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Abstract—In terrestrial wireless networks, using multiple ac-
cess points for joint coherent transmission towards mobile users
is well known to provide several benefits. Conversely, for non-
terrestrial networks (NTNs), the advantages of joint coherent
processing are hardly achievable due to the difficulty to achieve
perfect phase synchronization among the transmitting devices.
This paper thus investigates the limits and challenges related
to joint transmission in a cell-free user-centric massive MIMO
NTN scenario. In particular, after introducing the transceiver
signal processing for satellite-based joint transmission, we analyze
through extensive numerical results how the coherent and non-
coherent joint transmissions influence the system performance
and envisage the need for approaches that achieve an, at least
coarse, phase synchronization among transmitting devices to
partly restore the system performance.

Index Terms—user-centric, non-terrestrial networks, coherent,
non-coherent

I. INTRODUCTION

NE of the main challenges of future 6G wireless net-

works is to provide broadband coverage in emergency
conditions, such as natural disasters, to avoid connectivity
outages. To address these issues, which nowadays are unfor-
tunately far from rare, 6G research is currently focusing on
the development of non-terrestrial networks (NTN) to promote
ubiquitous and efficient global connectivity [1], [2]. NTN
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integrate non-terrestrial devices, including UAVs, high-altitude
platforms, and space-borne satellites. Among these, low-Earth-
orbit (LEO) satellite mega-constellations have attracted a huge
interest, both in academia and industry [3].

In LEO mega-constellation scenarios, a line-of-sight (LOS)
link between the satellite and the terrestrial user terminal (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 [4], [5].

This approach requires that the satellites serving the same
UT have independent trajectories and are located in different
portions of the sky, the individual UT-satellite links may be
reasonably assumed to be subject to independent shadowing
realizations, thus implying that the overall outage probability
decreases exponentially with the number of employed satellites
and that the coverage is more uniform. For the above reasons,
the practical implementation of satellite diversity poses a
number of technical challenges, due to the need to combine at
the UT two or more paths possibly arriving at different epochs,
and with different Doppler shifts and phases.

The technology that nowadays strongly focuses on macro-
diversity in terrestrial networks is doubtless cell-free user-
centric massive MIMO (CF-UC), which uses several simple
access points (APs) connected to central processing units
(CPUs) serving multiple UTs [6], [7]. Indeed, there is a
strong similarity between a satellite mega-constellation, made
of a huge number of relatively simple satellites connected
to terrestrial gateways, and a terrestrial CF-UC deployment
with the difference that in a terrestrial CF-UC system, the
short distance between the UT and the serving APs makes
the system realization less challenging with respect to a non-
terrestrial scenario [8]. In NTN with LEO satellites, uplink
channel estimation is hardly feasible. Also, phase compensa-
tion (usually done in terrestrial CF-UC systems) is difficult to



implement. In contrast, timing and Doppler shift compensation
for a specific location on the ground can be instead quite easily
obtained. The UTs will thus receive one or more signals with
different phases and, only for certain positions, the same de-
lay/Doppler shift. Mimicking a CF-UC system for a satellite-
based network is thus not a straightforward generalization of
the terrestrial deployment, and proper approaches must be
designed to achieve the gains theoretically granted by the use
of macro-diversity.

This paper investigates the limits and challenges in the joint
transmission in CF-UC NTN. Specifically, this work deals
with the design and assessment of a multi-satellite diversity
scenario using the orthogonal frequency division multiplexing
(OFDM) modulation starting from the definition of the system
and signal model. Then, we discuss coherent and non-coherent
joint transmission schemes and investigate the challenges and
limitations. Results highlight the benefits provided by satellite
diversity in the case of coherent joint transmission also in
presence of some phase uncertainty and provide a discussion
to afford the (more realistic) non-coherent joint transmission
in the considered scenario. The paper is organized as follows.
Section II contains the channel and signal model. Section III
is devoted to the description of the joint transmission schemes
and of the performance measures, while in Section IV we
report and comment the obtained numerical results. Finally,
concluding remarks are given in Section V.

II. SYSTEM MODEL

We denote by M the number of subcarriers, i.e., W = Ay M
is the system bandwidth, with A, the subcarrier spacing and
by N number of OFDM symbols, i.e., T}trqme = NT is the
frame duration, with 7" the symbol duration and AT = 1.
We assume () single antenna UTs and P satellites equipped
with uniform planar arrays (UPAs) with Ng antennas.!

A. Channel model

The downlink time-varying channel between the g-th UT
and the p-th satellite is the following vector-valued (1 x Ng)-
dimensional function:

hy, (. 7) = pp,gas(Pp,q, Op,g)0(T — Tp7q>ej2ﬂyp’qt , (D

where p,, , is the complex gain associated to the path between
the g-th UT and the p-th satellite containing the path-loss,
shadowing, and clutter loss, ¢, , and 6, , are the azimuth
and elevation angles of departure (AoD), 7, , and v, , are the
residual propagation delay and the Doppler shift, ag(p, ) is
the uniform planar array (UPA) array response at the satellite.
We assume that the satellites perfectly compensate for delay
and Doppler shifts at one point on the Earth for each user,
that we call ideal UT position. Then, we denote an offset
distance of the UT from the ideal position, 7, , say, which
entails residual uncompensated delay and Doppler shifts, i.e.
Tp,q and v, 4 [4], [5].

'In this paper, all satellites have the same number of antennas for the sake
of simplicity, but this assumption can be easily removed using a more general
notation.

Upon defining the wave vector k(p, ) as

2
k(p,9) = Tﬂ [cos ¥ cos ¢, cos ¥ sin ga,sinﬂ]T, 2)
with A the signal carrier wavelength, the array response is
written as

aZL(p,9) = ., ek (p)us(Ns) |
3)
where Ng = Ng xNgy is the number of antennas at the
satellite with Ng x and Ngy the number of antennas on the
vertical and horizontal axis, respectively, ug(n), Vn is the
position of the n-th antenna on the satellite and I is the gain

of the generic radiation element at the satellite [9].
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B. Signal model

We focus on a generic block of N M symbols, belonging to
a QAM constellation, and denote by xgcqz the symbol intended
to the g-th UT on the downlink in the delay-Doppler domain,
with k=0,...,N—1and £ =0,...,M — 1. We denote by
0p.q a binary variable being 1 if the p-th satellite serves the
g-th UT and 0 otherwise and by w(®% the Ng-dimensional
beamforming vector used at the p-th satellite to serve the
g-th UT. Assuming some uncertainty on the knowledge of
the UTs’ position at the satellites, we denote by gbp ¢ .05
the approximate position of the g-th UT known by the p-th
satellite. In this paper, we consider a beamforming technique in
which the p-th satellite uses a beam aligned to the approximate
position of the g-th UT, i.e.,

aikS' (ap q’gp Q)
Has( Ppg> M)H

Considering a standard OFDM modulation with cyclic prefix
(CP) in order to avoid the inter-symbol interference (ISI), the
resulting OFDM symbol duration is Ty = Tcp + 71, 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 /Ng-dimensional continuous
time function
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where ng Q) xgﬁ,)mej‘smm, with §n "9 g phase pre-

compensation factor that will be discussed in Section III-B.
Using the expression of h, ,(t,7) in Eq. (1), the signal
received at the g-th UT can be written as

P-1
= Z Pp.q2% (Dp.gs Op.g)Sp(t — Tp g ) €770t 4 24(1),

p=0
(6)
where z,(t) denotes the additive white Gaussian noise.



By sampling every 7/M and removing the CP in each
OFDM symbol, we obtain the signal %), which is finally

FFTed as M1

y, = Z rif)e=i2m it )

Using similar computation as in reference [10], and
by stacking the received symbols yfﬁ)n, Vn,m in the
N M-dimensional vector y(? and the information symbols
x%, Vn,m in the NM-dimensional vector x(?), we can

write the whole observable at the g-th UT as
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and
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with the (m,m’)-th entry of the M-dimensional matrix
g (Pad) given by
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III. JOINT TRANSMISSION AND PERFORMANCE

MEASURES

(10)

In this section, we discuss the design of the considered joint
transmission schemes and the performance measures used in
the numerical results.

A. UT-satellite association and power allocation

For the definition of the binary association variables ¢, 4,
we consider the CF-UC approach [6]. Specifically, the ¢g-th UT
is served by the Nyc satellites that it receives with best av-
erage channel conditions. Let O, : {1,...,P} = {1,..., P}

denote the sorting operator for the vector [|pg.1],---,|pq,P|,
such that |pq70q(1)| > |pq’0q(2)| > ...z |pq,Oq(P)|- Thus, the
binary association variables are defined as follows:
{ Q0,(1),g = -+ = QO (Nye)g = 1y an
aoq(NUC+1)7q = = an(P),q =

Regarding the transmit power, we assume uniform power
allocation from each satellite to the UTs that it serves. Denot-

ing by P, saT the total power available at the p-th satellite,
the coefficients "9 are expressed as:
P,
n(p,q) _ _ OpglpSAT (12)
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B. Coherent and non-coherent joint transmission schemes

We now detail the three possible choices here considered
for the phase pre-compensation factor used at the satellites,
: (p,9)

i.e., Onm

1) perfect coherent joint transmission (PCJT) where
50 = — P9 je., perfect compensation of the chan-

nel phase at the satellites;

ii) lmperfect coherent joint transmission (ICJT) where

= 1/Jn m +up ¢» With uy, o ~ U[—f, B] an uniformly

dlstrlbuted random variate modeling the channel phase
uncertainty which does not depend on the symbol, i.e.,
imperfect compensation of the channel phase at the
satellites;

iii) non-coherent joint transmission (NCJT) where 6, (. 7?1) =0,
i.e., no compensation of the channel phase at the satel-
lites;

with &2 = /8P [(m — 1)N +n, (m — 1)N + nl.

C. Performance Measures

The whole observable at the g-th UT can be expressed as in

Eq. (8) where the N M x N M -dimensional matrix @(p’q’q,) de-
pends on the channel parameters, i.e., pp.q; @p.q» Op.qs Tp,q> Vp.q
and the beamformers w(4). In Section 1V, we assess the
performance of the considered systems in terms of signal-to-
interference-plus-noise ratio (SINR) and pragmatic capacity.
In order to first obtain the expression of the SINR per user
and symbol, we assume a “practical” minimum-mean-squares
error (MMSE) detection, ie., X(9 = ny((”, where we
assume at the g-th UT the knowledge of the channels from

the serving satellites, i.e.: D, :[AquﬂTfINM]*lAq, where

A, = 211)3:—01 W n(pm@(p,q,q)A(p,q).
Define ¢ = (m — 1)N + n, the expression of the generic
{-th symbol estimated at the ¢-th UT can be expressed as

D) = Dy, )7 AxD + Dy( Z A x4
q #q
D, (4, )1z
(13)
Define i = (n’ — 1)M + m/, by exploiting
TP AP0y (@) — Z \I,(WW) i)xD (i )63‘5;}7 g . (14)

and by using the definition of A, the expression of the SINR
per user and symbol in Eq. (15) at the top of next page is
obtained by averaging on symbols and noise realizations.

As already mentioned, the results of this paper are also
numerically computed in terms of pragmatic capacity [10],
i.e., the mutual information of the virtual channel with con-
stellation symbols as input (uniformly distributed) and re-
ceived samples after the LMMSE processing as soft-outputs,
basically providing the achievable rate for separated detection
and decoding. Thus, given inputs x(¢ and outputs X(?), the
constellation C and the set of transmitted symbols, excluding
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the pilots, D (i.e., |D| < NM), the pragmatic capacity for
g-th UT can be derived as

1
Lo = log, [C| — NM D PlawBr)logy gy (16)
keD
where P(x|Ty) is the a-posteriori probability of symbols
given the detector soft-outputs Ty, whereas P(xy,Zy) is the
joint probability function.

IV. NUMERICAL RESULTS
A. Simulation setup

In the simulated scenario the carrier frequency is f = 5 GHz
(C-band), the subcarrier spacing is A f = 15 kHz, the symbol
time is 7' = 64 pus, M = 32 and N = 50. The power
spectral density of the noise is Ny = —174 dBm/Hz and
the noise figure at the receiver is F' = 5 dB. We assume
Ns x = Ngy = 8, 1e., Ng = 64, I' = 23 dB, the offset
distance r, , = 1 km Vp, q, and P, saTr = Psar = 15 dBW,
Vp=1,...,P

The considered satellite scenario is based on the Space-X
Starlink satellite constellation which is nowadays the closer
to be operational, having already more than one thousand
satellites in orbit (1584 at the end of the first phase). The
final deployment envisages 4408 satellites among 5 shells at
540, 550, 560, 560 and 570 km, respectively. The first shell is
the currently in phase of completion (first phase), and, again,
the aim is at covering the most populated regions. Table I
provides information on the orbital planes.

TABLE 1
STARLINK CONSTELLATION ORBITAL PLANES

Altitude (km) 540 550 560 560 570
Inclination (°) 53.2 53 97.6 97.6 70
Number of planes 72 72 6 4 36

Number satellites/plane 22 22 58 43 20

Given the described satellite scenario, the large-scale prop-
agation channel is modeled following the 3GPP TR 38.811
[11], including a log-normal shadowing loss and and a clutter
loss (CL), i.e. the attenuation due to surrounding objects on
the ground, for non-line-of-sight (NLOS) conditions, where
the UT is considered in LOS or NLOS with a probability
depending on the elevation angle and type of scenario (rural,
urban, sub-urban, dense-urban, table 6.6.1-1 of [11]). In the
following results we thus adopt this model by considering
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Fig. 1. CDF of the SINR per user and symbol in the case of NCIT for
different values of Nyc.
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Fig. 2. CDF of the SINR per user and symbol in the case of PCJT for
different values of Nyc.

the actual elevation angle and a dense-urban scenario (table
6.6.2-1 of [11]), and the corresponding values are reported in
Table II.

B. Performance assessment

In Figs. 1 and 2, we present the performance in terms of
SINR per user and per symbol, calculated using Eq. (15), for
NCIT and PCIT, respectively. Specifically, Fig. 1 highlights
that in the absence of channel phase information, the efficacy
of joint transmission is compromised in terms of fairness
between users, shown in the lower-left part of the figure, as



TABLE 11
3GPP TS 38.811 CHANNEL PARAMETERS FOR DENSE URBAN SCENARIO

Elevation (°) 10 20 30 50 60 70 80 90
Probability 282% 33.1% 398% 468% 53.7% 612% 73.8% 82.0% 98.1%
LOS ogr (dB) 35 34 29 31 37 25 23 12
NLOS osp dB) 155 39 124 117 106 105 10.1 92 92
CL (dB) 343 300 290 277 268 262 258 255 255

-S-NAT
0.9 F PCIT
ICIT, B=n/6
0.8 F|—B-1CIT, B=r/4
—¥—1CIT, B=r/3
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Fig. 3. CDF of the SINR per user and symbol in the cases of NCJT, PCJT
and ICJT for different values of 8 and Nyc = 5.

evidenced by the superior performance of the state-of-the art
solution (Nyc = 1). Fig 2 reveals that having knowledge
of the channel phase significantly enhances performance and
facilitates the constructive combination of multiple signals
received at the UT. To assess the system’s sensitivity to phase
uncertainty, we compare the performance of ICJT for different
values of 3, i.e., the maximum absolute value for the channel
phase uncertainty, in Fig. 3. Remarkably, we observe a high
level of robustness in the system against phase uncertainty.
Consequently, estimation techniques aimed at providing rough
estimates of channel phase can be deemed effective in signif-
icantly enhancing performance and leveraging the potential
benefits of multi-satellite diversity. Finally, in Fig. 4 we report
results in terms of pragmatic capacity, with Nyc = 1,2,4 in
the PCJT case, as a function of the total available power for
each satellite Psar, showing that the pragmatic capacity using
an increasing number of satellites improves.

V. CONCLUSION

The paper has examined the impact of phase uncertainty
in the case of user-centric multi-satellite diversity. It has been
shown that NCJT achieves unsatisfactory results especially in
terms of system fairness among users when satellite diversity is
adopted. However, a coarse synchronization of the transmitting
devices restores a significant share of the gains achievable in
the PCJT case.
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