluent hypergeometric function [62, Eq.(9.210/1)]. For m; = 0, (21) reduces
to the Rayleigh PDF, while for m; — oo it simplifies to the Rice PDF.

D. Zero-Forcing Precoding

The transmit precoded signal can be expressed as
x = Ts, (22)

where T € CV*V is the precoding matrix and s € CV*! represents the UTs data symbols at

the OGS with E[ss"] = Iy and the transmit power constraint can be re-written as
E [|x]*] =E [||Ts|?] = tr (TT") < P,. (23)

Substituting (19) and (22) into (18), the received signal vector can be expressed as

ys = KGnIDBTs + KGDBn; + DBnyy, + no. (24)

Using the ZF precoding technique presented in [43] which does not require CSI at the OGS and

is only based on the deterministic multibeam matrix B, the precoding matrix T can be given as

T = /czzB" (BB") ™', (25)

where cyr 18 set such that [43], [47]

Pg
Cop = ———— 9 26
o w[(BBY) ] 20
By plugging (25) into (24), the received signal at the i-th UT simplifies to
ygﬂ' = \/CZFKGT]IdZ’SZ' + KGdean + dinTHNL + 1’1272‘. (27)

Finally, the end-to-end SNDR at the i-th UT can be expressed after some manipulations as

1 Y172,
[BI||* Ko, + tr [(BB®) ] 7, +

7= (28)

where v, = % is the electrical SNR of the FSO feeder link operating under either
12l |pTl?
IM/DD (i.e. r = 2) or heterodyne detection (i.e. r = 1), 72, = Foldi| Nb’ is the SNR of the

i-th UT, % is the average transmitted power at the satellite satisfying % = K?P, + 0%, and K



is the ratio between the average received SNR and the average transmitted SNDR at the relay

given by [66]
p=14 N (29)
i

Note that the parameter x in (29) plays a key role in this paper as it describes the level of
impairments, under both TWTA and SSPA models. In addition, when v = 1, (28) reduces to the
end-to-end SNR in the case of linear PA at the satellite transponder as it implies that o%; = 0.

Considering both IM/DD and heterodyne detections, the PDF of v, can be obtained from (10)

as
& 50 | afé&’ 2! : & +1
o)== Gs |7 o | — ; (30)
)= TG @ D ) e o,
where 4, is the average electrical SNR given by i, = W (nAoli€?/(€% +1))" and can
0'1 T

be written in terms of the average SNR of the FSO feeder link, 7,, as

(€41 (aB) T()L(8)
b = @+ ) o 0d) " D

Moreover, using (21), the PDF of the SNR 7, can be given as

Frni(2) = = (—) exp (—( )72> P (m 1, 12 ) . (3
1

T 2
where 7, ; = %(%imi +€2;) is the average SNR at the i-th RF user link. For integer values

of the fading parameter, i.e. m; € N, the PDF expression in (32) can be simplified by utilizing
[68, Eq.(07.20.03.0009.01)] then [68, Eq.(07.02.03.0014.01)] as

m; 2bm;  \"™ m;y
- 2 (2 Y™ (22

Vi \2bim; + € Va,i
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— (D1 =mi) [ Qv
33

where (a)r = I'(a + k)/I'(a) denotes the Pochhammer symbol [62, p. xliii].

III. STATISTICAL ANALYSIS

In this section, we derive new exact closed-form expressions for the end-to-end SNDR statistics
for the multibeam VHTS system with FSO feeder links, accounting for nonlinearities at satellite

transponder.



A. Cumulative Distribution Function

A unified expression for the CDF of the overall SNDR at the ¢-th UT considering both
IM/DD and heterodyne detection techniques for the FSO feeder link in the presence of HPA
nonlinearity can be derived in exact closed-form in terms of the bivariate Meijer’s G function

whose implementation is presented in [69], [70] as
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where C' = tr [(BBY) |7, + 5, Ki = A(r,1 — €2),A(r,1 — a),A(r,1 — ), and A(r,u) =

u utl o u—i—r—l.
Proof: See Appendix A. [ |

Note that by setting x = 1 in (34), we can easily obtain the CDF expression in the case of linear

PA at the satellite transponder.

B. Probability Distribution Function

The PDF of the end-to-end SNDR at the ¢-th UT, can be obtained by taking the derivative of
(34), yielding

fri() =
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C. Moments

The n-th moments of the end-to-end SNDR at the i-th UT defined as E[y}"] £ [ 2" f. ;() du,

can be given as
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Proof: See Appendix B. [ |

IV. PERFORMANCE EVALUATION

This section derives new closed-form expressions for the performance metrics of the multibeam
VHTS system with an FSO feeder link under the presence of satellite transponder nonlinearity.
Additionally, this section provides tractable asymptotic expressions for the outage probability

and the average BER at the high SNR regime.

A. Outage Probability

1) Exact Analysis: The outage probability is defined as the probability that the end-to-end
SNDR falls below a predefined threshold 74, and can be easily obtained at the i-th UT by setting
T = Yp in (34), that is,

Pout,i (’7th) = F%‘ (’Yth)' (37)

It can be concluded from (37) that for low values of IBO, the term ~ grows very large and the
outage probability Py, (7)) — 1 for any -, especially in the case of TWTA. This shows the
deleterious impact of the nonlinear amplifier at the relay and demonstrates that it is necessary
to increase IBO in order to reduce the distortion introduced by both TWTA and SSPA models.
To obtain more engineering insights on the impact of the hardware impairments, we elaborate

further on the asymptotic analysis at high SNR regime.



2) Asymptotic Analysis: Starting from (A.4), applying [71, Eq.(1.5.9)] then [71, Eq.(1.8.4)],
the outage probability at the ¢-th UT can be given asymptotically at high SNR of the FSO link

after performing some algebraic manipulations as
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Note that at high SNR of the RF user link, Va,is Jo, J3 , and J; can be further simplified by
using [72, Eq.(B.1)] as
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It can be inferred from (38) that when p, — oo, the parameter x grows towards infinity too
and the outage probability is saturated by an irreducible floor regardless of the nonlinear HPA
model at the relay. Indeed, the impairments become very severe at high SNR range and the
outage probability does not decrease with an increase in the average electrical SNR. However,
in the case of linear PA at the relay, the outage probability converges to zero when u, — oo.
This confirms that the hardware impairments can significantly limit the performance of VHTS

systems and therefore should be considered in the design of such systems.

B. Average BER

1) Exact Analysis: A generalized expression for the average BER of the i-th UT for a variety

of modulation schemes can be expressed as [73, Eq.(22)]
P.;= L z”: q /00 P e R (2) dx, (46)

2r (P) —1 0

where n, 0, p, and ¢, vary depending on the modulation technique and the type of detection
(i.e IM/DD or heterodyne detection) and are listed in Table I. It is important to mention here
that for IM/DD technique, we investigate the average BER for on-off keying (OOK) modulation
since it is the most commonly used intensity modulation technique in practical FSO systems
due to its simplicity and resilience to laser nonlinearity. For heterodyne detection and in addition
to binary modulation schemes, we analyze the average BER for multilevel phase shift keying
(MPSK) and quadrature amplitude (MQAM) that are commonly deployed in coherent systems.
By substituting (A.5) in (46), integrating using [62, Eq.(3.381/4)] and applying [74, Eq.(1)], a



unified expression for the average BER of the i-th UT for all these modulation schemes can be
derived in exact closed-form in terms of the bivariate Meijer’s G function as
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TABLE I: Parameters for Different Modulation Schemes

Modulation ) D Gu n Type of Detection
OOK 1 /2 1/2 1 IM/DD
BPSK 1 1/2 1 1 Heterodyne
. 2u—1)m
M-PSK m 1/2 51112 (%) max (%7 1) Heterodyne
4 1 3(2u—1)2 VM
M-QAM mw (1-2) 12 B M Heterodyne

It is worth noting that the major advantage of (47) is that it presents a unified BER expression
in a compact form that is valid for both heterodyne and IM/DD techniques and applicable
to a variety of modulation schemes. In addition, to reveal some useful insights, we derive an
asymptotic expression for the average BER at high SNR regime as shown by (48).

2) Asymptotic Analysis: Similar to the asymptotic outage probability analysis, a simpler
closed-form expression for the average BER of the i-th UT for a variety of modulation techniques
can be obtained at high SNR regime by substituting the CDF expression at high SNR, obtained
from (38), into (46), and utilizing [62, Eq.(3.381/4)] as

2 ) ) ml—l m;—1 k
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It is important to mention that the asymptotic expression of the average BER given in (48)

is simpler and much more analytically tractable than the exact expression of the BER obtained
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in terms of the bivariate Meijer’s G function in (47), which is a quite complex function and
not a standard built-in function in most of the well-known mathematical software tools such as
MATHEMATICA and MATLAB. Interestingly, (48) is very accurate and converges perfectly to
the exact result in (47) at high SNR regime, which is illustrated in section V. Similar to what
was concluded from the asymptotic expression of the outage probability in (38), it can be easily
shown that a BER floor is created at high SNR range due to HPA nonlinearity, which becomes

higher as IBO gets lower.

C. Ergodic Capacity

Exact Analysis: The ergodic capacity of the ¢-th UT of an FSO-based mutilbeam VHTS
system with HPA nonlinearity can be calculated as [75], [76, Eq.(26)] [77, Eq.(7.43)]

C 2 E[ln(l + 7)) = ﬁ/ﬂwu +72) " FC (2) da, (49)
where 7 = e/(27) for the IM/DD technique and 7 = 1 for the heterodyne detection technique. It
is worthy to mention that the expression in (49) is exact for » = 1 while it is a lower-bound for
r = 2, and can be achieved in exact closed-form in terms of the bivariate Meijer’s G function
by substituting (A.5) into (49), applying [68, Eqs.(07.34.03.0271.01) and (07.34.21.0009.011)],
and using [74, Eq.(1)] as
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In the special case when x = 1, (50) reduces to the ergodic capacity of the i-th UT of an

FSO-based mutilbeam VHTS system with linear PA at the satellite transponder.

V. NUMERICAL RESULTS

In this section, we examine the performance of a FSO-based multibeam VHTS system in the
presence of atmospheric turbulence, beam wander effect, pointing errors, and HPA nonlinearities
using the set of parameters listed in Table II [26], [47]. Monte-Carlo simulations are also included

and compared with the obtained analytical results over 10° realizations. A very good match
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TABLE II: System Parameters

Parameter Value

Altitude of the satellite, H 35786 x 103 m (GEO)
Altitude of the OGS, ho 0m

Zenith angle, ¢ 30°

Carrier frequency, f 20 Ghz (Ka-band)
Number of beams, IV 7

Beam radius, R 250 Km

Satellite antenna gain, G 52 dBi

UT antenna gain, Gt 38.16 dBi

Noise bandwidth, B, 50 MHz
Boltzman constant, kg 1.38 x 1072 JK
Receiver noise temperature, 7’ 207 K

3 dB angle, 0348 0.4°

Transmitter beam radius, Wy 0.02 m

Wind velocity, w 21m/s
Wavelength, A 1550 nm

Phase front radius of curvature, Fy oo

between all the derived and the respective simulated results is observed, and hence, the accuracy
of the proposed framework is verified. As illustrated in Fig. 1, we consider a FSS system with
a coverage area composed of N = 7 beams that serves multiple single antenna UTs. Assuming
that there is only one UT per beam, each UT has a fixed position within each beam as shown by
Fig. 1. Without loss of generality, we consider three types of turbulence conditions based on three
values of nominal ground turbulence levels, i.e. C2(0) = 1 x 10~ 3m~3, C2(0) = 5 x 10~ 3m"3,
and C2(0) = 1x 10~'2m~3 [63]. Hence, from (4) and (5), the scintillation parameters (c, 3) can
be computed as (8.41, 14.67) with o, = 154.9, (2.57, 5.36) with o, = 141.59, and (1.52, 3.29)
with o, = 133.18, respectively, when beam wander effects are included, whereas (o, 3)=(15.4,
14.67), (5.76, 5.36), and (3.62, 3.29), respectively, when beam wander effects are ignored. In

addition, for the RF user link, two channel fading conditions are considered, namely, unfrequent
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light {m;, b;, Q;} = {19,0.158,1.29} and frequent heavy {m;, b;, Q;} = {1,0.063,8.97 x 10~*}
shadowing as provided in [56, Table III]. Moreover, Since the noise power is normalized by
kpB,T, in (20), we can assume that 07 = 1 and we select 02 = 1, I[; = 1, and G = 1.
Furthermore, we evaluate the performance relevant to the central beam which is located in the
center of the coverage area and receives the maximum interference from the six adjacent beams
as illustrated in Fig. 1.

The outage probability versus the average electrical SNR i, of the FSO feeder link under
SSPA and TWTA models is plotted in Fig. 2 for different values of ~,. For both nonlinear
HPA models, IBO is set to 25 dB. Results of the linear PA are also included for comparison
purposes. It can be observed that the outage performance improves with the increase of u, up
to 35 dB under both TWTA and SSPA models. Moreover, both TWTA and SSPA as well as
linear PA have the same impact on the outage probability up to 35 dB of the average electrical
SNR. However, when p,. exceeds 35 dB, the nonlinearity effect of the power amplifier becomes
more pronounced and the outage probability does not decrease even if p, proceeds to increase.
Indeed, as p, gets larger, an outage floor is introduced regardless of the nonlinear HPA model
while, it does not occur in the case of linear PA system that evidently performs better than the
system with nonlinear power amplifier. Also, it can be noted that above 35 dB, TWTA and SSPA
have different effects on the outage performance and the degradation of the outage probability
caused by TWTA model is the largest. Furthermore, it is evident that the greater the value of
the effective SNDR 4y, the higher will be the outage probability of the system for both HPA
models. The asymptotic results of the outage probability at high average electrical SNR values
obtained by using (38) are also included in Fig. 2. Obviously, the asymptotic results of the
outage probability match perfectly the analytical results in the high SNR regime. This justifies
the accuracy and the tightness of the derived asymptotic expression in (38).

Fig. 3 illustrates the effect of beam wander associated with an untracked collimated beam on
the outage performance for three different transmitter beam sizes W, corresponding to 1, 2, and
5 cm. We consider the SSPA model with IBO = 25 dB. Based on (7), a value of r; = 1.8
cm is calculated for the Fried’s atmospheric coherence width. The effect of the pointing error
is fixed at £ = 1.1. As clearly seen for this figure, the outage performance under both IM/DD
(i.e. » = 2) and heterodyne (i.e. » = 1) techniques is reduced when the transmitter beam size
increases and it becomes worse when W /rg >> 1. This is due to the fact that the scintillation

index (SI) becomes higher as the ratio W, /r( increases as demonstrated in [26]. Indeed, using
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Fig. 2: OP under TWTA and SSPA models with 25 dB IBO for different values of v, when £ = 1.1 and C2(0) = 1 x 10~ '?

with beam wander effect under light shadowing conditions using IM/DD along with the asymptotic results at high SNR.

[26, p. 517], the above mentioned transmitter beam sizes correspond to SI=0.81, 1.05, and 1.97,
respectively for C2(0) = 1 x 10~12m~5. Moreover, Fig. 2 indicates that the heterodyne detection
always performs better than the IM/DD technique for all SNR range, as expected. Although
most of laser SatCom systems are based on the direct detection technique due to its simplicity
and ease of deployment [26], coherent detection for the feeder link is preferred as it offers
better spectral efficiency and higher sensitivity, compared to the IM/DD technique [28]. Other
outcomes, specifically for the high SNR asymptotic results and the outage floor due to HPA
nonlinearity, can be clearly seen similar to Fig. 2 above.

Fig. 4 depicts the effect of changing the nominal ground turbulence levels on the outage
performance under both IM/DD and heterodyne techniques without beam wander effect in the
case when 7, = 5 dB. We set the pointing error parameter to & = 1.1 and consider the TWTA
model for nonlinear HPA with IBO = 25 dB. We can observe that reducing the ground turbulence
level results in better performance under both detection techniques. This phenomenon is due to
the fact that the strength of the optical turbulence decreases as C2(0) becomes smaller.

The average BER performance with OOK modulation under TWTA model with 10 and 20

dB IBOs and different values of the pointing error parameter £ without beam wander effect is
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Fig. 3: OP under SSPA model with IBO = 25 dB for different values of the transmitter beam size Wy with C2(0) =
1 x 1072m~3 under light shadowing conditions for £ = 1.1 and 1, = 0 dB.
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Fig. 4: OP under TWTA model with IBO = 25 dB for different values of C2(0) without beam wander effect under light
shadowing conditions for £ = 1.1 and <, = 5 dB with the asymptotic results at high SNR.
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Fig. 5: Average BER with OOK under IM/DD for different TWTA IBOs and pointing errors with C2(0) = 1 x 10~ "3m~3

under light shadowing conditions.

shown in Fig. 5. Under the same conditions, results of the linear PA are also plotted in Fig. 5.
Similar to the outage probability analysis, the same floor effect is observed here and as clearly
seen, its level becomes higher as the value of IBO gets smaller and it vanishes when linear
PA is employed. Moreover, the average BER performance improves as IBO increases for both
values of &. This can be attributed to the fact that larger IBO values are associated with higher
input power saturation levels Ag,; and consequently result in lower nonlinear distortion caused
by HPA. Fig. 5 also illustrates the effect of the pointing error on the BER performance. We can
observe that for higher values of &, the effect of the pointing error is less severe and the average

BER gets better, especially for higher values of IBO.

To further illustrate the effect of IBO, the average BER with OOK modulation under dif-
ferent TWTA and SSPA IBO values is depicted in Fig. 6 for & = 1.1. As can be seen, the
distortion caused by the amplifier’s nonlinearity under both TWTA and SSPA models results in
a degradation of the average BER performance, which becomes larger for lower values of IBO
and a BER floor is introduced under both TWTA and SSPA especially at high SNR. As can be
seen, the distortion caused by the amplifier’s nonlinearity under both TWTA and SSPA models

results in a degradation of the average BER performance, which becomes larger for lower values



26

of IBO and a BER floor is introduced under both TWTA and SSPA especially at high SNR.
Indeed, the effect of IBO on the average BER performance becomes more significant with the
increase of the average electrical SNR. At low values of p,., the IBO has a negligible impact
on the performance and the system operates efficiently. This can be clearly observed from this
figure as the average BER is almost the same for all values of IBO, especially for an average
electrical SNR less than 15 dB. As i, increases, the IBO parameter becomes more involved and

the average BER performance improves as IBO gets larger. Moreover, for all values of IBO,
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Fig. 6: Average BER with OOK under IM/DD under TWTA and SSPA models with different values of IBO for £ = 1.1 and

C2(0) =1 x 10~'2m~3 with beam wander effect under light shadowing conditions.

SSPA performs better than TWTA but its performance is still inferior to that of the linear PA.
Additionally, it can be concluded that, it is necessary to use large values of IBO to obtain similar
performance to the linear PA at least up to 40 dB of average electrical SNR. Furthermore, it
can be observed that in the high SNR regime, the asymptotic expression of the average BER
derived in (48) converges perfectly to the exact result proving the tightness of this asymptotic
result.

The BER performance for 64-QAM, 16-PSK, 16 QAM, and BPSK modulation schemes under
the heterodyne detection technique and TWTA with an IBO of 25 dB, is shown in Fig. 7 with
varying effects of the pointing error (¢ = 0.5 and 1.1). Clearly, we can observe that the BER
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performance for all modulation techniques gets better for lower effect of the pointing error (i.e.
higher values of £). Moreover, it can be seen from Fig. 7 that 16-QAM outperforms 16-PSK, as
expected when M > 4 [78] and BPSK modulation offers the best performance compared to the
presented modulation techniques. Other outcomes, particulary for the asymptotic result at high

SNR, can be noticed similar to Fig. 6.
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Fig. 7: Average BER for different modulation schemes under TWTA with IBO = 25 dB and for varying effects of the pointing

error with C2(0) = 1 x 107"2m~3 with beam wander effect under light shadowing conditions.

Fig. 8 presents the ergodic capacity using the IM/DD technique for negligible effect of the
pointing error £ = 6.7 in the presence of HPA nonlinearity. Both TWTA and SSPA models are
considered with different values of IBO. As clearly seen from the figure, a capacity ceiling is
created under both HPA models specially for small values of IBO. Moreover, it can be observed
that there is an enhancement in the ergodic capacity as IBO increases and this improvement is
greater when SSPA is used. For instance, both SSPA with IBO=25 dB and linear PA have the
same impact on the ergodic capacity up to 40 dB. This confirms that SSPA performs better than
TWTA.

In Fig. 9, the ergodic capacity performance is plotted for both IM/DD and heterodyne tech-
niques under light as well as heavy shadowing conditions. TWTA is considered with 25 dB

IBO. It can be observed that as the shadowing conditions get severe, the performance under
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Fig. 8: Ergodic capacity under TWTA and SSPA with different values of IBO for & = 6.7 and C2(0) = 1 x 107¥m~3 with

beam wander effect under light shadowing conditions.
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Fig. 9: Ergodic capacity under TWTA with IBO = 25 dB for different shadowing conditions with C2(0) = 1 x 10™* without

beam wander effect under both IM/DD and heterodyne techniques.
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both types of detection is reduced. Moreover, the performance of each scheme saturates at the
same level for high SNR regardless of the shadowing conditions because of the dominance of
the HPA nonlinearity effect. In addition, as shown earlier in the outage performance analysis,

the heterodyne technique performs much better than IM/DD under all shadowing conditions.

VI. CONCLUSION

In this paper, the performance of a multibeam VHTS system that uses the FSO technology
in the feeder link and accounts for HPA nonlinearity has been analyzed in terms of the outage
probability, the average BER, and the ergodic capacity when the FSO link operates under either
IM/DD or heterodyne techniques. Closed-form expressions for these performance metrics are ob-
tained in terms of the bivariate Meijer’s G function considering the Gamma-Gamma distribution
with beam wander and pointing error effects in the FSO feeder link, and the shadowed Rician
fading channel in the RF user link. In addition, asymptotic results for the outage probability
and the average BER in the high SNR regime are derived in terms of simple functions. The
presented numerical results have demonstrated the notable effects of the atmospheric turbulence,
the beam wander, the pointing errors, the shadowing conditions, and the HPA nonlinearity on
the overall system performance. It has been shown that increasing the transmitted beam size or
the nominal ground turbulence levels can result in severe performance degradation because of
the increase in the scintillation index. Moreover, pointing errors can significantly degrade the
performance, particularly for small values of the pointing error coefficient. Furthermore, the use
of the heterodyne detection can considerably reduce the outage probability and the BER and
increase the capacity, thereby improving the system performance. Our results also manifested
the deleterious effects of the nonlinear distortion introduced by both TWTA and SSPA models
compared to the linear PA case, especially with low IBO values, and revealed that the TWTA

model leads to the greatest performance degradation.
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APPENDIX A
CDF oF THE END-TO-END SNDR

This appendix derives closed-form expression for the CDF of the end-to-end SNDR at the

i-th UT ~,;. We start by deriving the CDF of A; = ,{3;7110 which can be written as

Py (2) = Pr {L - }

kY2 +C —
= V1 Y2,
_1—/0 (1—P1" {mﬁxwlbfm(%)d%
© Cx
—1—/ F.,. — fyu(kx+2)dz, (A.1)
0

where C = tr [(BBH)_l} Y, + K and sz,i(') stands for the complementary CDF of v, ; derived
from (33) by applying [62, Eq.(3.351/2)] as
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Substituting (A.2) and (30) into (A.1), transforming the exp(-) function to its correspondent
Meijer’s G function by applying [68, Eq.(01.03.26.0004.01)], using the definition of the Meijer’s
G function given in [62, Eq.(9.301)], and interchanging the integrals, the CDF of A becomes
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where £, and L, represent the s- and ¢-plane contours, respectively. Utilizing [62, Eq.(3.194/3)]
then [62, Eq.(8.384/1)], [ 2797%(z + rkw)r ' dz reduces to (k)7 *IT(1 — j — s)I(j + s —
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L)/T(1 — 1), and (A.3) can be re-written as
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Plugging I'(nz) = n"*~2(27) 2 Z;é I'(z+ %) for n € N in (A.4) yields
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With the help of [74, Eq.(1)], the CDF of A; can be derived in terms of the bivariate Meijer’s

G function as
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where Ky = A(r,1—¢&%),A(r,1 —a),A(r,1— ) and A(r,u) = %, %5 “=L Finally, the

P

desired CDF expression of the end-to-end SNDR at the ¢-th UT, ~;, can be easily obtained from
(A.6) using a simple RV transformation as shown by (34).
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APPENDIX B

MOMENTS

By applying [74, Eq.(12)], the bivariate Meijer’s G function in (35) can be written as a definite
integral involving the product of three Meijer’s G functions and therefore, the moments can be

expressed as
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By transforming the Meijer’s G function to its correspondent Fox’s H function with the help of
[71, Eq. (2.9.1)], inverting the argument of the obtained Fox’s H function via [71, Eq. (2.1.3)],
applying [71, Eq. (2.4.5)], and utilizing the integral identity [79, Eq. (2.8)], (B.1) reduces to
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Finally, (B.2) is further simplified to (36) by exploiting the integral identity [62, Eq.(7.813)].
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