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ABSTRACT Satellite-based Non-Terrestrial Networks, particularly those using large constellations of Low
Earth Orbit (LEO) satellites, are expected to play a critical role in enabling global 6G connectivity. While
offering promising coverage and capacity, LEO systems face challenges such as intermittent link blockages
and high Doppler shifts, especially in mobile or obstructed environments. To mitigate these issues, this
paper investigates advanced macro-diversity techniques tailored for LEO satellite systems. Inspired by
user-centric cell-free massive MIMO architectures in terrestrial networks, we propose a comprehensive
end-to-end transceiver model that captures the complete signal chain, from symbol generation and
continuous-time waveform transmission to receiver-side sampling and data detection. Crucially, we account
for satellite-specific Doppler shifts and phase offsets, often overlooked in simplified models. We analyze
and compare two modulation schemes: traditional OFDM and OTFS, the latter offering enhanced resilience
to time-varying channels. Furthermore, we consider the case of multi-antenna user terminals (UTs)
and demonstrate how receive beamforming can effectively mitigate inter-satellite phase misalignment,
significantly improving system robustness and performance. The obtained numerical results show the
effectiveness of the proposed schemes, confirm the superiority of the OTFS modulation w.r.t. OFDM, and
provide evidence that multiple antennas at the UT can be exploited to overcome the phase misalignment
effects of downlink signals coming from different serving LEO satellites. Finally, results also show that
satellite-UT association schemes may have a considerable impact on system performance.

INDEX TERMS LEO satellites, non-terrestrial network (NTN), cell-free massive MIMO, user-centric,
OFDM, OTEFS.

. INTRODUCTION
ON-TERRESTRIAL networks (NTNs) are expected
to play a key role in the development of future
6G wireless communications by facilitating universal and
global connectivity, especially in remote, underserved, or

infrastructure-deficient areas [1], [2]. Indeed, one of the
most disruptive features of 6G is to achieve ubiquitous
and fair connectivity, and it is generally recognized that
terrestrial cellular coverage alone cannot be able to overcome
the “digital divide” [3], [4]. Furthermore, NTNs become

(© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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critically important in high-demand traffic conditions, as they
can relieve the load on land-based networks, or in emergency
or disaster situations where terrestrial infrastructures may be
compromised. Reflecting their strategic importance, NTNs
are attracting increasing attention within the 6G research
and development community, and standardization efforts are
actively progressing in this area [5], [6]. Broadly, the term
NTN encompasses a diverse set of platforms, including
Unmanned Aerial Vehicles (UAVs), high-altitude platform
stations (HAPS), and satellites in various orbital regimes.

In recent years, a surge of interest has emerged around
satellite-based NTNs, particularly mega-constellations com-
posed of thousands of small satellites deployed in low-earth
orbit (LEO). Given the benefits of ubiquitous coverage,
among others immunity to disasters and low deployment
complexity, the LEO megaconstellations, SpaceX’s Starlink
stands out as one of the most prominent and operationally
advanced examples, are being considered as a complemen-
tary design for global coverage, playing essential roles in
o0G [7], [8], [9].

Despite very good performance levels, it should be
noted that LEO-based connectivity also introduces unique
challenges. Specifically, when considering mobile user ter-
minals (UTs), a line-of-sight (LOS) link between the LEO
satellite and the terrestrial UT is not always granted: due
to the fast movement of the satellite, the LOS link can
be indeed unexpectedly shadowed/obstructed by physical
objects nearby the UT. Satellite macro-diversity schemes, i.e.,
the joint use of several satellites to serve the same UT, can
be widely used in order to increase the system reliability and
efficiency [10], [11], [12], [13]. The results of these papers
show that, under the assumption that the satellites serving
the same UT are widely separated in the angle domain, the
blockage events for each UT-satellite link are statistically
independent, which leads to an exponential decrease of the
probability that a UT is completely blocked on all of its
active links.

Building on our earlier work [10], [11], [14], this paper
investigates macro-diversity strategies for LEO satellite
systems. These strategies are inspired by the architec-
tural principles and rich body of research developed
for user-centric cell-free (UC-CF) massive multiple-
input multiple-output (MIMO) systems in terrestrial
networks [15], [16]. In contrast to the aforementioned
studies, we explicitly address the challenge that information
signals arriving at the UT from different satellites may
be subject to distinct Doppler shifts and phase offsets.
Furthermore, while much of the related literature adopts
simplified single-frequency discrete-time signal models, we
instead provide a comprehensive end-to-end transceiver
model. This model encompasses the entire signal processing
chain—from the generation of information symbols and
their mapping into continuous-time waveforms, through
transmission over the air interface, to signal sampling at
the receiver and subsequent data detection. In doing so,
we consider two modulation schemes: the conventional
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orthogonal frequency division multiplexing (OFDM), and
the more recent orthogonal time frequency space (OTFES),
which has been advocated for its robustness in highly time-
varying channels, such as those encountered in LEO satellite
scenarios. Furthermore, the relevant case that the UT is
equipped with multiple antennas is considered, and the paper
also shows how receive beamforming can be used to cope
with the problem of the phase misalignment in the signal
components arriving from different satellites.

A. RELATED WORKS

The structural similarities between LEO satellite mega-
constellations and UC-CF massive MIMO terrestrial systems,
relying on dense access points (APs) deployments, have
sparked growing interest in the adaptation of UC-CF
inspired macro-diversity strategies to NTNs. In terrestrial
UC-CF networks, coherent processing is widely adopted:
APs estimate the uplink channel through training sequences
transmitted on the uplink and, under the assumption of time
division duplexing (TDD), exploit channel reciprocity for
downlink beamforming and uplink combining [15], [16],
[17], [18]. While most of the literature on terrestrial UC-
CF massive MIMO assumes perfect phase alignment among
the signals transmitted to the same user from different APs,
more recently non-coherent approaches have emerged. For
instance, the paper [19] proposes a diversity-based scheme
using Alamouti-like space-time coding to combat deep fades
without requiring phase coherence, while [20] addresses
these problems through the use of differential techniques.

When applying UC-CF massive MIMO concepts to
LEO NTNs, challenging specificities emerge. Indeed, in
the NTNs scenario uplink channel estimation and phase
compensation are extremely challenging due to satellite
mobility and propagation delays [10], [11]. While Doppler
and timing compensation can be accurately performed at
known ground locations, phase alignment across multiple
satellites is generally impractical. Thus, simply transplanting
terrestrial UC-CF designs to satellite-based NTNs is not
straightforward, necessitating novel solutions to fully lever-
age macro-diversity. These limits are explored in [14], by
comparing coherent and non-coherent joint transmissions and
highlighting the need for at least coarse phase alignment to
approach satisfactory performance.

The literature on UC-CF NTNs is rapidly expanding, with
diverse directions explored. In [21], a non-geosynchronous
satellite system is considered, and a location-based
minimum-mean-squares error (MMSE) beamforming strat-
egy is proposed to address channel state information (CSI)
uncertainty. The formation-of-arrays (FoA) concept, intro-
duced in [22], [23], envisions distributed antenna arrays
formed by small satellites flying in coordinated clus-
ters. These studies investigate system-level issues such as
geometry, synchronization, and radio resource management,
drawing direct parallels with UC-CF networks. Hybrid
terrestrial-satellite architectures have also been considered.
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In [24], the authors propose offloading users from a UC-
CF terrestrial segment to a LEO-based segment to balance
load and improve scalability. In [25], a cognitive satellite-
UAV network is proposed, where UAV swarms provide
on-demand cell-free coverage. A terrestrial cell-free massive
MIMO network supported by a LEO satellite is analyzed
in [26], assuming uplink channel estimation and optimizing
scheduling and transmit power for throughput maximization.
Focusing on physical-layer techniques, [27] proposes a
coordinated multi-satellite OTFS transmission strategy, using
an aggregate channel estimation scheme that jointly estimates
all satellite-to-ground links as a single equivalent channel.
Advanced signal processing and artificial intelligence (AI)
techniques have also been explored. A notable example
is presented in [28], where a lightweight Al model is
proposed to predict channel statistics, such as line-of-sight
(LOS) blockage correlations, thereby refining CSI feedback
and improving system performance. The proposed approach
achieves up to a 15% capacity gain and reduced outage rates.
In [29], statistical CSI is used to dynamically form satellite
clusters and coordinate their transmission, reducing handover
rates and interference, with improved spectral efficiency
and coverage. While [28] and [29] address UC-CF NTN
scenarios similar to ours, they focus primarily on high-level
resource optimization and CSI prediction, neglecting core
physical-layer challenges, such as designing beamforming
strategies in the absence of phase knowledge and evalu-
ating performance under realistic multi-carrier transmission
assumptions. Finally, [30] examines a satellite-UAV UC-
CF network, where UAVs act as APs to extend satellite
coverage. A successive convex approximation algorithm for
maximizing downlink energy efficiency under UAV power
and QoS constraints is thus proposed.

B. PRACTICAL ASPECTS
In this paper, ideal channel estimation, i.e., perfect channel
state information at the receiver, is assumed, since the aim
of the proposed system architecture and the analysis of its
performance is the demonstration of the feasibility of the
UC-CF approach for satellite communications rather than the
investigation of the impact of realistic estimation strategies
over OTFS and OFDM systems, a topic which is widespread
in literature. Also, the reader can refer to [31] for an in-depth
analysis, including the detection complexity comparison,
carried out by some of the same authors. Basically, the
presence of pilots would entail an overhead on the detector
performance whose impact can be easily derived, whereas an
imperfect estimation of channel coefficients, Doppler shifts,
and delays would imply a penalty that depends on the chosen
algorithm, channel realization, and parameter configuration.
Such analysis falls outside the scope of this paper, but
represents a relevant topic for future investigations.
Moreover, the beamforming design here proposed only
relies on the relative position of transmitter and receiver,
which can be considered basically constant over time spans
orders of magnitude larger than the duration of transmitted
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data frames, therefore any processing on both sides would
be critical only from the precision (i.e., positioning error)
point of view rather than for the computational load. In any
case, it does not depend on the modulation format. As far as
the detection processing complexity is concerned, the reader
is referred to [32], [33]. Also consider that any complexity-
related aspects involved in the detection and beamforming
processing at both transmit and receive ends strongly depend
on the computational capabilities that will be enabled in the
next years, whose analysis falls outside the scope of this
work.

Another key practical consideration is the mitigation of
phase misalignments to preserve signal integrity between
satellites and UTs. This challenge, inherent to UC-CF
massive MIMO systems [20], [34], can be addressed through
per-satellite synchronization schemes such as the one
proposed in [35], which employs space—time block coding
and enables independent synchronization to handle unsyn-
chronized transmissions while reducing UT RF complexity.

The impact of hardware impairments in the design
of communication systems, which affect both terrestrial
and non-terrestrial UC-CF massive MIMO architec-
tures is another practical aspect that deserves to
be considered. Relevant studies addressing this issue
include [36], [37], [38].

Finally, radio resource management (RRM) and user
scheduling are important considerations in satellite commu-
nications and remain significant research challenges in the
scenario addressed in this paper. Although these aspects are
beyond the scope of the present work, extensive literature
on the topic is available, including [13], [39], [40], [41].

C. PAPER CONTRIBUTION

The main idea of this paper is to take advantage of
a LEO mega-constellation to offer a more reliable and
stable connection to the served UTs, mimicking a terrestrial
UC-CF massive MIMO approach, taking into account the
peculiarities of the satellite channel which are intrinsically
different from the terrestrial one. It builds upon our earlier
works [10], [11], [14], where preliminary studies on this
topic have been reported. In particular, in [10], [11] the
benefits of LEO satellite macro-diversity schemes have been
described considering a more simple scenario compared
to this paper (single user with single antenna) and the
advantages of OTFS modulation with respect to the classical
OFDM modulation have been discussed. In [14] preliminary
studies on the framework here considered, i.e., the multi
user scenario, have been reported assuming single-antenna
receivers and OFDM modulation only, discussing the impact
of phase misalignments of different signal contributions at
the receiver. To the best of our knowledge, this is the first
paper which rigorously addresses the use of satellite macro-
diversity schemes in multiuser scenarios with both OFDM
and OTFS waveforms and with explicit consideration of
phase misalignments and Doppler shifts; moreover, in our
scenario, the presence of multiple antennas at the UTs is
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accounted for and exploited to solve the phase ambiguity
problems on the downlink. Specifically, with respect to
the current literature, the contribution of this paper can be
summarized as follows.

- We propose a detailed transceiver model that captures
the complete physical-layer processing in LEO satellite
networks by considering the conventional OFDM and
the more recent OTFS modulations, moving beyond
simplified discrete-time models commonly used in the
literature, and focusing on time-continuous waveforms.

- We focus on the case of multi-antenna UTs and
propose to exploit receive beamforming to mitigate
the phase misalignment between signals transmitted by
different satellites, thereby providing a practical and
easily implementable solution capable of improving link
robustness and system performance.

- We propose beamforming schemes that can be imple-
mented based on an (even approximate) knowledge of
the UT position, with no need for accurate CSI as
happens in terrestrial UC-CF massive MIMO networks.

- Heuristic association schemes between satellites and
UTs are proposed and analyzed, also taking into account
the fact that close UTs should not be served by the
same satellite in the same time-frequency resource slot.

- A thorough and comprehensive numerical evaluation of
the proposed schemes is performed in terms of achieved
downlink signal-to-interference-plus-noise ratio (SINR)
at the UT and pragmatic capacity.

Overall, the obtained results confirm that OTFS, despite
higher complexity, generally outperforms the OFDM mod-
ulation. Moreover, results show that UTs having a single
antenna enjoy limited macro-diversity benefits due to signal
phase misalignments, but equipping UTs with multiple
antennas and using proper beamforming schemes enables
effective signal separation and significantly improves SINR
and reliability. Furthermore, results show that satellite-UT
association strategies that cap the number of served UTs
or enforce angular separation improve SINR by reducing
interference. Finally, pragmatic capacity results confirm that
the maximum number of served UTs per satellite signif-
icantly impacts receiver performance, while the minimum
angular distance constraint has a comparatively smaller
influence.

D. PAPER ORGANIZATION

This paper is organized as follows. The next section intro-
duces the considered system model and outlines the signal
model for both the OFDM and the OTFS modulations.
Section III deals with the description of the receiver
processing that is needed at the UT to recover the information
symbols, while in Section IV further aspects of the system
design, such as the choice of the satellite and UT beamform-
ers, of the power control strategy, and of the satellite—UT
association strategy, are discussed. Section V is devoted to
the description of the considered performance measures and
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to the discussion of the numerical results, while, finally,
concluding remarks are given in Section VI

E. NOTATION

We use non-bold letters for scalars, a and A, lowercase
boldface letters, a, for vectors and uppercase boldface letters,
A, for matrices. The transpose, the inverse and the conjugate
transpose of a matrix A are denoted by AT, A1 and A",
respectively. The (£, m)-th entry, the £-th row and the m-th
column of the matrix A are denoted by A(£, m), A({,:),
A(:, m), respectively. The trace and the main diagonal of the
matrix A are denoted as tr(A) and diag(A), respectively. The
diagonal matrix obtained from the vector a is denoted by
diag(a). The block-diagonal matrix obtained from matrices
Ay, ..., Ay is denoted by blckdiag(Ay, ..., Ay). The oper-
ator that returns an orthonormal basis for the range of A
is denoted by orth(A). The N-dimensional identity matrix
is denoted as Iy, the (N x M)-dimensional matrix with
all zero entries is denoted as Onywxys and 1lyxps denotes a
(N x M)-dimensional matrix with unit entries. The statistical
expectation and variance operators are denoted as [E[-] and
var{-} respectively; CA(u, o) denotes a complex circularly
symmetric Gaussian random variable with mean p and

variance o 2.

Il. SYSTEM AND SIGNAL MODELS

We now outline the system and signal models considered
in this paper. We consider a terrestrial area containing Q
UTs equipped with uniform planar arrays (UPAs) with Nyt
antennas. For the sake of simplicity, all UTs are assumed
to have the same number of antennas. The Q UTs are in
possible visibility with P satellites, all equipped with UPAs
having the same number Ng of antennas. The representation
of the considered scenario is reported in Figure 1, where we
see that some paths from satellites to UTs can be blocked
by the presence of obstacles. We denote by M the number
of subcarriers, Ay the subcarrier spacing, W = AsM the
system bandwidth, N the number of symbols, 7 is the symbol
duration, and Tfame = NT the frame duration. We also
assume TAr = 1.

A. CHANNEL MODEL

The downlink time-varying channel between the g-th UT and
the p-th satellite is the following vector-valued (Nyt X Ng)-
dimensional function:

H,. (¢, 7) = ppqavr(8yT. 07 )al (45 .. 65, )
x 8(1 — 1p,q)e> 0l (1

where

- Pp,g is the complex gain containing the path-loss,
log-normal shadowing loss and clutter loss, i.e., the
attenuation due to surrounding objects on the ground,

- ¢1§, q and Hps, g are the azimuth and elevation angles
corresponding to the direction of departure (DoD),
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FIGURE 1. Schematic representation of the considered scenario, where each
terrestrial UT is served by a personal cluster of LEO satellites. Some potential paths
from satellites to UTs are blocked by obstacles.

- ¢UT and QUE are the azimuth and elevation angles
correspondmg to the direction of arrival (DoA),

- a,(p, V) is the UPA array response, specified later, at
the generic array, i.e., x € {S, UT},

- Ns = NsyNs is the number of antennas at the satellite
with Nsy and Ngp the number of antennas on the
vertical and horizontal axis, respectively,

- Nyt = Nutr,vNuTh is the number of antennas at the UT
with Nyty and Nyrth the number of antennas on the
vertical and horizontal axis, respectively,

- Tp,q and v, 4 are the residual propagation delay and the
Doppler shift of the g-th UT with respect to the p-th
satellite.

Note that v, , is a relative Doppler shift that takes into
account the movement of the p-th satellite and the g-th UT.
To mimicking the actual working conditions of the satellites
systems, we assume that the satellites perfectly compensate
for delay and Doppler shift in one specific location, namely,
the ideal UT position. The delays and Doppler shifts, i.e.,
Tp,4 and v, 4 in (1), are residual uncompensated values given
by the location uncertainty, offset distance rp 4 say, of the
UT from the ideal position known at the satellite.!

Regarding the definition of the UPA array response, upon
defining the wave vector k(g, ©) as

2 . . T
k(p, 9) = T[cosﬁcoscp,cosﬁsmw, sind]”, 2)

with A the signal carrier wavelength, the array response is
written as

al (g, 9) = YT [ @nu) o],

3)

where again x € {S, UT}, uy(ny), ny = 1,..., Ny, is the
position of the n,-th antenna on the satellite and Iy is the
gain of the generic radiation element [22].

IThe entity of the offset distance must be properly designed considering
the capability of the modulation format to estimated the given relative delays
and Doppler shifts.
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B. OTFS SIGNAL MODEL
We focus on a generic block of NM symbols and denote by
x,(:’z the symbol intended for the g-th UT on the downlink
in the delay-Doppler domain with k = 0,...,N — 1 and
£=0,...,M — 1 belonging to a QAM constellation. Each
satellite serving the g-th UT applies the inverse symplectic
fast Fourier transform (ISFFT) converting the delay-Doppler
domain signal to the time-frequency domain signal X,(lq,),,
where [31]

N—1M-1 N m

X0, = 30 YA (8H), 4)

k=0 ¢=0
with n = 0,....,N—1 and m = 0,...,M — 1. The
signal transmitted at the p-th satellite is the following Ns-
dimensional continuous time function

0-1
sp(1) = Z“p,q«/ Np.qWp.q X
q=0
N—1M—1
Z Z X(q) gzx(t nT)eJZﬂmA/(t—nT)’ (5)

n=0 m=0

with ) 4 a binary variable being 1 if the p-th satellite serves
the g-th UT and O otherwise, 7, 4 the power transmitted from
the p-th satellite to the g-th UT, w,, the Ns-dimensional
beamforming vector used at the p-th satellite to serve the
g-th UT and g7x(-) the transmit shaping pulse. Denoting by
v+ 4 the Nyr-dimensional receive beamforming, also known
as combining, vector at the g-th UE used to detect the signal
transmitted from the p*-th satellite, the received signal is
written as

P—1
gt =Y Vi, / H, 41, T)s,(t — T)dT + V). 2,(1), (6)
p=0

where z,4(f) denotes the additive white Gaussian noise. By
using the expression of Hy (¢, T) in (1), the signal received
at the g-th UT can be written as

P—1
T T AUT
Tpx q(f) = Z Pp.qVp* qAUT (¢p g 9 )
p=0

x al (85,05 )$p(t = Tp.g) P04 40 2,0, (D)

Substituting the expression of s,(#) in (5) and after some
manipulations we obtain (8), shown at the bottom of the
next page.

The output of the RX filter bank adopting a generic receive
shaping pulse grx(?) is given by

a1 = /r"*v‘J(’/)g;x(’/ — 1)e " df

oUT oUT)al (¢S S
—prqv* aUT( .0 O, )S<¢p,q’9p-4)

N—1 M—1

X Wp.g Z"‘pqv”pq Z legqrzl

n'=0m'=0
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X /g"((t/ —n'T — 5 4)grx(t' — 1)

« ejZﬂm’Af(t/—"/T_Tp-tI)gﬂ” vl’ﬂt/e_jzﬂﬁ/dl/ +vVv

L 2. (9)

where Z,(, f) is the filtered noise at the receiver.
By sampling at t = nT and f = mAy we obtain the signal

Zp,,qv * aUT( 1741’9UT)

R N

N—1 M—-1
8 ( $p.a? )Z“MV”MWM > > Xy
n'=0m'=0

X /grx(l’ = ' = 7p.)8kx (' = nT)
2T AL (1= T=p4) 27y g y=i2mAGY 40 _i_ngprzqq), (10)

with Z,S{’:,{q) vl Z(q) and Z(q) the sampled version of

o p*.qTnm
zq(tsf)'

X
It can be shown that Y,(,‘f7 m’q) can be written as

P—1
(r*.9) ~ T uT UT al (oS oS
Yl’l,m = Z ppqup*’anT ¢p q° 0 S ¢PJI’ ep'q

N—1M-1
@)
X ZO‘MV”MWM 22 X
n'=0m'=0
x cn,n/,m,m,(r,,,q, vpg) + 207, (11)
where 0y, = pp g€/ > P94, and
Cont,m,m (Tl’,q’ VPJI) = Cng,gRX((n n/)T—
Tp.gr (m—m') Ay — Vp.g) @ T2t g (1)
and where we defined the cross ambiguity function
Curn(t,v) = / u(s)v* (s — t)e 72TV ds. (13)

Finally, at the receiver the symplectic fast Fourier trans-
form (SFFT) is applied, yielding

(* ) 1 N—1M-1 ( ) 271 k)
ykisq _ Z Z YP »q ] M -N (14)
nOmO

It can be shown that y(p ‘9 can be written as in (15),

as shown at the bottom of the next page, where

\lf,ﬁ”kf”g,(rp,q, Vp.q) is given in (16).

Stacking all the symbols received by the g-th UT from the
p*-th satellite in the NM-dimensional vector y?*9 and the

symbols intended to the g-th UT in the NM-dimensional vector
x@, we can write the whole observable as in (17), as shown at
the bottom of the p. 8, where the (kM + €+ 1, KM +¢' +1)-th
entry of the NM x NM-dimensional matrix %% is

W, (kM4 €+ 1, KM+ 0 +1) =

with k=0,...,N

.q)
wgk’q,e,w(fp,qs Vpg). (18)

—land £=0,..., M —1.

C. OFDM SIGNAL MODEL
Consider now a standard OFDM modulation with cyclic
prefix (CP) in order to avoid the inter-symbol interference
(ISD) and denote by xff’)n the information symbol on the
m-th subcarrier in the n-th symbol intended to the g-th
UT belonging to a QAM constellation. The resulting
OFDM symbol duration is Ty = Tcp + T, where Tcp
and T denote the duration of CP and data symbols,
respectively.

The continuous-time OFDM transmitted signal with CP at
the p-th satellite is the following Ns-dimensional continuous
time function

N-1M-1
sp(t)_Zap,an quz (q)
q=0 n=0 m=0

x rect(t — nT)e/ZFmArt=nTo—Tcp) (19)

with all the quantities defined as in (5).

The signal received at the g-th UE to detect the
information transmitted from the p*-th satellite can be
written as in (7) where now substituting the expres-
sion of s,(#) in (19) and after some manipulations we
obtain

P g (1) = prq N O B )

N—1M-1
x Z“pqv”pquqzzxgq)
n'=0m'=0

X rect(t —n'Ty — Tcp — Tp,q)

2em’ Ap (t—n'T— j2 t T
x P IT=5) 0l T, 20,

By sampling every T/M and removing the CP in each
OFDM symbol, we obtain

P*.q
rr(l,m )

(20)

= I'p* q(t)lt nTo+Tcp+mT /M

UT\.T(+S 5S
—prqv* aUT( q’epq) S<¢p,q’9p,4)

T UT ,UT
Iprq(t) = Z Pp.gVp+,qAUT <¢p g%
N—1 M—1

Z Z X(q)/gm

n'=0m'=0
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7)28(4%, 6

nT—‘L’ )e/ZHmAf(t n'T— rpq)e/2ﬂupqt+v . Zq(l) 8)

)Zo‘pq\/”pq“’pq’ X

10437



D’ANDREA et al.: CELL-FREE MACRO-DIVERSITY SCHEMES IN LEO NON-TERRESTRIAL NETWORKS

0-1
'27TnT()1) X
x Z g g€ PIWp.q
q'=0

M-1 Y X
» inqm) J2 ( + ) —2mm’ Aftp g +Z(p q), (21)

m' =

with 270 = vI, 2%

p*.q
24().
Finally, the received signal is FFTed as

S = Z 7)ot

It can be shown that y,(,p mq) can be written as in (23),

as shown at the bottom of the next page, where
g ) 1 (Tp.q» Vp.g) 1s Teported in (24), as shown at the bottom

ofmtlrfe next page.

Stacking all the symbols received by the g-th UT from
the p*-th satellite in the NM-dimensional vector y* 9 and
the symbols intended to the g-th UT in the NM-dimensional
vector X9, we can write the whole observable at the g-th
UT as in (25), as shown at the bottom of the p. 9, where the

NM x NM-dimensional matrix ¥, , is obtained as follows

(@)

and z,;, the sampled version of

(22)

P—10-1
/ *
+ Z Z Up g Tpo 1 prg.g Wp. XD +207D
p=04'=0 noise
q'#q

interference from the other downlink transmissions

where the NM x NM-dimensional matrix ¥, , depends on
the processing: for OTFS it is defined in (18) and for OFDM
in (26). We defined the auxiliary variable pp+ , 4 » for OTFS
and OFDM, respectively, as

—_ T uT uT
Hp*pa.q = Pp.qVp anT(¢P a0 ) (¢ -9’ pf/)wpq’
UT pUT S
Mt = Pr.a¥he AU (ON1F, 05T )aL (85 41 65, ) Wp.q- (28)

Upon defining S, : {p* aprq = 1} as the set
containing the serving satellites for the g-th UT, the
estimation of the symbols intended for the g¢-th UT can
be obtained by summing the contributions from the serving

satellites:
- Z y (70,
pres,

<@

y (29)

Using a compact notation, we can write (29) as

) _ (@ (@ 0-1 (@) =(q)
e _ YV =AxPD +Bx'P 3% Cyyx\7) 4 Nz'9 (30)
¥, o = bikdiag (¥, .., 7). 26) o
where the (m,m’)-th entry of the M-dimensional matrix Wwith
AR
' is
" o) q= Z Np gl p*.q.q¥ g
s p.q *
v, ( ) \Ilmm n(TP!‘I’ vp,q). 27 Pres,
lll. RECEIVER POST-PROCESSING
= Up o/
In both OFDM and OTFS, the whole observable at the g-th ZS Xg pas/Mp.atppa.q¥
UT from the p*-th satellite, y(f"*'q) say, obtained by stacking ey 157#1)
YD ¥ =0,....N—1,m=0,...,M— 1 for OFDM _
and y{";¥, Vk=0,...,N—1, £=0,...,M 1 for OTES, Cog =Y. Za,,,q/ [l o prad ¥pa
can be expressed as p*eS, p=0
y(p .9) = Up* g /np*’qup*vp*’q’q‘l’p*’qx(q) Nl] = Z INM ®Vp q (31)
intended signal to the g-th UT from the p*-th satellite P ES‘J
P-1 - -
and Z9 ~ CN (Onmnyr» O INMN ) the vector containing the
+ Z ®p.g~/ Mgty p.g.q¥p.aX? ot UT
=0 Nyr-dimensional subvectors Zm n Ym, n.
p#p* We assume that the g-th UT in order to detect the
intended signal to the g-th UT from the other satellites information symbols stacked in the vector x@ applies a
"0 N—1M-1
g UT HUT @ P9
Yk, Zo‘p a~/p, qu aUT(¢p g 9. )as <¢p @ )qu Z Z Yoy k'uf(fp,qv UP»(I)
p=0 =0 ¢'=
P—10-1 N—1M-1 @) "0
~ T UT HUT q) @2 17 q
+ Z Z %p.q'N/Mp.q' Pp.qVp*,q4BUT (d)p,q’ 9 )as <¢p 8 )Wp q Z Z 5oV (.0 Vo) + 2, (15)
p=0 q’:() =0 =
q'#q
N—1M—-1N—1M-1 "
».q) o (e —mE) g (nk_mt
B, oo vha) = 12 30 0 2 X Cotan (i ¥a)e (% -5F) oo (35, (16)

n=0 m=0 n'=0m'=0
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“practical” MMSE detection.”> More precisely, we focus on
the following observable, i.e.,

29 — pHy@,

"y (32)

with Y@ expressed according to (30) and we assume only
the knowledge of the channels from the serving satellites at
each UT, i.e., the MMSE estimator matrix D, is obtained as

—1
D, = [AAl +0Tw | A, (33)
Now, by defining £ = (n — )M +m, withm=1,...,M
and n=1,..., N, the expression of the generic £-th symbol
estimated at the g-th UT can be expressed as

90 =D (€, )AX? + DI (¢, H)BxD
0-1
+ > DH @, )C.x) + D (£, )NZ?.

q'=0
q#q

(34)

2In this paper, we are assuming perfect channel state information (PCSI).
However, the channel parameters (path-loss, delay and Doppler shift) are
here needed for the implementation of the receiver to detect the symbols
and must be estimated only from the UTs on the downlink and not from
the satellites. The literature on OTFS and OFDM offers efficient algorithms
to perform the channel estimation and we can refer to the procedures in
reference [31] that can be applied directly here on the signal received at
the single UT.

Define i = (W' — DM +m/, with m/ =1,...,M and n' =
1,..., N, and note that
NM
TVx@0 = S GV x@ (i), (35)

i=1
By using the definitions of A4, B, and C, , given in (31),
the expression of the generic £-th symbol estimated at the
g-th UT can be expressed as in (36) at the bottom of the
next page.
The main mathematical symbols used in this paper are
summarized in Table 1.

IV. FURTHER SYSTEM DESIGN ASPECTS

In this section, we discuss further aspects of the system
design, such as the choice of the beamforming and combin-
ing at the satellites and at the UTs, respectively, the power
control policy and the association between satellites and UTs.

A. BEAMFORMING AND COMBINING DESIGN

For the design of the beamforming vectors at the satellites
and of the combining vectors at the UTs, as a direct
consequence of the consideration of relative delays and
Doppler shifts as discussed in Section II-A, we assume some
uncertainty on the knowledge of the UTs’ position (at the
satellites), and of the satellites’ positions (at the UTs).3

3The performance of the system is affected from this uncertainty, both
in terms of beam precision and in terms of channel estimation capability
of the considered modulation format.

q) UT
y(p 9) = Qp* g+/Mp* qpp qY anT((ﬁp*,q,

uT T(4S S (@
ep*,q)as ((ﬁp*’q, ep*,q)Wp*,q\I’p*’qX

intended signal to the g-th UT from the p*-th satellite

UT oUT\.T( .S AS
+Z“pq«/’7p qu anT<¢ 0, )as<¢p,q’Qp,q)wp,q‘l’p,qx(q)

p#p
intended signal to the g-th UT from the other satellites
P—-10-1
UT\,T( .S S q p*.q
+ Z Z %,q'\/Mp.q Pp.qY, anT (¢P a0 ) ag (¢p,q’ Qp,q)wpyq/‘l’p,qx( ) +\Z( )/ a7
p=0¢'=0 noise
q'#q
interference from the other downlink transmissions
o) 5
g UT qUT) T 1S @ P2
Yn,m Zot,, q~/p,qPp.q¥p aUT(¢p g+ Oy, ) s( g O ) Z ) ugit n(flhq’ Vp,q)
p=0 m'=
P—10-1 M— ( ) ( )
UT oUT\,T(4S S .9 p q
+ Z Z Xp.q' /Mp.q' Pp.qVp anT<¢p a O, q)aS (¢p,q’ Gp,q)wp,q’ Z X Yoot 1 (Tp.g> Vp.g) + 20, (23)
p=04'=0 m'=0
q'#q
».9) U jnnm o Ay g X 2R L (i —m)
wnTovy g ,—j2mrm Arty,, M A 727 (m —m
W (T Vo) = Me] e quze s e (24)
i=0
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For this purpose, we denote by ¢ T , the azimuth and
elevation position of the g-th UT known by the p th satellite,
i.e., approximate DoD for the g-th UT, and by ¢p @ II;I @ the
azimuth and elevation position of the p-th satellite known
by the g-th UT, i.e., approximate DoA for the g-th UT.
The beamformer and combiner design is focused on the

quantity

UT pUT\ T +S S .q
Kp* p.q.q _ppq p* anT(¢ 0 )as <¢,,‘q,9,,,q)w(”"),

uT Satellite

(37

where p, , = pp4 for OFDM and p, , = pp 4 for OTFS.
In the design of the combiner, we can assume that the
UT takes care of the first part of wpy p 4, While in the
design of the beamformer we can assume that the satellite
takes care of the second part of pp, 4., as detailed
in (37).

In this work, when designing the beamforming and
combining vectors, we only assume the knowledge of the
approximate positions of satellites and UTs. We here detail

the proposed approaches based on beam-focus (BF) and
zero-forcing (ZF) approaches.*
We thus consider the following beamforming techniques:
- Beam-focus beamforming (BFB): The p-th satellite uses
a beam aligned to the approximate DoD for the g-th
UT, ie.,

—S =S
ag (¢p,q’ 91)»4)
T =S S\
Jas(#.700)|
- Zero-forcing beamforming (ZFB): The p-th satellite, in
designing the beamforming for the g-th UT, nulls the

interference on the approximate DoD for other UTs,
i.e.,

w(r-®) (38)

o
Wp.9),ZF

whd = ,
IW@p,q),zE]

(39)

4Note that the consideration of more advanced beamforming and
combining techniques, such as the regularized zero-forcing and MMSE
leads to a performance improvement, but strongest assumptions are needed
on the knowledge of the noise variance at the receiver and channel
gains.

UT QUT \,T(4S S
y(p ) = %p* g/ Mp*.qPp*.qVp anT(¢p a2 O, ) s(‘f’p*,q’9p*,q>wp*,q‘1’p*»qx

(9

intended signal to the g-th UT from the p*-th satellite

P—1
T UT ,UT )]
+ Z Up, g~/ np,qpp,qvp*,anT<¢p g 9 ) ((15 g p q>wp q\Ilp gX
p=0
p#P*
intended signal to the g-th UT from the other satellites
P—10-1
UT ,UT S q r*.q
+ Z Z %.q'\p.q' Pp.qV anT<¢p a O ) ag (¢p g Op )Wp,q"l’p,qx( ) 4209 (25)
p=04'=0 noise
q'#q
interference from the other downlink transmissions
NM
H . *.q) . H . *q) (. ; :
OO = Y g gty prq.qDE C VD OXDO+3 S i gt g gDE (L 8D ¢ x @ (i)
*eS, i=1 p*eS,
p q it p
intended symbol
ttended symbo interference from other symbols intended to the g-th UT
NM
H . ) (- 7 ;
+ Z Z Z v/ np,qﬂp*,p,q,ql)q (¢, ~)\I’(p q)(.’ Z)X(q)(l)
i=1 p*eS, peS,
p#P”
interference from symbols intended to the g-th UT due to receiving beams mismatch
0—1 NM
(36)

+ 333 S St pag D€ ¥ PP €, ix @ i) + DI (0, )N,Z@
—_—

q'=0 i=1 p*eS, peSy
q '#q

noise contribution

interference from other transmission
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TABLE 1. Meaning of the main mathematical symbols.

Symbol Description
P,Q number of total satellites and UTs
M, N number of subcarriers and symbols for OTFS and OFDM
Ng, Nyt number of antennas at the satellites and UTs

Pp,a>Vp,q> Tp,q

channel gain, Doppler shift and path delay between the p-th satellite and the g-th UT

UT oUT
auT(¢p,q: 9,9

array response at the g-th UT corresponding to the AoA from the p-th satellite

as(¢S .65 )

array response at the p-th satellite corresponding to the AoD to the g-th UT

H, (¢ 7) downlink time-varying channel between the g-th UT and the p-th satellite
Wp.q beamforming vector used at the p-th satellite to serve the g-th UT
Vp*.q combining vector at the g-th UE used to detect the signal transmitted from the p*-th satellite
Qp.q binary variable being 1 if the p-th satellite serves the g-th UT and O otherwise
Ep* p.g.q" auxiliary variable involving the p-th and p*-th satellites and the g-th and ¢’-th UTs defines as in (28)
y(p*"ﬂ observable at the g-th UT from the p*-th satellite
Sy set containing the serving satellites for the g-th UT
x(9) information symbols intended for the g-th UT
y(@ estimation of the symbols intended for the g-th UT
(P NM x N M-dimensional matrix synthesizing the channel and the modulation transmission from the p-th satellite to the g-th UT
where denoting by Pp sar the total power available at the p-th

— —S =S
Wipg) 2F = (INS - A;fg‘A;fg‘*H)as (qbp’q, QM) (40)
Agrh = Ol"tél(Ap’q) and A, , contains on the columns
[as(¢, ,+0,4):d # 4l
Regarding the combining, we consider the following
techniques:

- Beam-focus combining (BFC): The g-th UT uses a beam
aligned to the approximate DoA for the p*-th satellite
by including a phase compensation of the channel gain,
ie.,

—UT —=UT

e (@ Oy

—UT —=UT \ |~

ayr (¢p*,q, 9,7*,4) H

- Zero-forcing combining (ZFC): The g-th UT, in design-
ing the combining for the p*-th satellite, nulls the
interference on the approximate DoA for other serving
satellites by including a phase compensation of the
channel gain, i.e.,

v a9 — (41)

v
yha) — __oZE (42)
IVp,q).zEl
with
_ h porth, H —UT —UT
V(p*,q)’zp = (INUT — B;itquﬁit’q )aUT ((Z)p*.q, ep*,q) (43)

B;i‘}; 3TortlEJ(TBp*’q) and B« , contains on the columns
s ra) . * _
lauT(), 4, 0, ) P # " and ap g = 1].

B. POWER ALLOCATION AND UT-SATELLITE
ASSOCIATION

Regarding the definition of the transmit power coefficients,
we assume that each satellite uniformly distributes the
available power budget to the UTs that it serves. In particular,

VOLUME 6, 2025

satellite, the coefficients r)(p"f) are expressed as:

%p,qPp,saT

n(IMI) — 5 .
MN Zq:] ®p.q

(44)

For the definition of the binary association variables oy 4,
we consider the UC-CF approach [15]. Specifically, the g-th
UT is served by the Nyc closest satellites. In particular, let
O4:{1,...,P} — {1, ..., P} denote the sorting operator for
the vector [51 41, ..., [Sp4], with 5, 4 the slant range between
the g-th UT and the p-th satellite, such that

50,(1).qg = 50,2, = -+ =50,(P).q- 45)

We consider some constraints in the UT-satellite asso-
ciation in order to avoid overloading the satellites and
reduce high mutual interference between UTs served by
the same satellite. In particular, the following cases are
considered:

- Cp: Each UT is served by the Nyc closest satellites,
i.e., the binary association variables are defined as:

{ X0,(1).q = -+ = €0, MNuerg = 1 (46)

A0, (Nyc+1)g = - - = A0 (P),g =0

- C1: Each UT is served by the Nyc closest satellites
and the satellites must satisfy the restriction on the
maximum number of UTs served, NyTmax say.

- C3: Each UT is served by the Nyc closest satellites and
the satellites must satisfy a restriction on the minimum
angular distance, § say, between the served UTs.

- C3: Each UT is served by the Nyc closest satellites and
the satellites must satisfy the restriction on Nyrmax
and 4.

In particular, in cases Ci, C;, C3, for the ¢-th UT
with ¢ = 1,..., Q, we sort the satellites according to the
sorting operator O, in (45) and then select the closest Nyc
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satellites satisfying the restrictions in terms of load and/or
minimum angular distance between the served UTs. It is
worth noting that for certain UTs, it may not always be
possible to identify Nyc satellites meeting all constraints.
Therefore, Nyc generally represents the maximum number
of satellites that can serve each UT. Numerical simulations
indicate that, in the considered scenario and for Nyc € [1, 6]
the probability of not finding Nyc suitable satellites for
a given UT is very low. The constraints considered here
are designed to reduce satellite complexity (Cj, by limiting
the number of simultaneously served UTs) and to mitigate
downlink inter-UT interference (Cz, by constraining the
angular separation between UTs served by the same satellite).
Practically, satellites require only the UTs’ approximate
positions, from which angular separations can be computed,
and the maximum load each satellite can support, defined
as a system design parameter.

V. PERFORMANCE ASSESSMENT

In the following, we illustrate the considered performance
measures, the simulation setup, the specific model used
for channel generation, and, finally, discuss the obtained
numerical results.

A. PERFORMANCE MEASURES

The schemes developed in this paper will be assessed in
terms of SINR and pragmatic capacity, which are defined
next.

Starting from (36), the SINR on the ¢-th symbol at the
g-th UT is expressed as in (47) at the bottom of this
page, obtained again by averaging on symbols and noise
realizations.

Regarding instead the pragmatic capacity [31], we recall
that is defined as the mutual information of the virtual
channel with constellation symbols as input (uniformly dis-
tributed) and received samples after the MMSE processing as
soft-outputs. This measure basically provides the achievable
rate in the case of separated detection and decoding. Thus,
given inputs x¢ and outputs X9, the constellation C and
the set of transmitted symbols, excluding the pilots, D (i.e.,
|D| < NM), the pragmatic capacity for g-th UT can be
derived as

1 - 1
Ipc = 10g2 |C| — N_M Z P(Xk, )Ck) 10g2 m (48)
keD

where P(x[X;) is the a-posteriori probability of symbols x
given the detector soft-outputs X, whereas P(xx,X;) is the
joint probability function.

B. SIMULATION SETUP AND CHANNEL GENERATION
Results are provided taking as a case study a constellation
similar to the Starlink LEO satellite mega-constellation.
As of September 2024, the Space-X Starlink satellite
constellation is the largest LEO operational satellite network,
having already more than seven thousand satellites in orbit
among different shells mainly at 445, 475, 485, 540, 550,
560, 560 and 570 km altitude, and over orbital planes with
inclinations of 53°, 43°, 70° and 97.67° mainly. Starlink
is planned to use inter-satellite links, even if not from the
beginning, and the frequency usage will be in Ka and Ku
bands.

The simulated scenario envisaged an observed fixed UT?
surrounded by 50 interfering UTs randomly placed in a
radius of 670 km, each with an estimated positioning offset
(therefore the satellite delay and Doppler precompensation
includes a residual error). The offset distance r,, from
the exact UT position was set as a random point within a
circle of radius 500 meters Vp, g. Six hundreds snapshots
of the scenario were taken every second, and for each
snapshot a new occurrence of interfering UTs positions was
generated, and then 1-sec time-series sampled every 10 ms
(i.e., 100 samples were taken, ideally emulating the state of
the channel over the duration of one NR frame period, which
is 10 ms) were used to simulate a narrowband flat-fading
channel on each UT-satellite link. Concerning the waveform,
the carrier frequency was set to f = 20 GHz (Ka-band),
the subcarrier spacing to Af = 120 kHz, the symbol time
to T = 8.33 us, with M = 32 and N = 16. The power
spectral density of the noise was Ny = —174 dBm/Hz and
the noise figure at the receiver was F = 5 dB. We assumed
Nsx = Ns,y = 16, i.e., Ns = 256, I'sar = 23 dB at the
satellites, and Nyt,x = Nyt,y = 4, i.e., Nyt = 16, 'yt = 10
dB at the UTs. We assume that all the satellites have the
same power budget, i.e., Ppsar = Psar, Vp = 1,...,P.
The main simulation parameters are summarized in Table 2.

Given the described satellite scenario, the propagation
channel is modeled following the two-state semi-Markov

5The geographic coordinates of the location were 47°33°33.6”N
7°35°22.8”E.

*eS,
7O = L

Y bty pa gD G OWED (0

2

(47)

M . L2 M
Zi‘Zp*esq Ve ahp*.p*.q.q4Dq € W, l)) + Z%
= =

iZe
e H 30D, -
+ Z Z Z Z «/np,q’ﬂp*.p,qA,q’Dq G Ow (:, 1)
q'=0i=1|p*eS,; peSy
q'#q
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TABLE 2. Simulation parameters.

Value
20 GHz (Ka-band)
120 kHz, 8.3 us
Number of subcarriers, M 32
Number of symbols, N 16
-174 dBm/Hz, 5 dB
Q =51, P =6022
256, 16 x 16 UPA
16, 4 x 4 UPA
500 m (maximum)
Space-X Starlink
[43]

Description

Carrier frequency

Subcarrier spacing, Symbol Time

PSD of noise, noise figure

Number of UTs and number of satellites

Number of Antennas at the satellites, Ng
Number of Antennas at the UT, Nyt
Offset distance, rp 4

Satellite Constellation

Large-scale propagation channel model

TABLE 3. ITU-R P.681-11 channel parameters for highway environment.

Parameter GOOD BAD
“aG,B, oq,B (m) 1.27, 1.86 -0.31, 1.35
durmin,g,B (M) 0.01 0.5
HMa,G,Bs OM,,G,B (dB)  -0.16, 0.39 -5.92, 8.20
hig,B,h2c,B (dB) 0.0, -29.61  -0.34, -14.39
91G,B> 92G,B 0.0, 0.39 -0.41, 0.0
Loorrg,B (m) 0.15, 1.28

f1AMA + f2 (m) [0.001, 0.861]

model described in ITU-R Recommendation P.681-11 [42],
with particular reference to the parameters for the highway
environment reported in Table 3, specific for 20 GHz carrier
frequency and for an elevation of 30 degrees. In the table,
G,B stand for GOOD and BAD states, parameter (u, o) refers
to the mean and standard deviation of the log-normal law
assumed for events duration, durming p refers to the minimum
possible events duration, (f4M, G,B; OMAG,B) to the mean and st.
deviation of the average direct path amplitude (M) over one
event, (h1G,B, h2g.p) to the multipath power, (8168, §26.B) to
the st. deviation of Ma, Leorrg B to the direct path amplitude
correlation distance, fiAMa + f> to the transition length
(being AMy the difference between Mag and Mag). The
choice of such a model is motivated by the fact that for
transmissions in Ka-band with directive antennas a narrow-
band (flat-fading) channel can be assumed. Also, uncorrelated
links were assumed as satellites serving the same user are
spatially separated both in terms of distance (hundreds or
thousands of km) and angles of arrival.® Delays and Doppler
shifts are computed for each satellite based on its true orbital
speed and position, whereas a random speed in the range
50-130 km/s is assumed for each UT for each snapshot.

5The assumption of no correlation is also motivated by the Highway
scenario here considered. In such propagation model, the typical obstacles
are panels, poles and trees on the side of the road, therefore the signals
transmitted by different satellites would likely experience independent
blockage. In general, this assumption could entail slightly optimistic results,
but, on the other hand, an exhaustive, reliable and realistic correlation model
for LEO satellite scenarios in Ka band and open space is not available.
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FIGURE 2. Distribution of the number of UTs served by each satellite over the ten
minutes time span (with Nyrmax = 10, Nyr,max being the maximum number of UTs
served from each satellite), by considering the constraint C, with § denoting the
minimum angular distance between UTs served by the same satellite.

—©-O0TFS, Nyc =1
—©-OTFS, Nyc =2
0.9 7| -5~ OTFS, Nyc =3
OTFS, Nyc =5
—6-OTFS, Nyc =10
—8-OFDM, Nyc =1
——O0FDM, Nyc=2
0.7 |-|~E—OFDM, Nyc =3
OFDM, Nyc =5
~—OFDM, Ny¢ =10

0.6
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0.2
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FIGURE 3. CDF of the SINR per user and symbol for OFDM and OTFS for different
values of Nyc being the number of satellites serving each user, ZFB and Nyr = 1, with
Nyt denoting the number of antennas at the UTs, transmit power at the satellite

Psar = 15 dBW, and Cy with Nyt wax = 10, Nyt max being the maximum number of UTs
served from each satellite.

C. NUMERICAL RESULTS

Figure 2 shows how the distribution of the number of UTs
served by the same satellite (which is in any case limited
to 10), NUuT,actual say, changes when the constraint C; on the
minimum angular distance is varied from 0° (no constraint)
to 50°. It is then possible to notice that a higher angle
constraint entails a higher percentage of few UTs served
by the same satellite, thus obviously correlating the two
constraints that cannot be considered as independent.

In Figures 3 and 4, we report the cumulative distribution
functions (CDFs) of the SINR per user and symbol defined
as in (47) in the case of single-antenna UTs and multiple
antennas UTs, respectively, by assuming ZFB in both the
figures and ZFC in Figure 4. We report the performance for
different values of Nyc for both OTFS and OFDM. From
Figure 3, it can be observed that, with single-antenna UTs
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FIGURE 4. CDF of the SINR per user and symbol for OFDM and OTFS for different
values of Nyc being the number of satellites serving each user, ZFB-ZFC and Nyr = 16,
with Nyr denoting the number of antennas at the UTs, transmit power at the satellite
Psar = 15 dBW, and Cy with Nyt max = 10, Nyt max being the maximum number of UTs
served from each satellite.

and without phase compensation, the macro-diversity gains
cannot be fully exploited. In this case, the signals from
multiple serving satellites combine destructively, leading to
a reduction in the useful signal power compared to the
baseline (Nyc = 1). This behavior was also observed in
reference [14], where we discussed that to exploit the benefits
of macro-diversity, an at least coarse phase estimation of
the channel must be used to perform a coherent joint
transmission. However, in the case of multiple antennas UTs,
shown in Figure 4, the use of ZFB and ZFC is able to isolate
the contributions from different satellites and thus, thanks to
the spatial filtering, we are able to exploit the benefits of
the macro-diversity for the vast majority of the UTs. The
comparison between OFDM and OTFS is also reported in
terms of outage probability in Table 4 with a SINR target
of 0 dB and a transmit power at the satellites of PsaT =
15 dBW. We can observe that the performance considering
single antennas UTs, i.e., Nyt = 1, is not acceptable in
both cases, with a limited improvement in the case of OTFS
while they are significantly improving considering multiple
antennas UTSs, i.e., Nyr = 16, and that the effectiveness
of considering multi-satellite diversity is also observable in
terms of system reliability.”

In Figure 5, we again report the CDFs of the SINR per
user and symbol, focusing now only on the case Nyc =3
with multiple antennas UTs, the one that achieves the best
performance according to Figure 4, showing the impact of
the beamforming and combining techniques used at the
satellites and UTs. In particular, by inspecting the figure,

TNote that the last column of Table 4 refers to both OFDM and OTFS
because of the overlap of the OFDM and OTFS SINR curves in the lower-
left part of Figure 4.
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TABLE 4. Outage probability with transmit power at the satellite Psar = 15 dBW, a
SINR target of 0 dB with Nyr denoting the number of antennas at the UTs.

OTFS, Nyr =1 OFDM, Nyt =1 Nyt = 16
Nyc =1 11% 12.6% 4.6%
Nyc = 2 26.7% 43% 4.6%
Nyc =3 24.7% 38% 42%
Nyc =5 32.3% 43.5% 9.6%

OTFS, BFB-BFC
—#— OFDM, BFB-BFC
—$—OTFS, BFB-ZFC
—e— OFDM, BFB-ZFC
OTFS, ZFB-BFC
—#e— OFDM, ZFB-BFC
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FIGURE 5. CDF of the SINR per user and symbol for OFDM and OTFS, Nyc = 3 being
the number of satellites serving each user, transmit power at the satellite Psar = 15
dBW, C; with Nyr,max = 10, Nyt max being the maximum number of UTs served from
each satellite, for different beamforming and combining techniques at the satellites
and UTs.

we can observe that, as expected, the best performance is
obtained in the case of ZF approaches aimed at nulling
the interference in the directions corresponding to the
approximate position of the interfering UTs and satellites.
By comparing ZFB-BFC and BFB-ZFC curves in the lower
left part of the figure we can observe that performing the
ZF at the UTs is more effective than performing the ZF at
the satellites in terms of fairness. In Figure 6, we show the
CDFs of the SINR per user and symbol, focusing again on
the case Nyc = 3 with multiple antennas UTs underlying the
impact of the different UT-satellites association techniques.
First, it can be observed that C;, C» and C3 outperform
Co. From the perspective of a generic satellite, limiting
either the number of served UTs or the angular separation
between them effectively allocates more power to fewer UTs,
improving the utilization of available resources. Furthermore,
Cy and C3 outperform C; because they select UTs based on
their angular separation, which reduces downlink multi-user
interference and consequently enhances the SINR per user
and symbol.

Then, Figures 7 and 8 display the OTFS pragmatic
capacity (without any pilot overheads) of the observed UT as
a function of the transmitted power Psar, under constraint C
and C», respectively, for both QPSK and 16QAM modulation
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FIGURE 6. CDF of the SINR per user and symbol for OFDM and OTFS, Nyc = 3 being
the number of satellites serving each user, ZFB-ZFC, transmit power at the satellite
Psar = 15 dBW, for different UT-satellite association techniques. In the legend, Nyt max
represents the maximum number of UTs served from each satellite and § denotes the
minimum angular distance between UTs served by the same satellite.

formats® and with zero-forcing both at transmitter and
receiver and Nyc = 3.

These results are in agreement with SINR results but
provide a further insight on the impact of the constraints;
the maximum number of served UTs entails a significant
difference on the receiver performance when Nyrmax is
greater than one, whereas, on the other hand, only a slight
but uniform improvement can be noticed when the constraint
on the minimum angle is increased from 0° (no constraint)
to 40°. The same behavior is observed for both QPSK and
16QAM.

Finally, Figure 9 presents a comparison between a case
where each UT is served by only one satellite and each
satellite serves only one UT, i.e., Nyc = 1, Nutmax = 1,
8 = 0° (briefly reported in the legend as Nyc = 1), and
a case with Nuyc = 3, Nutmax = 5, 6 = 40° (briefly
reported in the legend as Nyc = 3). In this case, the results
are reported versus the normalized transmitted power Psar+,
computed from Psat by considering a constant penalty equal
to the ratio of the average number or the respective employed
satellites. This ratio, in the case of Nyc = 3, yields a value
slightly higher than zero, since usually a few more satellites
are used if the same UT is served by multiple satellites. For
the scenario at hand, this power penalty was found to be
0.4 dB.? Therefore, it is evident that notable enhancements
can be achieved in both pragmatic capacity and particularly
in outage probability, as values as low as approximately 10%
can be assured while saving power by roughly 5 dBW.

8Actually, only Figure 7 shows results on 16QAM because the behaviour
was exactly the same when constraint C; was considered.

9Therefore, basically Pgar+ = PsaT + 0.4 dB in the case Nyc = 3 and
Pgar+ = Pgat in the case Nyc = 1.
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FIGURE 8. OTFS pragmatic capacity Nyc = 3 being the number of satellites serving
each user under constraint C,, with Nyr wax = 20, being the maximum number of UTs

served from each satellite and § denoting the minimum angular distance between UTs
served by the same satellite.
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FIGURE 9. OTFS outage probability (left) and pragmatic capacity (right) as a
function of the normalized transmitted power, comparison for two respective cases:
a) Nuc =1, Nyrmax =1, § =0°; b) Nyc =3, Nur,max =5, § =40°, where Ny is the
number of satellites serving each user, Nyr uax denotes the maximum number of UTs
served from each satellite and § denotes the minimum angular distance between UTs
served by the same satellite.

VI. CONCLUSION

This paper has investigated macro-diversity strategies for
LEO satellite systems, inspired by the principles of UC-
CF massive MIMO. A comprehensive end-to-end transceiver
model has been developed, accounting for Doppler shifts,
phase offsets, and realistic waveform processing. Both

10445



D’ANDREA et al.: CELL-FREE MACRO-DIVERSITY SCHEMES IN LEO NON-TERRESTRIAL NETWORKS

OFDM and OTFS modulation schemes have been con-
sidered, with OTFS demonstrating improved robustness
under high mobility. The analysis has further explored
multi-antenna UTs, showing that receive beamforming can
effectively mitigate phase misalignment among signals from
different satellites. Overall, the obtained results have con-
firmed that macro-diversity, when properly implemented,
significantly enhances reliability and spectral efficiency
in LEO-based non-terrestrial networks, and thus motivate
further research on this subject. Future research efforts can
be focused on considering the impact of Ricean-distributed
propagation channels, integration with inter-satellite links,
hybrid terrestrial-satellite coordination and resource schedul-
ing under limited feedback.
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