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Abstract— A whole suite of innovative technologies and archi-
tectures have emerged in response to the rapid growth of wireless
traffic. This paper studies an integrated network design that
boosts system capacity through cooperation between wireless
access points (APs) and a satellite for enhancing the network’s
spectral efficiency. As for our analytical contributions, upon
coherently combing the signals received by the central processing
unit (CPU) from the users through the space and terrestrial
links, we first mathematically derive an achievable throughput
expression for the uplink (UL) data transmission over spatially
correlated Rician channels. Our generic achievable throughput
expression is applicable for arbitrary received signal detection
techniques employed at the APs and the satellite under realistic
imperfect channel estimates. A closed-form expression is then
obtained for the ergodic UL data throughput, when maximum
ratio combining is utilized for detecting the desired signals. As for
our resource allocation contributions, we formulate the max-min
fairness and total transmit power optimization problems relying
on the channel statistics for performing power allocation. The
solution of each optimization problem is derived in form of
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a low-complexity iterative design, in which each data power
variable is updated relying on a closed-form expression. Our
integrated hybrid network concept allows users to be served
that may not otherwise be accommodated due to the excessive
data demands. The algorithms proposed allow us to address the
congestion issues appearing when at least one user is served at a
rate below his/her target. The mathematical analysis is also illus-
trated with the aid of our numerical results that show the added
benefits of considering the space links in terms of improving the
ergodic data throughput. Furthermore, the proposed algorithms
smoothly circumvent any potential congestion, especially in face
of high rate requirements and weak channel conditions.

Index Terms— Cooperative network, space-terrestrial commu-
nications, linear processing, ergodic data throughput.

I. INTRODUCTION

HE spectral vs energy efficiency trade-off of terrestrial
communication systems has been remarkably improved
in the recent decades, especially by the fifth-generation (5G)
system [2], [3]. However, further escalation of the tele-traffic is
anticipated with billions of devices managed by the terrestrial
wireless networks. The seamless tele-presence services of
the near future require a high data rate and low end-to-
end delays [4]. To handle these increasing demands Massive
MIMO (multiple-input multiple-output) techniques have been
conceived [5], but the escalating inter-cell interference limits
the performance of dense networks operating without any
base-station (BS) collaboration. Cell-edge users may suffer
from increased interference that leads to low throughput.
Future wireless systems will offer high throughput per
user principally still based on the access to new spectrum,
while intelligently coordinating a number of access points
(APs) in a coverage area [6]. This leads to the concept of
distributed MIMO systems [7] or Cell-Free Massive MIMO
systems [8], which serve a group of users by a group of APs.
The network then coherently combines different observations
of the transmitted waves received over multiple heterogeneous
propagation paths [9] using either maximum ratio combing
(MRC) or minimum mean square error (MMSE) reception.
Satellite communication has attracted renewed interest as
a promising technique of providing services for many users
across a large coverage area [10]. However, given the large

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-5675-8414
https://orcid.org/0000-0002-9936-7245
https://orcid.org/0000-0002-9806-6408
https://orcid.org/0000-0001-5122-0001
https://orcid.org/0000-0002-2636-5214
https://orcid.org/0000-0003-2298-6774

774

footprint of the satellite and its limited bandwidth shared by
many users, both its area spectral efficiency and the per-user
rate remain low. Geostationary (GEO) satellites have gained
popularity, given their long coherence time [11], [12], [13].
However, their drawback is their excessive delay of about
120 ms and expensive manufacturing as well as launch.
Consequently, the low latency, smaller size, and shorter delays
of non-GEO (NGSO) satellites are considerable benefits [14],
[15], [16], especially extensions to megaconstellations [17].
Hence, companies such as SpaceX, OneWeb, TeleSAT, and
Amazon have already started the deployment of large Low
Earth Orbit (LEO) satellite constellations [18].

Both academia and industry have recently intensified their
research of NGSO aided terrestrial communications [19], [20],
[21]. The Digital Agenda for Europe initiative is also aiming
for enhancing terrestrial connectivity [22]. As for the demands
of tomorrow’s networks, the authors of [20] considered the
performance of a space communication system that replaces
terrestrial APs by LEO satellites. Despite integrating a LEO
satellite into a terrestrial network [21], the received signals
were detected independently i.e., without exploiting the bene-
fits of constructive received signal combination. As a further
contribution, the coexistence of fixed satellite services and
cellular networks was studied in [23] for transmission over
slow fading channels subject to individual user throughput
constraints. The ergodic rate of the fast fading channels was
considered in [24] and [25] or the hybrid coverage probability
and average interference modeling [26] under the assumption
of perfect channel state information (CSI) and no spatial
correlation. In a nutshell, the literature of space-terrestrial
integrated networks suffers from the following limitations:
1) most of the performance analysis and resource allocation
studies rely on the idealized simplifying assumptions of per-
fect instantaneous CSI knowledge, which is challenging to
acquire in practice, especially under high mobility scenarios;
1) the spatial correlation between satellite antennas is ignored,
even though it is unavoidable in the existing planar antenna
arrays; 4i7) all the users are treated equally, despite their
heterogeneous throughput requirements and different channel
conditions; and iv) for a feasible solution, the networks are
supposed to satisfy all the user-specific throughput require-
ments, regardless of the finite network dimensions, which is a
strong assumption in multiple access scenarios.

However, to the best of our knowledge, there is no analy-
sis of the space-terrestrial network in the literature in the
face of the spatial correlation imposed by an antenna array,
when coherently combining the signal received from both the
satellite and terrestrial APs. By taking advantage of both the
distributed Cell-Free Massive MIMO structure and satellite
communications, we evaluate the ergodic throughput of each
user relying on a limited number of APs and demonstrate how
the satellite enhances the system performance. Furthermore,
we study a pair of long-term power allocation problems relying
on the knowledge of channel statistics. Explicitly, our main
contributions are summarized as follows:

i) We derive the achievable rate expression of each user

in the uplink (UL) for transmission over spatially corre-
lated fading channels, when relying on centralized data
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TABLE I
NOTATION AND SYMBOLS

T Regular transpose
(HH Hermitian transpose
tr(X) Trace of square matrix X
Iy Identity matrix of size N X N
CN(--) Circularly symmetric Gaussian distribution
E{-} Expectation of a random variable
mod (-, ) Modulus operation
L] Floor function
® Kronecker product
|X| Cardinality of set X
Ji(4) Bessel function of the first kind of order one
o) Big-O notation

processing. If the MRC technique is used both at the APs
and at the satellite gateway, a closed-form expression of
the ergodic net throughput will be derived.

Furthermore, we formulate a max-min fairness optimiza-
tion problem that simultaneously allocates the powers to
all the scheduled users and guarantees uniform through-
put for the entire network. In contrast to the interior-point
method of [7] and [27], we determine the user-specific
optimal power for each user at a low complexity by
exploiting the quasi-concavity of the objective function,
the standard interference functions, and the bisection
method.

For supporting users who have different rate require-
ments, we formulate and solve a total transmit power
minimization problem, while meeting the long-term indi-
vidual throughput requirements. The proposed algorithms
detect and handle any potential congestion encountered,
when the throughput requested by the users cannot be
met.

Our numerical results quantify the value of the satellite in
improving both the total and the minimum user through-
put. More explicitly, the users having poor channel con-
ditions glean considerable benefits from the satellite’s
assistance. Besides, many users may still have their
data throughput requirements satisfied in the face of
congestion.

i)

i)

iv)

The rest of this paper is organized as follows: Section II
presents our space-terrestrial communication system model,
the channel model, and the UL channel estimation pro-
tocol. Our ergodic throughput analysis is provided in
Section III. Based on our closed-form achievable rate expres-
sion, Section IV formulates and solves our optimization prob-
lems under the constraints of limited power budgets and
throughput requirements. Our numerical results are presented
in Section V, while our conclusions are offered in Section VI.
Table I tabulates the common notation and symbols utilized
throughout the paper.

II. SYSTEM MODEL

We consider a distributed multi-user network comprising
M APs each equipped with a single receiver antenna (RA).
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Fig. 1. Tllustration of a cooperative satellite-terrestrial wireless network.

The APs cooperatively serve K users in the UL, all equipped
with a single transmit antenna (TA). The system performance
is enhanced by the assistance of an NGSO satellite having
N RAs arranged in an Ny x Ny-element rectangular array
(N = Npg x Ny), as illustrated in Fig. 1. Both the satellite
gateway and the APs forward the UL signals received from
the users to a central processing unit (CPU) by fronthaul
links. As seen in Fig. 1, the APs rely on optical fronthaul
links, while the satellite has a radio downlink (feeder link)
to the ground station, which forwards the users’ UL signal
to the CPU. We assume that the optical fronthaul links and
the feeder link has imperfect channel gains synthesized in a
complex Gaussian distribution that influence both the pilot
training and data transmission phases. Since the dispersive
channels fluctuate both time and frequency over wideband
systems, orthogonal frequency division multiplexing (OFDM)
is used for mitigating it [28]. A block-fading channel model
is applied across the OFDM symbols, where the fading
envelope is assumed to be frequency-flat through an entire
OFDM symbol and then faded randomly for the next OFDM
symbol. We assume that a fraction of K subcarriers of each
OFDM symbol are known pilots, while the remaining 7. — K
subcarriers are used for UL payload data transmission. For our
system model considered in Fig. 1, the satellite antenna’s gain
is sufficiently high to amplify the weak UL signals received
from the distant terrestrial users on the ground [19]. The
following further assumptions are exploited for pilot and data
signal processing:

o The UL channels are locally estimated both at the satellite
gateway and at the APs to formulate the desired receiver
combining vectors during the pilot-aided training phase.
The detailed interpretation is presented in Section II-B.

e In the UL data transmission phase, linear combining
weights are applied to the signals received at the APs
and separately to the satellite gateway before forwarding
their linearly combined signals to the CPU for coherent
receiver-combining. The detailed interpretation is pre-
sented in Section III-A.

Although the signal power received by the satellite may be
significantly lower than that of the terrestrial APs, the large
RA array of the satellite is capable of compensating this with

the aid of its high receiver gain. Consequently, the coherent
receiver-combining applied at the CPU is still capable of
improving the terrestrial links, provided that the satellite has
a high TA gain and the ground station has a high RA gain for
compensating the pathloss [29].

A. Channel Model

The terrestrial UL channel between AP m and user k,
Vm, k, denoted by gmr € C is modeled as g ~
CN(0, Bnk), where (B is the large-scale fading coefficient
that involves both the path loss and the shadow fading caused
by obstacles. The channel between the UL transmitter of user &
and the satellite receiver, denoted by g;. € C", has been mod-
eled according to the 3GPP recommendation (Release 15) [19]
and obeys the Rician distribution as g ~ CN(g, Ry), where
g, € CV denotes the LoS components gleaned from the N
RAs in the UL. The matrix Ry € CN*V is the covariance
matrix of the spatially correlated signals collected by the RAs
of the satellite attenuated by the propagation loss.! The LoS
component is given by

gr=/ krbr/(kr + 1) {eje(ekwk)Tclv . €jg(0k’Wk)TCN} ) ;
(D)

where 0 and wy, are the elevation and azimuth angle, respec-
tively; kx > 0 represents the Rician factor; and (i is the
large-scale fading coefficient encountered between user k and
the satellite, which depends both on the satellite’s altitude
and on the user’s location (please see (45) in Section V for
a particular scenario). We assume that the antenna array is
a rectangular surface (please see Fig. 1), whose wave form
vector (0, wy) [30], [31] is defined as

L0, wi) = 2%[005(9;@) cos(wg ), sin (6 ) cos(wy ), sin(8)] 7,
2

with A being the wavelength of the carrier. In (1), there are
N indexing vectors, each given by

cm = [0,mod(n — 1, Ng)dg, | (n — 1)/Ng|dv]T, 3)

where dy and dy represent the antenna spacing in the
horizontal and vertical direction, respectively. The 3D channel
model of [32] and [33] relies on the spatial correlation matrices
of a planar antenna array, formulated as

Ry = (Br/(kr +1))Ri.u @ Ry v, “4)

where Ry, g € CNuxNu gpd Riv € CNv*Nv are the spatial
correlation matrices along the horizontal and vertical direction.

Remark 1: The propagation channels considered in this
paper involve several practical aspects [19], [34]. The ter-
restrial channels represent isotropic environments having no
dominant propagation path. Furthermore, the presence of a
satellite generates extra paths associated with strong reflected
waves. Hence, they are formulated for a compact antenna
array obeying a generic ray-based 3D channel model that

IThe propagation loss in the carrier frequency range from 0.5 GHz to
100 GHz has been well documented in [19].
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splits the spatial correlation into the azimuth and elevation
dimensions. This model is representative of isotropic scat-
tering environments in the half-space in front of users. Our
framework can be widely applied to different space-terrestrial
communication scenarios by adopting the corresponding prop-
agation settings of [19] and [34].

B. Uplink Pilot Training

All the K users simultaneously transmit their pilot signals
in each coherence block of the UL. We assume to have the
same number of orthogonal pilots as users, i.e., we have the
set {¢1,...,0x}, where the pilot ¢, € CK is assigned to
user k so that we have ¢kH¢k" = 1 if k = k. Otherwise,
#H ¢, = 0. The training signal received at AP m, y,,, € CK,
is a superposition of all the UL pilot signals transmitted over
the propagation environment, which is formulated as

K
Yom = D, VPEguidi! + Wy, (5)

where p is the transmit power allocated to each pilot symbol
and Wy, ~ CN(0,021, ) is the additive white Gaussian noise
(AWGN) at AP m having zero mean and standard derivation
of 0, [dB]. Furthermore, the training signal received at the
GPU from the space link of Fig. 1 used for estimating the
satellite UL channel is formulated as

v, =S oK + W ©6)
P kel k@ P>

where W, ¢ CN*E models the AWGN, the imperfect
feeder link, and the imperfect synchronization between the
satellite and terrestrial links with each element distributed as
CN(0,02). The desired UL channels are estimated both at the
APs and the satellite gateway by relying on the minimum mean
square error (MMSE) estimation, as shown in Lemma 1.2
Lemma 1: The MMSE estimate (). of the UL channel ¢,
between user k and AP m can be computed from (5) as

VpK 5mkyfm¢k

7
pKﬁmk’"‘Ug ’ M

gk = E{gmrly .o} =
which is distributed as gmp ~ CN(0,ymx) and its variance
is

2
pK mk
pKﬁmk + Ug
The channel estimation error emi = Gmk — Gmk i distributed
as emp, ~ CN(0, Bk — Ymk). Observe that the channel esti-
mate Gy and the channel estimation error are independent.

The MMSE estimate gy of the channel gy, spanning from
user k to the satellite can be formulated based on (6) as

gk = 8 + VPERy®: (Yoo — /PKgy), ©)
where we have ®;, = (pKRk + O’EIN)il. Additionally, the
channel estimation error e, = g — &r and the channel

2We consider the MMSE estimation in this framework since it is Baysian
estimator, which minimizes the mean square error (MSE). The performance
of the suboptimal channel estimators with lower computational complexity is
of interest and left for a future work.
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estimate g, are independent random variables, which are
distributed as

gr ~ CN(gk,p KRy® Ry ), e, ~ CN(0,R,—pKOy),
(10)

with ek = Rk‘DkRk,Vk.

Proof: The proof follows from adopting the standard
MMSE estimation of [35] for our system and channel
model. U

Given the independence of the channel estimates and esti-
mation errors, this may be conveniently exploited in our
ergodic data throughput analysis and optimization in the
next sections. The LoS components of the space links can
be estimated very accurately at the satellite gateway from
its received training signals. The closed-form expression of
the channel estimates obtained in Lemma 1 will be utilized
to formulate the receivers’ combining weights required for
detecting the desired signals in the UL satellite and APs.

IIT. UPLINK DATA TRANSMISSION AND
ERGODIC THROUGHPUT ANALYSIS

This section presents the UL data transmission, where all
users send their signals both to the APs and to the satellite
in a multiple-access protocol. The UL throughput of each
user is derived first for arbitrary signal detection techniques.
Then a closed-form expression is obtained for an MRC
receiver, which is computationally simple and can be readily
implemented in a distributed manner relying on the channel
estimation procedure detailed in Section II-B.?

A. Uplink Data Transmission

All the K users transmit their data both to the M APs
and to the satellite, where the symbol s; of user k& obeys
E{|sx|?} = 1. This data symbol is allocated a transmit power
level pr > 0. The signal received at the CPU by the space
links, denoted by y € CV, and AP m, denoted by ,, € C,
are, respectively, formulated as

K
y = Zk:l VPr8ksk + W and Yy,

K
= VPRGmisk + W, (11)

where w ~ CN(0,02%Iy) and w,, ~ CN(0,02) represent
the AWGN noise and the other imperfections at the satellite
receiver and at AP m, respectively. By exploiting (11), the
system detects the signal received from user &, Vk at the CPU
from the following expression

Sk = W'y + Uk, (12)
where u;, € CV is the linear detection vector used for
inferring the desired signal arriving from the satellite and

Umr € C is the detection coefficient used by AP m

3Other linear combining techniques, such as partial MMSE, offer better
performance than MRC, therefore, gaining much research interest. By relying
on the random matrix theory, the closed-form expression of the ergodic data
throughput of the partial MMSE combining technique can be derived in the
asymptotic regime, which may be parts of our future work.
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(see Fig. 1). The received symbol estimate in (12) combines
all the different propagation paths, which explicitly unveils
the potential benefits of integrating a satellite into terrestrial
networks for improving the reliability and/or the throughput.
Upon considering only one of the right-hand side terms
of (12), the received signal becomes that of a conventional
satellite network [20] or a terrestrial cooperative network [27].
Thus, we are considering an advanced cooperative wireless
network relying on the coexistence of both space and terrestrial
links.

B. Uplink Data Throughput

We emphasize that if the number of APs and antennas at
the satellite is sufficiently high to treat the channel gain of the
desired signal in (12) as a deterministic value, the throughput
of user k can be analyzed conveniently. In order to carry out
the throughput analysis, let us first introduce the new variable

M
H
Zkk = U, Grr + E oy Umk Gk (13)

which we term as the overall channel coefficient after the use
of signal detection techniques, including both the satellite and
terrestrial effects. The overall channel coefficient in (13) leads
to a coherent received signal combination at the CPU. We can
assume perfectly phase-coherent symbol-synchronization at
all the receivers and neglect any phase-jitter.* Otherwise,
the imperfect phase-coherent symbol-synchronization can be
synthesized by the Gaussian distribution (see Fig. 12). In par-
ticular, the desired signal in (12) becomes

Sk

= VPeB{zr Y s 4+ ok (zkk — E{zkk}) s
K
+ Z ,/pk/zkkfskf—l—a,*cukHw—l—Z

K'=1,k"£k

M

%
m=1 Uk Wms

(14)

where the first additive term contains the desired signal asso-
ciated with a deterministic effective channel gain. The second
term represents the beamforming uncertainty, demonstrating
the randomness of the effective channel gain for a given
signal detection technique. The remaining terms are the mutual
interference and noise. By virtue of the use-and-then-forget
channel capacity bounding technique of [30] and [38], the
ergodic throughput of user £ is

R = (1 — K/7.) Blogy(1 4+ SINRy), [Mbps], (15)

4The satellite and terrestrial links have different time delays. Clearly, given
its wide bandwidth, fiber would be faster, requiring some buffering at the
CPU before these can be processed when the signal from the satellite reaches
the CPU. The longer propagation delay of the concatenated user-satellite-
ground-station path has to be compensated by appropriately delaying the
terrestrial signal for coherent combination at the CPU [28]. The CPU shall
be, in principle, able to detect the desired packets from the satellite system by
reading headers at higher layers. The time-delay will change due to satellite
movement. The synchronization in higher layers can be used to predict the
time delay for coherent processing of the next incoming packets, which has
to be decoded before reading the headers. The average delay experienced
by the satellite is known as a priori (based on geometry), which allows
for a coarse synchronization (up to the symbol time period) but possibly
fine synchronization might be still needed [36]. For a LEO satellite at
600 km altitude this only imposes 4 ms turn-around delay. Moreover, the
imperfect symbol-synchronization and the phase impairment in practice can
be compensated by an advanced carrier aggregation technique [37].
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where B [MHz] is the system bandwidth. The effective signal-
to-interference-and-noise ratio (SINR) expression, denoted by
SINRy, is given as The throughput in (15) can be achieved
by arbitrary signal detection techniques at the satellite and
APs, since it represents a lower bound of the channel capacity.
One can numerically evaluate (15) with the aid of the SINR
expression in (16), as shown at the bottom of the next
page, but it requires many realizations of the small-scale
fading coefficients to compute several expectations. The direct
evaluation of (15) relying on Monte Carlo simulations does not
provide analytical insights about the impact of the individual
parameters on the system performance.

C. Uplink Throughput for Maximum Ratio Combining

For gaining further insights, we derive a closed-form expres-
sion for (15) by relying on statistical signal processing,
when the MRC receiver is used by both the satellite and
the AP, i.e., Umk = Gmk,Vm,k, and uy = g, vk, as in
Theorem 1.

Theorem 1: If the MRC receiver is utilized for detecting the
desired signal, the UL throughput of user k is evaluated by
(15) with the aid of the effective SINR value obtained in closed
form for the given channel statistics as

2
_ M
i, P I8P+ () + 50 )
b M, + NOy, ’
where the mutual interference Mly, and noise NOy, are respec-
tively given as follows

A7)

K K

M = Zk’:l,k’#k P8k gul” + K Zkzzl pi 81 Ok
K K

+ Zk/:l o Ry gr + pK Zk’:l prtr (R Oy)

K M
+ Zk’:l Zm:l Pk’ ’Ymkﬁmk’v
M
NOk = o2 llgrl* +pKoltr(©n) + 02D Y.

(18)
19)

Proof: The proof is accomplished by computing the
expectations in (16) using the channel models in Section II-A
and the statistical information in Lemma 1. The detailed proof
is available in Appendix B. 0
The UL throughput of user k obtained in Theorem 1 is
a function of the channel statistics, which has a complex
expression due to the presence of space links, and it is
independent of the small-scale fading coefficients. The spatial
correlation and the LoS components created by the presence of
the satellite beneficially boost the desired signals, as shown in
the numerator of (17). The denominator of (17) represents
the interference and noise that degrades the performance,
where the SINR is linearly proportional both to the number
of satellite antennas and to the number of APs. Therefore,
the achievable throughput of each user should be improved
by installing more antennas at the satellite and more APs on
the ground. This demonstrates the benefits of distributed APs
as shown by the summation of M terms associated with the
spatial diversity gain. In the absence of the satellite, the overall
channel coefficient is simplified to zpp = Z%zl Uy L Gmk s
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and therefore the effective SINR expression reduces to
M
Pk Em=1 'Ymk|2
K M M ’
k=1 Em:1 Pk YmkBmps + 02 Zmzl Ymk
(20)

SINRy, =

which unveils that the desired signal gain in the numerator
accrues from the centralized signal processing and cooperation
among the APs in support of user k. The mutual interference
and noise are expressed compactly in the denominator. Hence
again, the throughput can be improved by increasing the
number of APs. By contrast, in the absence of the APs, the
overall channel coefficient is simplified to zp = ukH Sy
and therefore the effective SINR can be expressed as in (21),
shown at the bottom of the next page. The desired signal
strength is enhanced by both the LoS and NLoS satellite
channels, which explicitly shows the benefits of the satellite.

Remark 2: The coexistence of the satellite and APs gen-
eralizes the data throughput analysis of previous works on
either space or terrestrial communications and combines the
advantages of both the transmission modes. Coherent data
processing at the CPU yields a quadratic array gain on
the order of (M + 2N)?% The closed-form expression of the
ergodic data throughput in (17) quantifies the improvements
offered by space-terrestrial communications. For the sake of
completeness, we have shown that the stand-alone terrestrial
communications only provides an array gain scaling increased
with the number of APs, i.e., say M?, while the dominant LoS
path in each space link boosts the array gains with the order
of 4N2.

Since we consider single-antenna APs, the framework
considered leaves room for different deployment condi-
tions and for new resource allocation problems under the
space-terrestrial cooperative framework using different beam-
forming techniques and multiple antennas at the APs. Table I1
analytically compares the SINR values for the systems consid-
ered.’

IV. UPLINK DATA POWER ALLOCATION FOR
SPACE-TERRESTRIAL COMMUNICATIONS

This section considers a pair of optimization problems
comprising the max-min fairness and total transmit power

SIn this paper, we can obtain the exact closed-form solution on the
uplink ergodic rate for MRC detection for an arbitrary set of M, N, and
K. We believe that a framework to approximately derive an closed-form
expression on the uplink ergodic rate of both the ZF and MMSE detection
may indeed be constructed. However, the methodology would be different
since it requires the assumption that (M + N)/K — oo at a fixed rate [39].
The closed-form expression on the uplink ergodic rate matches very well with
Monte-Carlo simulations for (M + N)/K — oo at a given rate. By contrast,
we can obtain the exact closed-form solution of the uplink ergodic rate for the
MRC detection for an arbitrary set of M, N, and K. Since the approaches
suitable for ZF and MMSE detection are different from that of MRC detection,
we would like to leave this exciting issue for our future work.
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minimization. These optimization problems underline the con-
siderable benefits of a collaboration between the space and
terrestrial links under a finite transmit power at each user.

A. Max-Min Fairness Optimization

Fairness is of paramount importance for planning the net-
works to provide an adequate throughput for all users by
maximizing the lowest achievable ergodic rate. The max-min
fairness optimization, which we would like to solve, is formu-
lated as®

maximize min Ry, (22a)
{rr} k
subject to 0 < pr < Prhax,k » VK, (22b)

where Ppax,, 1s the maximum power that user k can allocate
to each data symbol. Due to the universality of the data
throughput expression of (15), Problem (22) is applicable to
any linear receiver combining method. This paper focuses
on the MRC method, since we have derived the ergodic
throughput with the closed-form SINR expression for each
user shown in (17).” Based on the upper-level set, the main
characteristics of Problem (22) are given in Lemma 2.

Lemma 2: Problem (22) is quasi-concave as the objective
function is constructed based on the ergodic UL throughput
in (15) with the SINR expression in (17).

Proof: The proof is based on the definition of the
upper-level set for a quasi-concave problem. The detailed
proof is available in Appendix C. 0

Lemma 2 unveils that the globally optimal solution
to Problem (22) exists and can be found in polynomial
time. We exploit the quasi-concavity to find the most
energy-efficient solution. Upon exploiting that SINRj
27 Rk /(B(7e=K)) I Problem (22) is reformulated in an
equivalent form by exploiting the epigraph representation of
[41, page 134] as follows

maximize &
{prx}

subject to SINRy > &, Vk,

0 é Pk é Pmax,k; Vk. (23)

Observe that Problem (22) handles the minimum data through-
put among all the K users on a logarithmic price scale,
whereas (23) maximizes the lowest SINR value in a linear
scale. Even though Problem (23) could be viewed as a
geometric program to attain the maximal fairness level, this
would impose high computational complexity, since a hidden

®In line with authoritative papers in the literature [27], [40], in this paper,
we assume that the backhaul is ideal in the sense that it is capable of traffic
to carry infinite rate in an error-free manner. Considering a limited backhaul
capacity is a potential extension for future work.

7 An extension to the other linear combining technique can be accomplished
by using the same methodology, but may require extra cost to evaluate the
expectations in (16) numerically.

P E{zrx } |

SINRy, =

S e E{lzin 7} = pr[E{zin}|” + E{ [ufiw|*} + S0 EB{ g, w0}

(16)
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TABLE II

COMPARISON OF THE SINR VALUE AMONG THE THREE SYSTEMS: TERRESTRIAL COMMUNICATIONS,
SATELLITE COMMUNICATIONS, AND SATELLITE-TERRESTRIAL COMMUNICATIONS

SINR Terrestrial Communications Satellite Communications Satellite-Terrestrial Communications
M 2 ; 2
Signal or( 2, 7] pi (Il + pKtr(©))° pr (I8P + PKE(©D) + T vk
m=1 z Km:I
K K Y prlglanl +pK 3 pr O+
K M X pelglael +pK X prgpOgie+ | M P
Interference 2 2 Pk YmkBmi KLk P Y peEReg+ pK 3 prtr(Rp@p)+
k=tm=l Y piBlRegr+ pK Y prtr(Rep®y) k=1 P
k=1 k=1 Z Z pk’ymkﬁmk'
7 k’=1 m=1 -
Noise oa Z] Yk o7 |I1gk|I* + pKodte(Oy) o7 |1gkl* + pKo (@) + 05 Zl Ymk
m= m=

convex structure should be deployed [42]. Observe that, for a
given value of £ = ¢, in the feasible domain, the minimum
total transmit power consumption is obtained by the solution
of the following optimization problem®

K
minimize 24a
im ey PR (24a)
subject to SINRy > &,, Vk, (24b)
0 S Pk S Rnax,k ;Vk (24C)

After that, the most energy-efficient solution of Problem (23)
should be obtained by finding the maximum value of the
variable ¢ of using, for example, the popular bisection method.
The objective function of (24) is a linear combination of
all the data power variables {py}, Vk. The power constraints
are affine, and the SINR constraint of each user can be
reformulated as

goMlk + foNOk
M 2
< ox (gl + K@) + X0 ) L @)

which is also affine. Consequently, (24) is a linear program.
A canonical algorithm can get the global solution by the
classic interior-point method. The main cost in each iteration
is associated with computing the first derivative of the SINR
constraints (24b), which might still impose high computational
complexity. Subsequently, in this paper, we propose a low
complexity algorithm based on the alternating optimization

8For a feasible value & of Problem (23), the total transmit power can
be minimized as a consequence of [43, Lemma 1] since the standard
interference functions, which are used for updating the power coefficients, are
non-increasing with the number of iterations. Consequently, we can leverage
this observation to formulate and solve the total transmit power minimization
problem in (24) for a given value &,, which is a solution to Problem (23).

approach and the closed-form solution for each power coef-
ficient by virtue of the standard interference function (see
Definition 1). By stacking all the transmit data powers in a
vector p = [p1,. .., px] € RE, the SINR constraint of user k
is reformulated as

pr > Ii(p), (26)

where i (p) is the standard interference function defined for
user k, which is given by

JMix(p) + £,NO,,
i) = M) + &N
||gk||2 +pKtr(ek) + Zm:l VYmk

27)

2

where the detailed expression of MI;(p) has been given
in (18), but here we express it as a function of the transmit
power variables stacked in p. Apart from the SINR constraint,
the data power of each user should satisfy the individual power
budget, hence we have

Ik(P) S Pk S Pmax,k-

One can search across the range of each data power variable
observed in (28), where the global optimum of Problem (23)
is validated by Theorem 2.

Theorem 2: For a given feasible &, value and the initial
data powers py(0) = Puax,k, Yk, the globally optimal solu-
tion of Problem (24) is obtained by computing the standard
interference function in (27) and the power constraint in (28)
for all users. In more detail, if the data power of user k is
updated at iteration n as

pr(n) = Ix(p(n — 1)), (29)

where Ii,(p(n — 1)) is defined in (27) with p(n — 1) denoting
the data power vector from the previous iteration, then this

(28)

SINRy,

pr |8kl + pKtr(6r)

| 2

K

k'=1,k'#k =

K K K
> pwlgfer?+pK Y peglOrgr + Y prglRipgr +pK Y prptr(RipOr) + 02| gkl? + pKo2tr(6y)
k'=1 1 1

k=
(21
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Algorithm 1 Data Power Allocation to Problem (22) by Using
the Standard Interference Function and the Bisection Method
Input: Define the maximum data powers Ppax i, Vk; Select
initial values p(0) = Pmax,k, Vk; Set the maximum bound
&0P as in (30); Define &min,o = 0 and Emax,o = £5F; Set the
inner tolerance ¢ and the outer tolerance d.

1. Initialize the outer loop index n = 1.
2. while &nax,0 — Emin,o > 0 do
2.1. Set pr(0) pk(0),Vk; Set &, (&min,o +
&max,0)/2 and compute R, = B(1— K/7.)log,(1+
).
2.2. Compute the total power consumption Pi.(0) =
1y i (0).
2.3 Initialize the accuracy T' = Pi.(0) and the inner
loop index m = 1.
2.4. while T' > ¢ do
2.4.1. User k computes the standard interference func-
tion Iy (p(m — 1)) using (29) with p(m — 1) =
Fr(m —1),..., prc(m — 1)] € RE.
User k updates its temporary data power as (32).
Repeat Steps 2.4.1 and 2.4.2 with other users, then
update the accuracy as in (33).
If T < e — Compute Ry(p,(m)), vk, and go to
Step 3. Otherwise, set m = m + 1 and go to Step
2.4.1.
End while
If 3k, R (p,(m)) < Ro, set Emax,o = & and go to
Step 1. Otherwise, update pi(n) = pr(m),Vk, and
set Emin,o = &0, €t n =n 4 1, and go to Step 1.
3. End while
4. Set pj = pr(n),Vk.
Output: Final interval [Emin,o; {max,o) and {p}, Vi, k.

24.2.
24.3.

24.4.

2.5.
2.6.

iterative approach converges to the unique optimal solution
after a finite number of iterations. Owning to the feasibility of
&o, it holds that I, (p(n — 1)) < Phax.k, Vk-

Then, the most energy-efficient solution of Problem (23) is
obtained by updating the lower bound of the SINR values
across the search range &, € [0,&5P], where 5P is given by

2
Prasi |[|88]12 + pKtr(©1) + M v

NOy

£ = min
(30)

Along all considered values of the variable &y, Problem (24)
is infeasible if the following condition is met at least by one
user for a given value &, as

Ri(p(n)) < B(1 — K/.)logy(1 +&,), Jke{l,...,K}.

€19

Proof: The main proof hinges on verifying the standard
interference function defined for each user and on finding
an upper bound for the bisection method. The infeasiblity
detection is then straightforwardly obtained. The detailed proof
is available in Appendix D. (]
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Theorem 2 provides an iterative design to obtain the global
optimum of Problem (22): Firstly, a low complexity mecha-
nism is presented to update the data powers along the iterations
as seen in (29). Secondly, we may use an efficient search, for
example, the bisection method for maximizing the minimum
data throughput with an effective search range whose upper
bound given in (30). Thirdly, the achievable rate condition (31)
can be exploited to detect if Problem (24) is feasible for
a given value ¢, by updating the data throughput in each
iteration.

From the analytical features in Theorem 2, the proposed
alternating technique of finding the optimal solution to Prob-
lem (22) is shown in Algorithm 1 by initially setting the
maximum data power to each user, i.e., pi(0) = Pnax.k, Vk
and the range of [{min,o, Emax,0] for the parameter &, by
capitalizing on (30). The bisection is utilized to update &,,
while the data powers are iteratively updated by the standard
interference function seen in (29) subject to the condition (28).
In particular, for a given value of &, = ({min,o + Emax,0)/2,
the temporary data power coefficients are set as px(0)
pk(0),Vk. Then user k will update its temporary data power
at inner iteration m as

pr(m) = min(Iy (p(m — 1)), Prax,k)- (32)
The inner loop can be terminated, when the difference
between two consecutive iterations becomes small. For exam-
ple, we may compute the normalized total power consumption
ratio

| Prot (M) — Prot(m — 1)
Ptot(m — 1)

Sy p(m) = Sy pr(m — 1)
Sy Ae(m —1)

with Pt (m) = Zkl,{:l pr(m) denoting the total transmit data
power at inner iteration m. The data power will converge to
the optimal solution with tolerance as (n) < e. For a given
value &, if Problem (24) is feasible, the lower bound of &,
is then updated, yielding &min,o = &, after obtaining the data
power solution. Otherwise, (31) is utilized to detect if there is
no solution to Problem (24) for a given &,. The closed-form
expression in updating the temporary data power as shown
in (32) will be the data power of user k if Ry(p,(m)) >
R,,VE. It means that outer iteration n will perform py(n) =
pr(m) and update &min,o = &. Otherwise, the upper bound
Emax,o Will be shrunk as &max,0 = & Assuming that the dom-
inant arithmetic operators are multiplications and divisions,
we can estimate the computational complexity of Algorithm 1,
where the channels’ statistical information is computed in
advance. Specifically, the data power should be acquired at
the computational complexity order of O((4K? + MK? +
5K)(U; + 1)), where U is the number of iterations, when
Algorithm 1 reaches the accuracy e. In addition, the bisection
method requires a number of iterations that is proportional to
[log, (€47 /6)]. This demonstrates the effectiveness of using
the upper bound (30) in reducing the total cost. Consequently,
the computational complexity of Algorithm 1, denoted by C1,

T

; (33)
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Algorithm 2 Data Power Allocation to Problem (35) by
Spending Maximum Transmit Power on Unsatisfied Users

Input: Define the maximum data powers Ppax i, Vk; Select
the initial values pi(0) = Pnaxk, Vk; Compute the total
transmit power consumption Pi,(0) = Zszl pk(0); Set
initial value n = 1 and the tolerance e.
1. User k computes the standard interference function
I, (p(n — 1)) using (36).
2. If Iy (p(n — 1)) > Puax, update pi(n) =
Otherwise, update py(n) = I, (p(n — 1)).
3. Repeat Steps 1, 2 with other users, then compute the ratio
Y(n) = |Pot(n) = Prot(n — 1)|/Prot(n — 1).
4. If y(n) <e— Set pj = pi(n), Yk, and Stop. Otherwise,
set n =n+ 1 and go to Step 1.
Output: A fixed point pj, Vk.

max,k-

is of the order of

C1 = O (logy (€27 /0)] (4K? + MK* + 5K)(Uy +1))) ,
(34

where [-] is the ceiling function. The computational complex-
ity is directly proportional to the number of APs and it is
in a quadratic function of the number of users. However, (34)
emphasizes that the computational complexity of our proposed
algorithm does not depend on the number of satellite antennas.

Remark 3: Algorithm 1 offers a low complexity design that
optimizes the max-min fairness service to all the K users
in a space-terrestrial communication system with the most
energy-efficient solution based on the analysis of its quasi-
concavity. Our proposed design can also detect infeasible
problems. The data powers are updated in a closed-form
solution by utilizing the standard interference function for a
given lower bound on the ergodic throughput. All the users
get the uniformly best quality of service by exploiting the
bisection method. We emphasize that the max-min fairness
optimization always provides a feasible data power allocation
solution. However, this optimization problem is not scalable in
a sense that for large-scale networks supporting many users,
the max-min fairness level tends zero, i.e., &€ — 0 as K — oo,
by the use of Theorem 2 under near-far effects.

B. Total Transmit Power Minimization Under Individual
Demand-Based Constraints

Another ambition of the future wireless systems is to
provide an individual QoS for each user in the coverage area,
whilst consuming as little power as possible. A total transmit
power minimization problem under the SINR constraints is
formulated as

K
minimize , 35a
iy Zk:l Pk (35a)
subject to SINRy, > &, Vk, (35b)
0 < Pk < Pmax,kv Vk; (35C)

where £, > 0 denotes the SINR value corresponding to the
user-specific data throughput that user k£ requests from the

network. For a predetermined set of the requested SINR values
{&k}, Problem (35) is a linear program having a compact
feasible set. Hence, the global optimum always exists and
can be obtained in polynomial time, as mentioned. We notice
that problem (35) simultaneously optimizes the data powers of
all the users. However, the individual SINR constraints make
it more challenging to guarantee finding the global solution
under finite network dimensions. In multiple access scenarios,
the system may not be able to serve all the users owing to, for
example, the near-far effects, weak channel conditions, and
excessive SINR requirements. When the user-specific SINR
constraints of some users cannot be satisfied, we arrive at
an infeasible solution. Under congestion, the K users are
split into: Satisfied users who can have their throughput
requirements met; and unsatisfied users who are served at
a throughput less than requested. We conceive a pair of
algorithms for detecting congestion and relaxing the SINR
requirements of unsatisfied users. The proposed designs can
still offer satisfactory SINRs.

1) Assigning Maximum Power to Unsatisfied Users: Fol-
lowing a similar methodology as for the network-wise SINR
constraint in (27), we construct the standard interference
function for user k as

fk(ﬂ) _ koIk(p) +§kNOk 5.

_ M
1gxl1? + pKtr(Ok) + 3y Y

(36)

Observe by comparing the standard interference function
of (36) and (27) that in (36) the individual SINR &g, VEk, are
used. A fixed point solution to problem (35) is obtained in
Lemma 3.

Lemma 3: From the initial value py,(0) = Pax i, Yk, if the
data power of user k is updated at iteration n as

pr(n) = max(fk (p(n —1)), Pmax.k)s (37)

then the iterative approach converges to a fixed point solution
in polynomial time.

Proof: As I (p) is a standard interference function, I;, =
max(fk (p), Pmax,k) is also a standard interference function.
From the initial data powers, pj(0) = Ppax i, Vk, iteration n
updates the data power of user k as

pr(n) = Iu(p(n —1)).

If fk(p(n — 1)) = Puaxk, the data power of user k at
iteration n is pg(n) = Puaxk, which still ensures the
non-increasing property of the objective function in (35a). Oth-
erwise, it holds that pj(n) = Ix(p(n — 1)). The convergence
is guaranteed by utilizing a similar claim as in Theorem 2.
The proof is complete. U

The analytical result in Lemma 3 can be exploited to find
a fixed-point solution to Problem (35) that is implemented
in Algorithm 2. It can work for both feasible and infeasible
domains. Once congestion appears, we can detect unsatisfied
users by computing the standard interference function and then
comparing it to the maximum power allocated to each data
symbol. The updated policy (37) indicates that unsatisfied
users will be served at a lower throughput than requested.
The maximum transmit data power is allocated to unsatisfied

(38)
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Algorithm 3 Data Power Allocation to Problem (35) by Softly
Removing Unsatisfied Users

Input: Define maximum powers Ppax,k, Vk; Select initial
values pr(0) = Pmax.k, Vk; Compute the total transmit power
consumption P4(0) = Zszl pr(0); Set initial value n
1 and tolerance e.

1. User k computes the standard interference function
I, (p(n — 1)) using (36).

If I, (p(n — 1)) > Puax,k» compute £, by using (40) and
update py(n) = P2, /(uii(p(n — 1)). Otherwise,
update pi(n) = I (p(n — 1)).

3. Repeat Steps 1, 2 with other users, then compute the ratio
v(n) = [Puot(n) = Prot(n — 1)|/Pot(n — 1).

If v(n) <e— Setp; = pr(n), vk, and Stop. Otherwise,
set n =n -+ 1 and go to Step 1.

Output: A fixed point pj, Vk.

2.

users. By counting the dominant arithmetic operations, namely,
the multiplications, the divisions, and the maximum of two
numbers, the total computational complexity of Algorithm 2
is on the order of Cy = O(M K2Uy+4K?Uy+6KUs), where
Us is the number of iterations required by Algorithm 2 to reach
the accuracy e, which proves that the cost scales up with the
number of APs and in a quadratic order of the number of
users.

2) Softly Removing Unsatisfied Users: Each unsatisfied user
reduces the data power rather than allocating the maximum
power as done in Algorithm 1. The network can minimize
mutual interference, and therefore ameliorate the number of
satisfied users. The idea of softly removing unsatisfied users
is analytically characterized in Theorem 3.

Theorem 3: Commencing from the initial power value of
pk(0) = Puax i, Vk, the data power of user k is updated at
iteration n as

fe(p(n — 1))

ik(p(nQ_ 1))7
max,k

eIk (p(n — 1))

pr(n)
lffk(p(n - 1)) < Pmax,ka

) lfjk(P(n - 1)) Z Pmax,k;
(39)

where py > 1 stands for the soft removal rate of unsatisfied
user k. The iterative approach converges to a fixed point
solution in polynomial time.

Proof: The proof relies on verifying the two-sided scalable
function defined for each user and following by the conver-
gence. The detailed proof is available in Appendix E. (]

At the beginning, all the users will be treated equally and
update their data powers by using the standard interference
function in (36), ie., pr(n) = Ix(p(n — 1)). The treat-
ment should be changed if the standard interference function
exceeds the limited power. If user k is found to be unsatisfied
in iteration n, its data power will be scaled down as shown
in (39). The controllable value py, stands for the soft removal
rate that is computed by utilizing, for example, the actual and
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requested SINR values, which can be defined as

pr = &k /SINRg (p(n — 1)), (40)

where the SINR value of user & is defined in (21) with the data
power vector p(n—1). From (40), the data power of unsatisfied
users will be dramatically degraded if the offered throughput
is much lower than their requirements. The total complexity of
this algorithm design is dominated by computing the standard
interference function and the soft removal rate. Consequently,
Algorithm 3 has the computational complexity order of C'5 =
OMK?(Z + 1)Uz + 4K*(Z + 1)Us + K(7Z + 6)U3),
where Z is the total number of soft removal calculations, and
U; is the number of iterations required by Algorithm 2 to
reach the accuracy e. The two algorithms handling congestion
control have a similar complexity, if the soft removal rate is
set to one for all the unsatisfied users. However, if (40) is
exploited, the latter is more complex than the former, because a
progressive policy is applied for scaling down the data powers
of unsatisfied users.’

Remark 4: This paper considers fast fading space-
terrestrial channels where the ergodic data throughput is of
particular interest and it is computed by averaging over many
different realizations of the small-scale fading coefficients. The
two optimization problems considered allocate the data powers
to all users in the network based on the channel statistics
that are stable for a long period of time. Similar optimization
problems have been considered in the space-terrestrial com-
munications scenarios of [11] and [23], but on a short-time
scale and the systems communicate over slow fading channels
and assuming perfect CSI. The data powers are optimized for
a specific instantaneous channel rate, so the solution must
be updated to adapt to the envelope changes, whenever the
small-scale fading coefficients fluctuate.

Remark 5: The congestion issues over long time scales
have not yet been studied in satellite-terrestrial communication
systems. Hence, this paper investigates two different metrics
defined for quantifying the satisfaction both of the individual
users and of the entire network, obtained by solving prob-
lem (35). For user-specific demand satisfaction, the satisfied
user set Ks C K ={1,...K} is defined as

Ko = {k|R({pi}) = B(1 — K/7)logy(1 + &), k € K},
(41)

where {p;} is the optimized data power obtained by Algo-
rithm 2 or 3. Furthermore, the unsatisfied user set, denoted
by K, C K is defined as

Ky = {k|Ri({pi}) < B(1 = K/7.) logy(1 + &), k € K} .
42)

The optimal solution is to demonstrate the fairness of the satellite-terrestrial
networks and the minimum power consumption for a given set of individual
data throughput demands thereby providing a benchmark by which more
practical, near-optimal solutions can be compared. Moreover, to the best of our
knowledge, this is the first work in the satellite-terrestrial literature that has
considered the associated congestion issue. Even though the optimality and the
convergence analysis can be applied to networks having an arbitrary number
of users, its practical implementation becomes challenging upon increasing the
network dimensions. A potential direction to overcome this challenge is that
exploiting a data-driven approach for reducing the computational complexity
by orders of magnitude [44], which will be explored in our future work.
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% User
A Access point

Fig. 2. Satellite-terrestrial system considered in the simulations, where the
locations of satellite, APs, and users are mapped into a three-dimensional
(3D) Cartesian coordinate.

For quantifying the entire network’s demand satisfaction,
Jain’s fairness index [11], [45] is adopted for our framework:

_ ('ICS| + 2 kek, ka({p,*c})/ék,)Q
- K|ICS| + KZkel%u Rk({pZ})Q/éz

Jain’s fairness index spans from the worst case to the best
case in the range [1/K, 1].

V. NUMERICAL RESULTS

In order to evaluate the terrestrial links under near-far
effects, similar to [27] and [31] and reference herein, we study
the system performance of a network’s deployment in a rural
area having 40 APs and 20 users uniform randomly distributed
in a square area of 20 km?, mapped into a Cartesian coordinate
system (z,y,z) as shown in Fig. 2. A LEO satellite is
equipped with N = 100, (Ng = Ny = 10), antennas and
it is located at the position (300, 300,400) km at our instant
of investigation. The antenna gain at the terrestrial devices
is 10.0 [dBi] and it is 26.9 [dBi] at the satellite [46]. The
system bandwidth is B = 100 MHz and the carrier frequency
is f. = 20 GHz. The coherence block is 7. = 10000 OFDM
subcarriers. The transmit power assigned to each data symbol
is 20 dBW [20]. The noise figure at the APs and satellite
are 7 dB and 1.2 dB, respectively. The large-scale fading
coefficient between user k and BS m is suggested by the 3GPP
model (Release 14) [34], e.g., for a rural area as

ﬁmk = Gm + Gk —8.50—20 loglo(fc)
—38.6310g,0 (k) + Cones

where GG, and G, are the antenna gains at AP m and user k,
respectively. the distance between this user and AP m is
denoted as d,,; and (), denotes the shadow fading that
follows a log-normal distribution with standard derivation
of shadow fading 8 dB. Meanwhile, the large-scale fading
coefficient between user k£ and the satellite is defined by using
one of the models suggested in [19] as

ﬁk’ =G +G+ ék —32.45 — 20 1Og10(f6)
—20 1Og10(dk) + Ckv

(44)

(45)
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Fig. 3. CDF of the sum ergodic data throughput [Mbps] using Monte Carlo

simulations and the analytical frameworks with the MRC technqiue.

where G is the RA gain at the satellite and its normalized
beam pattern is (46), as shown at the bottom of the next page,
where (), denotes the radius of the antenna’s circular aperture;
A is the wavelength; and ¢y, is the angle between user & and
its beam center. In (45), the shadow fading (;, is obtained
from a log-normal distribution with its standard deviation
depending on the carrier frequency, channel condition, and
the elevation angle [19]. The variable dj [m] represents the
distance between the satellite and user k, defined as

d, = \/RJQE sin?(0y,) + 22 + 2 20Rp — Rpsin(0y), (47)

where R is the Earth’s radius and zq is the satellite altitude.
All the numerical results are obtained by a personal Dell Preci-
sion 3550 laptop, 32 Gb RAM and the CPU Intel(R) Xeon(R)
W-10855M CPU @ 2.80 GHz. We consider 1000 different
time slots, each consisting of 20 users uniformly located in
the coverage area. Consequently, there are 20000 different
realizations of the user’s locations and shadow fading in
evaluating the system performance.

A. Analytical Results Versus Monte-Carlo Simulations

In Fig. 3, we compare the cumulative distribution function
(CDF) of the sum data throughput, defined as Eszl Ry,
between Monte Carlo simulations and the proposed analytical
framework for the three different systems: @) the space-
terrestrial communication system represented by the SINR
expression in (16) with the overall channel coefficient zyy
in (13) and the analytical framework in (17); i) the stand-
alone terrestrial communication system represented by the
SINR expression in (16) with 2z = Z%:l Uy .9mk and the
analytical framework in (20); and ii7) the stand-alone space
communication system represented by the SINR expression
in (16) with zpr = ukH grr and the analytical framework
in (21). The numerical simulations and the analytical results
match very well for the different systems that validates our
analysis. A network only relying on the satellite offers about
189 [Mbps] throughput on average, which is quite stable over
different user locations and shadow fading coefficients. The
terrestrial system offers 2.3 times better the sum throughput
than the baseline. Jointly processing the received signals,
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Fig. 4. CDF of the minimum data throughput per user [Mbps] using Monte
Carlo simulations vs the analytical frameworks with the MRC techngqiue.

to a factor of 28.8 times better than only using the APs are
obtained by integrating the satellite into a terrestrial network.
At 95%-likelihood, the space communication system offers the
best minimum data throughput of about 0.21 [Mbps], which
is 6.5 times and 886 times better than the space-terrestrial and

terrestrial communication system, respectively.

B. Power Control Versus Fixed Power
In Fig. 5, we plot the CDF of the data throughput of
the different power allocation strategies. The full data power
transmission used as a popular benchmark [47] produces the
lowest average max-min fairness level, which is 1.3 [Mbps].
The two remaining algorithms generate the same solution that
is 3x better than the full data power transmission on average.
This observation demonstrates significant enhancements of the
max-min fairness power allocation for the users having low
channel quality. Indeed, the interior point methods have been
widely applied for solving the max-min fairness optimization
problem [48]. The associated running time required to obtain
the max-min fairness solution is given in Fig. 6. The running
time is only 0.06 [s] dedicated to estimating the data through-
put if the system allows each user transmit at full power per
data symbol. Carefully optimizing the data powers requires

CDF of the minimum data throughput per user [Mbps] for the

g. 5.
space-terrestrial communication system with the MRC technique.

the space-terrestrial communication system supports superior ! i Ve
improvements of 30% in throughput over utilizing the APs H j’
only. 0.8 ' .’ 1
In Fig. 4, we show the CDF of the minimum through- | H
put of the system, which is defined as Rk“,“i“ = mkin Ry 0.6 : : g
for the three systems considered as in line with Fig. 3. é ': ,'
The terrestrial communication system is the baseline for the 041 : : 1
minimum throughput, which only provides 0.05 [Mbps] per ! i
user on average. The satellite communication system yields 02} : | ep— i 1
a minimum data throughput of about 0.63 [Mbps] per user, ! ntetior point ,“ }
which is 14 times higher than the baseline. Superior gains up 0 S |[zm==Algorithm 1 g
1072 10! 10° 10! 107
Running time [second]

Fig. 6. CDF of the running time to obtain the max-min fairness solution for
the space-terrestrial communication system with MRC technique.

extra computational complexity for the iterative processes. The
interior-point methods spend 50 [s] to obtain the solution of
Problem (22), while Algorithm 1 only needs 13 [s] corre-
sponding to a rich time reduction factor of 3.8x. The result
verifies the benefits of the proposed power update based on the
standard interference function in solving the max-min fairness
optimization problem.

In Fig. 7, we portray the percentage of user locations
and shadow fading coefficients yielding a throughput lower
than requested (unsatisfied users).'” All the benchmarks
show an increasing trend of unsatisfied users, as the data

10We only use the full power consumption scenario as our benchmark for
comparison, since this is the first time in the satellite-terrestrial literature
that congestion control has been taken into account. More explicitly, other
algorithmic designs such as [12] and [47] are not included for comparison,
since they were developed for non-empty feasible sets that satisfy Slater’s
condition and could not handle the congestion issue. These algorithms always
give infeasible solutions under the data throughput requirements considered.
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Fig. 7. Percentage of unsatisfied users for the space-terrestrial communication
system with the MRC technique.
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Fig. 8. Percentage of satisfied users for the space-terrestrial communication
system with the MRC technique.

throughput requirement increases. The full power allocation
yields the highest percentage of unsatisfied users that varies
from about 65% to approximately 75%, when the users change
the requested data throughput from 35 [Mbps] to 50 [Mbps].
The two proposed algorithms smoothly handle the congestion
control. Algorithm 2 allows each unsatisfied user to transmit
at full power that may inflict severe mutual interference upon
the remaining users. Therefore, the percentage of unsatisfied
users ranges from 57% to 71%, depending on the through-
put requested. By carefully reducing the transmit power of
unsatisfied users and therefore managing the mutual interfer-
ence efficiently, Algorithm 3 has the lowest percentage of
unsatisfied users, which is from 53% to 67%. As a further
result, Fig. 8 illustrates the percentage of satisfied users as
a function of the data throughput requirements. By softly
removing unsatisfied users, Algorithm 3 offers the highest
percentage of satisfied users, followed by Algorithm 2 and
the full power transmission.

As for the network-wide fairness, Fig. 9 evaluates Jain’s
fairness index as defined in (43). Without making use of
the spatial diversity and channel statistics, the full power
transmission gives the worst Jain fairness index. Interestingly,
Algorithm 2 provides the highest Jain fairness index, best
supporting each unsatisfied user. Even though Algorithm 3
helps to increase the number of satisfied users, this is at

%
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Fig. 9. Jain’s fairness index for the space-terrestrial communication system

with the MRC technique.
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Fig. 10. Transmit power per user [dBW] for the space-terrestrial communi-
cation system with the MRC technique.

the cost of degrading the throughput of the unsatisfied users.
Consequently, the network-wise fairness may not be the best,
as reported in Fig. 9. We also show the data power per symbol
in Fig. 10. Both the proposed algorithms consume significantly
less power than the maximum power level. In particular,
Algorithm 2 reduces the power consumption up to 2.1x, and
that of Algorithm 3 is 3.9x. The results quantify the energy
efficiency of these algorithms under congestion.

C. Other Observations

The CDF of the sum data throughput [Mbps] is displayed
in Fig. 11 by using either the partial MMSE (P-MMSE) or
the MRC receiver for detecting the desired signals at both
the space and terrestrial links. The P-MMSE matrix Uy =
[y, ..., uks] € CVXE of an MMSE receiver is configured
for the space link as U, = (A}((A}H(A} + KU?IK/PH,&X)_l,
where we have G = [&1,...,8x] € CNXE and P =
Prax.k, Vk. By contrast, the P-MMSE matrix is formu-
lated as U, = ﬁ(ﬁHﬁ + KO’EIK/PmaX)il € CMxK,
where the (m,k)-th element of the matrix H is defined
as [H)mr = Gmk, Ym, k. Compared to the MRC receiver,
significant improvements are attained by using the P-MMSE
solution for detecting the received signals. Specifically, the
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improvement is by a factor of about 2.1 on average, if the
P-MMSE combiner is used by the CPU. Furthermore, if the
CPU utilizes the P-MMSE combiner for both the space and
terrestrial links, the sum data throughput improvement is by
a factor of about 2.5 on average. The results reveal the ben-
efits of our linear receiver combiner designed for supporting
the collaboration of the satellite and APs by exploiting the
associated channel estimates.

In Fig. 12, we plot the sum data throughput [Mbps] as
a function of the antenna gain at each terrestrial device for
different noise floors. The terrestrial devices are equipped with
omnidirectional antennas having a gain of 0 [dB]. Furthermore,
we assume that the users are uniformly scattered throughout
the coverage area. The higher antenna gains offer significantly
better sum data throughput, but sophisticated beam-search
techniques must be used to detect the radio beams [49].
Besides, the different noise floors characterize the imperfect
feeder link and imperfect synchronization between the satellite
and terrestrial links.

VI. CONCLUSION

The throughput analysis and the data power control of a
multi-user system were provided in the presence of an NGSO
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satellite and distributed APs for improving the macro-diversity
gains attained. We assumed a centralized signal processing
unit for boosting the data throughput per user for coherent
data detection combining the received signals of the space and
terrestrial links. The achievable data throughput expression
derived can be applied to an arbitrary channel model and
combining techniques. A closed-form expression was also
derived for the MRC receiver technique and spatially corre-
lated channels with a rich scattering environment around users.
The satellite boosts the sum throughput in the network by
more than 30% for the parameter setting considered, while the
minimum data throughput is enhanced by more than tenfold.
Two different optimization problems were formulated to study
the data power allocation on a long-term scale, where the
solution is only updated whenever the channel statistics vary.
Our Monte Carlo simulations demonstrate that many users
can still access the network and attain satisfactory throughput
under congested conditions.

APPENDIX
A. A Useful Lemma and Definitions

This appendix presents the following lemma and definitions
for our throughput analysis and optimization.

Lemma 4 ([50, Lemma 4]): If a random vector x € cN
is distributed as x ~ CN(0,R) where R € CN*¥ denotes
the covariance matrix, the following property holds for an
arbitrary deterministic matrix N € CN*N:

E{|x¥Nx[*} = [tr(RN) > + tr(RNRNH).  (48)
Definition 1 ([51, Definition 3]): A function I(x) is a
standard interference function, if the following properties hold

i) Positivity: For all x = 0, I(x) > 0.

1) Monotonicity: For two vectors x and X satisfied X > X,
I(x) > I(x).

iii) Scalability: For all constant values o > 1, al(a) >
I(«a).

Definition 2 ([52, Section 1IV]): For a given o > 1 and a
pair of vectors x and X satisfied éx =< X X ax, a function
f(x) is a two-sided scalable function if the following property
holds

f)/a < f(x) <af(x). (49)

B. Proof of Theorem 1

By utilizing the overall channel based on its definition with
k' = k, the numerator of (16) is formulated as

_ M 2
E{zu}? = |lgsll® +pKte(®r) + D ymi|", (50)

which is obtained for the channel distributions considered
and the MRC technique. We denote the first term in the
denominator of (16), D; = Zgzl o | zex |2}, which is
expressed as

Dy = prE{|zkk|*} + D2, (51)
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where Dy = 3751 1y, o E{|2re 2. E{ |20k [?} is tackled as
follows

E{|zxr[*}
= E{|ark + arr + brx + brr|*}
= E{lark|} + E{|anr |’} + E{brrl*} + E{|brx|*}
+2E{aibri}, (52)
where ayy, n l&:1% arr = & ex, ber = Z,A,/le |Gmi|?, and
b = Zm:l gy wemk- In (52), the remaining expectations
vanish due to the zero mean of the AWGN noise. The first
expectation E{|axx|?} in (52) is given by

E{|ark|}

— (el + 20K tx(04))” + 2 pK gl 1) + P> K2tr(63).

(53)

We can derive the closed-form expression of the second
expectation E{|axx|?} in (52) as follows

E{|ar|*} = g Rigr—pK g/ Orgr + pKtr(RyOy)
—p*K*tr(63),  (54)

which is obtained by utilizing the covariance matrix of
the channel estimation error in (10). The third expectation
E{|brr|?} in the last equality of (52) is formulated as follows

5 Mo, M 2
IE{|bkk| } = Zm,:l Tmk + Zm,:l Ymk 5 (55)

by applying Lemma 4 and the channel estimates in Lemma 1.
The fourth expectation E{|bxs|?} in the last equality of (52)
is expressed as follows

Ebul} =3 kB =), (56)

as a consequence of the mutual independence between the
channel estimate and estimation error. The fifth expectation
E{aribir} in the last equality of (52) is expanded as follows

E{arrber} = (pKtr(6) + ||&8x°) 25:1 Ymks (3T)

thanks to the channel statistics in Lemma 1.
Substituting (53)—(57) into (52), we obtain the closed-form
expression of E{|zxx |>}. That of My is given by

E{|zkx]?}

M 2
= <|gk|2 +tr(O) + Y vmk> +pKg[ O18r

m=1
M

+gr Rigr + pKtr(R.O) + Z VYmkBmk-

m=1

(58)

Next, the mutual interference Do in (51) is handled as follows

K
D2 = Zk’:l,k’;ék P

< (Eatiae - X0 B )
=pK Zgzlvk)/# piotr(RiOy)

‘“”(E:SZLW¢kPw§59kEW

+ Zf,:w#, P Bh R B

K
—H - 2
+Zk,:1’k,¢k P |8H 8|

K M
+ Z Z pk”)/mkﬁmk’a

k'=1,k'#£k m=1

(59)

thanks to the mutual independence of the channels impinging

from users utilizing the orthogonal pilot signals. The noise

power from the satellite communication section is represented

by in the closed-form expression of

N 24 (a) “ ~ 12

gl w|} = E{|glE{ww )&}
= otllgr]? + pKoltr(r),

E{

(60)

where (a) is obtained by the independence of the channel
estimate and noise. Similarly, the noise power from the APs
is computed in the closed-form expression as

M
Ug Zm:l E{ |gmk |2}

M
_ 2
= Ua Zm:l Ymk-
Substituting (58) and (59) into (51), we obtain the closed-form
expression of the first term in the denominator of (16). Then,

this result together with (50), (60), and (61) leads to the
closed-form expression of the throughput as in the theorem.

M

Zm:l ]E{lﬁﬁnkwmﬁ}

(61)

C. Proof of Lemma 2

Based on the relationship between the throughput and SINR
value in (15), we move from the data throughput optimization
problem of (22) to the corresponding weakest SINR maxi-
mization problem formulated as follows

maximize min SINRy
{pr} k

subject t0 0 < pi < Praxk, VE, (62)

Let us introduce the set X = {p;} that contains all the data
power variables. The objective function of problem (62) is
defined as

fo(S) = min SINR. (63)

For any £ > 0 representing a lower bound of the SINR values,
the upper level set of the function fo(S) is formulated as

U(S,§) = {S1fo(S) = ¢}
_ { S|EMI(S) | ENO;
PEOK PrOk

< 1,Vk}7 (64)
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where we have ap = |||gx]2 + pKtr(©r) + S0, Yk
Notice that the last equality of (64) is obtained by substituting
the closed-form expression (17) into (63) and then applying
some algebraic manipulations. The upper-level set U (S, &) is
a convex set by a logarithmic change of the optimization
variables since it consists of the posynomial constraints.!!
Additionally, the feasible domain of Problem (22) is convex,
S0 it is a quasi-concave problem as stated in the theorem.

D. Proof of Theorem 2

We start the proof by verifying that every Ij(p) defined
in (36) is a standard interference function. The positivity
property is satisfied since for all p = 0, it holds that

goNok

2
_ M
18117 + pKtr(Or) + 30—y Yk
§o min(og, O—g)
- M
||gl€||2 +pKtr(ek) + Zm,:l Ymk
where (a) is obtained because the noise power NOy, is inde-
pendent of the transmit powers; the result in (b) is obtained
by using (19) and doing some further manipulations; and (c)
is because the ambient noise always exists in the system. Let

us denote the two power vectors by p and p with p,, > p,., VEk.
Then we observe that

Ii(p) — Ix(p) =

®)
>

>0, (65)

(& (Ml (p) — Mlk(p))) >0
2 = Y
& l12 + PEt(Ok) + X0y Yo
(66)
which indicates that Ij(p) > Ix(p) and therefore the
monotonicity property holds true. For a given constant value
a > 1, we observe the scalability property as follows

agoMlk(p) + agoNok

aly(p) = " 2
gl + pEr(©1) + 0L |
a—1)§,NO
= (op) + LT
‘”ngQ + pKtr(ek’) + Zm:l ’Ymk‘

(67)

The second equality of (67) verifies the scalability property,
since its second part is nonnegative. Combining (65)—(67),
I1(p), Vk, represent standard interference functions. Based on
[43, Theorem 2] and [51, Theorem 3], the convexity of prob-
lem (24) ensures that for an initial set of data powers, we can
exploit the alternating optimization approach for updating the
data power of user k with the standard interference function
in an iterative manner. The proposed algorithm converges to
a fixed point that is the global optimum of Problem (24).
We now derive an upper bound on the SINR values that
makes Problem (24) infeasible. This upper bound can be
concretely defined by solving the following problem:

&P = mkin sup SINR. (68)

L - i b
'"A posinomial constraint is defined as Y1 _; cgr [Th_y ,*'%, where

{z1} is the set of optimization variables, ¢, > OVE’, and by/), are real
numbers.
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To solve (68), we use the closed-form expression in (17) to
express the maximal SINR value of user k as follows

2
@ o (gl + pE (1) + S0 )
SINR;, < ~ M
UgHngQ + pKogtr(Ok) + 0'2 Zm,:l Ymk
2
) Poaci (I8l +pEr(O8) + o, o)
<
o2|gkll? + pKo2tr(Or) + 02 My,

)

(69)

where (a) is obtained by ignoring the mutual interference from
the other users, and the equality holds as the system serves
user k only; (b) is bounded by the limited power budget, i.e.,
Pk < Prax,k. In contrast, if the achievable SINR value of
an arbitrary user is lower than its requirement at any given
value &,, the congestion appears and we can easily detect it
by testing the condition (31). Thus, the proof is complete.

E. Proof of Theorem 3

We start the proof by testing that each fi(p(n—1)) in (39) is
a two-sided scalable function as shown in Definition 2. When
the price of the standard interference function does not exceed
the maximum data power, i.e., I (p(n—1)) < Pnaxk, Vk, it is
sufficient to prove that I (p(n — 1)) is a two-sided scalable
function. Since Iy, (p(n—1)) is a standard interference function,
forany @ >1and o 'p(n—1) < p(n—1) < ap(n — 1), the
following property holds true

k(p(n —1))

where (a) is obtained by exploiting the monotonicity property
and (b) is obtained by using the scalability property for the
vector ap(n — 1). From the result in (70), we have

Ii(p(n = 1)) < adi(p(n — 1)),

which leads to the following observation upon dividing both
sides of (71) by the constant « as

(a) - ®) -
2 Tlapn—1)) € alu(p(n—1)), (70)

(71)

~lilpn— 1)) < Tipln — 1), (72)

By exploiting similar steps associated with the monotonicity
and scalability properties for p(n — 1) < ap(n — 1), a series
of inequalities are further formulated as

I.(p(n — 1)) < Iy(ap(n — 1)) < ady(p(n — 1)), (73)
which leads to the following inequality
Li(p(n — 1)) < alp(p(n —1)). (74)

Combining the results in (72) and (74), we obtain

~lilp(n — 1) < Iu(p(n ~ 1)) < alilp(n ~ 1)), 75)

which verifies that fi(p(n — 1)) is a two-sided scalable
function when the interference price of user k is lower than
or equal to the maximum data power. In order to prove
that fi(pr(n — 1)) is a two-sided scalable function when
the interference price of user k£ exceeds the maximum data
power, i.e., fk(p(n — 1)) > Ppax,k We must prove that
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Piax,k/fk’ (p(n — 1)) is also a two-sided scalable function.
Indeed, multiplying (75) by the soft removal rate p; and then
taking its inverse, one obtains

1 1 1

= < = <a—= .
opele(p(n = 1)) peli(p(n —1))  prli(p(n — 1))
(76)

Next, multiplying (76) by the factor P2 we obtain the

following result
I

max,k

a i (p(n — 1)

ax,k?

p? pP?

max,k max,k

< = < oa—= s
prle(p(n — 1)) peli(p(n — 1))
77

which confirms that the inverse of the standard interference
function I, (p(n — 1)) is two-sided scalable as I, (p(n — 1)) >
Prax, k- Consequently, each fi(p(n — 1)) is a two-sided
scalable function in its domain. The SINR constraints of
problem (35) are relaxed for unsatisfied users, allowing us
to prove the convergence of two-sided scalable functions.
The relaxed SINR constraints ensure that the feasible domain
is continuous and bounded, so a fixed-point solution exists.
We now define the distance between the pair of vectors p and
p as

d(p, p) = max ({max (px/pk, P/ Pr)}) - (78)

We also stack all the functions fj(p(n)) into a vector that is

f(p(n)) = [filp(n)),..., fx(p(n))]" € RX and let p* be
the fixed point solution. From the initial data power values

stated in the theorem, the following chain of inequalities can
be constructed

d(p(0),p")

Ve

(£(p(0)),f(p™))
(p(1),p") > ... > d(f(p(n)),f(p"))
< dlpn +1),p%) L d(p*,p7) = 1,
(

where (a) is obtained by using [52, Lemma 7]; (b) and (c) are
obtained by the data power update in (39) and by exploiting
the fact that f(p*) = p*; and (d) is obtained by assuming that
the convergence holds at iteration n + 1. If the convergence
holds at the iteration n + 1, it should also hold in the next
iterations. The proof is concluded.

—~
=
=

d
d

—~
N

(79)

FE. Proof of Jain’s Fairness Index in (43)

Relying on Jain’s fairness index by its standard form [10],
[45], we define the network fairness as

N2
(Zrex Reoih) /)
J = —. (80)
K> kex Rk({PZ})Q/fﬁ
By decomposing the available user set K into the satisfied
user set ICg defined in (41) and the unsatisfied user set defined
in (42), (80) is equivalent to

 (Sex, Beloi)) e+ S, Buloi))/é)

K e, Br{op D2/ + K Yk, Bl )2/
(81)

From the total transmit power minimization structure in (35),
it holds that Ry({p};})/& = 1.k € K, and therefore we
obtain

S Beoi/a =3 Rih?/€ = K|
(82)

By substituting (82) into (81), the Jain’s fairness index is
obtained as in (43). We emphasize that if all users are satisfied
by the requested throughput, i.e., s = K, then J = 1 by
utilizing (43) with |Ks| = K and K, = (. If congestion
appears in an extreme case, where user k gets a non-zero
throughput and the remaining users get zero offers, this leads
to J=1/K.
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