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Abstract—Non-Terrestrial Networks (NTNs) in Beyond 5G
(B5G) and 6G ecosystems are expected to play a crucial role
in providing the requests of connections anywhere and anytime
by offering wide-area coverage and ensuring service availability,
continuity, and scalability. Full Frequency Reuse (FFR) schemes,
which are able in cooperation with digital beamforming al-
gorithms to cope with the substantial co-channel interference,
are considered to be an efficient solution to meet the growing
demand of high data rates in BSG/6G systems. In this paper,
we propose a Limited Field Of View (LFOV) planar array
architecture composed of smaller planar subarrays in order to
increase the directivity of an on-board Low Earth Orbit (LEO)
satellite antenna array and mitigate the interference. We evaluate
the performance of feed-space beamforming schemes, including
both full digital schemes based on Channel State Information
(CSI) at the transmitter, such as Minimum Mean Square Error
(MMSE), and full analog schemes that only require the users’
locations, such as Conventional Beamforming (CBF). The nu-
merical results of the system performance, presented by means
of spectral efficiency, demonstrate a remarkable improvement in
the proposed beamforming design with subarraying w.r.t. the one
with no subarrayed configuration; in particular, we show that an
analog beamforming scheme with subarraying can outperform a
full digital beamforming scheme with no subarraying.

Index Terms—6G, Non-Terrestrial Networks, MU-MIMO,
beamforming, subarrays.

I. INTRODUCTION AND MOTIVATION

Non-Terrestrial Networks (NTNs), integrated with Terres-
trial Networks (TNs), are considered as a fundamental tech-
nology in Fifth Generation and beyond (B5G) mobile com-
munication systems. This integration will facilitate global
coverage for applications that require high resilience and high
availability and, moreover, extend TN coverage to rural and
under-served areas [1]. Such TN-NTN integration in 5G is
envisaged in 3GPP Rel. 17 up to Rel.20 for 5G-Advanced [2].

To fulfill the high demands of B5G/6G systems, the aca-
demic and industrial communities have been concentrating
on cutting-edge system-level strategies to boost the provided
capacity by efficiently utilizing the available spectrum. One
of these strategies is based on adding unused or underutilized
spectrum portions in order to provide a flexible use of the
spectrum such as Cognitive Radio solutions [3], and another
approach is to consider full frequency reuse (FFR) in multi-
beam satellite systems. Obviously, the second approach results
in a significant amount of co-channel interference (CCI)

from neighboring beams, requiring the adoption of high-level
schemes to mitigate the interference, including precoding and
beamforming [4]-[9] at the transmitting. As stated in [4]-[9],
the implementation of beamforming schemes in NTNs has
been comprehensively addressed for Geostationary Earth Orbit
(GEO) systems and Low Earth Orbit (LEO) constellations.
The main focus of these research studies concentrated on
enhancing the data rate in unicast and/or multicast systems
while also addressing the challenges associated with NTN-
based beamforming, including scheduling algorithms and CSI
recovery. Multi-User Multiple-Input Multiple-Output (MU-
MIMO) is one of the most popular approaches utilized to
meet the high demand of capacity. In this work [4], the
authors provided a comprehensive survey on MIMO schemes
implemented for SatCom, where the fixed and mobile SatCom
systems are evaluated and the main channel impairments are
addressed.

In [10] the authors provided an overview of the recent
advances on antenna technology enabling the commercial
applications of the planar arrays in SatCom. Although phased
arrays have shown good advantages in terms of compactness,
electronic steering, and fast reconfigurability with respect to
traditional solutions (e.g., reflector antennas), there are still
some issues such as the antenna affordability, its robustness,
the Beamforming Network (BFN) complexity, the power
efficiency and the increasing number of antenna elements
needed to meet the growing demands of B5G systems. To
proper address such complexity and cost issues, subarrayed
configurations were introduced as one of the main solutions
in [11]-[13], and has been implemented in MU-MIMO in
[14]. In [8] the authors introduced a design of beamforming
algorithms for MU-MIMO communications in LEO systems
utilizing multiple subarrays, in which each radio frequency
(RF) chain drives one subarray allowing the reduction in the
number of beamforming ports and, consequently, relaxing the
on-board processing requirements. Moreover, a novel beam-
forming architecture based on phased subarrays is proposed
in [15] for TNs. This study showed that subarrays, when
properly combined at the user locations, provide relatively
high gains towards the intended users and sufficiently low
inter-user interference levels. In [16], the authors introduced
the architecture of Limited Field Of View (LFOV) arrays that
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Fig. 1: LEO NTN system architecture.

use very narrow steering range, in which subarrays can be
placed at a spacing larger than half of the wavelength to reduce
the angular steering range and simultaneously increase the
directivity withing the same range. When the spacing exceeds
a value of half of the wavelength, the grating lobes issue is
raised. However, they will appear outside the narrow steering
range and thus will not impact performance in this type of
application.

In this paper, we improve our LEO satellite system model
in [17] through proposing a planar LFOV array architecture
composed of smaller planar subarrays and we assess the per-
formance of feed-space beamforming algorithms, in which the
beamforming coefficients are computed only at subarray level,
i.e., we assume that each subarray is controlled by a single RF-
chain. The analyzed BF schemes are based on either: i) the
CSI knowledge at the transmitter, i.e., digital Minimum Mean
Square Error (MMSE) or ii) the users’ location knowledge at
the transmitter, i.e., analog Conventional Beamforming (CBF).
Finally, as a further novelty, the satellite’s movement is taken
into account in this work. Fairness in the comparison between
subarrayed and non subarrayed architectures is ensured by
setting the same Effective Isotropic Radiated Power (EIRP)
for all considered configurations.

A. Notation

In this paper, unless stated otherwise, the utilized notation
is as follows: vectors are represented by bold lowercase letters
and matrices by bold uppercase letters. The operator (-)7
refers to the matrix conjugate transposition. A; . and A ; refer
the i-th row and the i-th column of matrix A, respectively.
Finally, tr(A) denotes the trace of matrix A.

II. SYSTEM MODEL

We assume a single multi-beam LEO satellite at altitude
hsqt = 600 km provided with an on-board planar antenna
array of Ny, radiating elements organized into N subarrays,
giving connection to K uniformly distributed on-ground UEs
through S beams (S < N and S < K). As stated earlier,

FFR is supposed to be used, resulting in all beams utilizing
identical spectral resources. To ensure the user connectivity,
the LEO satellite shall establish a logical connection with a
on-ground gNB. To achieve this, the satellite is presumed to be
directly linked to a ground-based gateway (GW), as shown in
Fig. 1. It is worth mentioning that the considered system model
architecture is thoroughly described in [17]-[19]. The LEO
satellite is supposed to enable digital beamforming schemes,
which are detailed in the next section. These schemes require
the estimates of either CSI or the users’ locations, assumed
to be performed by the UEs. As illustrated in Fig. 1, the
estimates are calculated at a time instant 75, when the satellite
is located at a specified position in its orbit. Afterwards, the
estimates are returned to the network entity, i.e., the GW,
to calculate the beamforming coefficients. Such coefficients
are provided to the satellite for utilization within the BFN.
Thus, as seen in Fig. 1, the actual beamformed transmission
is performed at time instant 79 + A7. The time delay At
occurring between the phase of channel/location estimation
and the phase of transmission causes a misalignment between
the channel utilized for computing the beamforming matrix
and the actual channel for transmission, thereby affecting the
performance of the system. The delay is given as follows:

AT = Tut,max + QTfeeder + Tp + Tad (1)

where: 1) Tyt mae 15 the maximum propagation delay for the
UEs requesting connectivity in the coverage area; ii) Tfeeder
is the delay on the feeder link, considered twice since the
estimates need to be sent to the GW on the feeder downlink
and then the beamformed symbols are returned on the feeder
uplink to the satellite; iii) 7, is the processing delay required
to compute the beamforming coefficients; and iv) 7,4 defines
any additional latency (e.g., large scale loss, scintillation, etc.).
The antenna model and the array geometry are based on ITU-
R Recommendation M.2101-0 [20]. Generally, the antenna
boresight direction points to the Sub Satellite Point (SSP),
while the point P represents the position of the user terminal
on the ground. The user direction can be identified by the
angle pair (9, ) where the boresight direction is (0,0). The
direction cosines for the considered user can be expressed
as: u = ”%sinﬁsin p, and v = %COS . The overall
array response of the Uniform Planar Array (UPA) made of
subarrays in the direction (1J;, ¢;) for user i can be expressed
as the Kronecker product between the two array responses of
the Uniform Linear Arrays (ULAs) lying on the y-axis and
z-axis. Let us first define the 1 x N, Steering Vector (SV) of
the ULA along the y-axis, a;(6;,¢;), and the 1 x N, SV of
the ULA along the z-axis, ay(6;) [21], [22]:

1, ejko]\/IHdH sin 9; sin ¢; N eijIWHdH(NHfl) sin 9; sin ¢,

(@)

1, elkoMydy cosdi ko Mydy(Ny—1) cos 197} 3)

au(Vi, pi) = [
ay(9;) = [

where kg = 2m/) is the wave number, Ny, Ny denote the
number of subarrays on the horizontal and vertical directions,
respectively, with N = N, N, and My, M, denote the number
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Fig. 2: Structure of the subarrayed UPA.

of antenna elements per each subarray on the horizontal (y-
axis) and vertical (z-axis) directions, respectively, with M =
M, M,, and finally dy, d, denote the distance between adjacent
antenna elements on the horizontal and vertical directions,
respectively, as shown in Fig. 2. It is worth mentioning that
the total number of antenna elements are N;,; = M N, where
M =1 if subarraying is not implemented. We can define the
total steering vector of the full UPA (an array equipped with
subarrays as antenna elements) as the Kronecker product of
the 2 SV’s along each axis:

aUPA(ﬁiv QOZ) = ay (19” SOZ) @ ay (191) (4)

We further assume that the satellite is equipped with direc-
tive antenna elements, whose radiation pattern is denoted by
9:(Y:, ¢;) according to Table 3 in [20], and these elements
are grouped in N subarrays of size M, x M,. It is worth
recalling that a LFOV array has no steering nor beamforming
capabilities at antenna element level, but only at subarray level;
for this reason, the linear phase shifts of the SVs in (2) and
(3) are taken w.r.t. the center of each subarray. We can define
the subarray factor Fl,;(9;, ;) as:

. (M
sin (TV kody cos 19i) sin (@ kody sin 9; sin Lp,i)

Fsub(ﬁiv 997,) =

®)
Finally, we can express the total SV of the UPA of subarrays
made of directive antenna elements at the satellite targeted for
the i-th user as the product between the full UPA ay, (94, ¢;),
the element radiation pattern, and the subarray factor:

a(, i) = ge(Vi, i) Foun (Ui, @i) awen (Vi 3)- (6)

We adopt the same channel model and Key Performance
Indicators (KPIs) described in [18], which we report here for
the sake of clarity. The CSI vector, h; represents the channel
between the N radiating elements and the generic ¢-th on-
ground UE, with ¢ = 1,...K, and can be written as:

rT >\ L1 _ 527 g,
ho = G e Al )

v/ My sin (%kod\/ cos 191-) v/ My sin (%kod[{ sin 9, sin Lpi) :

where: i) d; is the slant range between the ¢-th user and
the satellite,; ii) «B7T; refers the equivalent thermal noise
power, with « being the Boltzmann’s constant, B is the user
bandwidth which is assumed to be the same for all users,
and T; is the equivalent noise temperature of the ¢-th user
receiver; iii) L; denotes the additional losses per user (e.g.,
atmospheric and antenna cable losses), and iv) GEM) denotes
the receiving antenna gain for the ¢-th UE. The additional
losses are computed as L; = Lgpq,i + Latm,i + Lsci i, where
Lgha,; represents the log-normal shadow fading term, Ly, 4
the atmospheric loss, and L, ; the scintillation, these terms
are computed as per 3GPP TR 38.821 [23].

The system-level K x N complex channel matrix I:ISys
contains all of the K CSI vectors, where the generic i-th
row denotes the CSI vector of the i-th user and the generic
n-th column denotes the channel coefficients from the n-
th on-board feed towards the K on-ground users. For each
time slot, the Radio Resource Management (RRM) algorithm
selects a subgroup of K., users to be scheduled, resulting in a
Kgep X N complex scheduled channel matrix, H=7r (ﬂsys)
where F(-) stands for the RRM function. Hence, HC I:Isys
is defined as a sub-matrix of I:ISys, which only includes
the rows associated to the scheduled users. The proposed
BF scheme calculates the N x K., complex beamforming
matrix W which projects the K ;.;, dimensional column vector,
s = [s1,...,5K..,]7, which contains the unit-variance user
symbols, onto the N-dimensional space determined by the
antenna feeds. The signal received by the i-th user could be
expressed as [17]:

Ksch,
yi =h;W. ;s + E h,W. . i +2;. )
N—— - .
intended k=1,k#1i
interfering

z; denotes a circularly symmetric Gaussian random variable
having zero mean and unit variance. The reason of unit vari-
ance is based on the observation that the channel coefficients
given in (7) are normalized to the noise power. The K-
dimensional vector of received symbols is given as:

y=H,W_s+z 9

It is worth noting that, as already mentioned, the estimated
channel matrix ﬁTO, at time instant 7y, is used to compute
the beamforming coefficients, whereas, at time instant 7, =
7o + AT, the utilized channel matrix is different and denoted
as H,,.

From (8), the Signal-to-Interference-plus-Noise Ratio
(SINR) can be computed as:

2

Hhiwr,i|

SINR; = joo >
LDk W |

(10)

Given the above SINR expression, we can obtain the spectral
efficiency associated to each user in a given time slot through



the Shannon bound formula or unconstrained capacity, which
can be expressed as:

III. DIGITAL AND ANALOG BEAMFORMING SCHEMES

The following analog/digital beamforming algorithms shall
provide the benchmark for the evaluation performance:

a) Conventional Beamforming (CBF): 1t is also known
as beam steering. In this approach, the weights are generated
in order to produce a phase shift to compensate the delay of
the direction (6;, ;) of the user of interest, and could be given
by:

W, = ——a” (9,,5))

) \/N UPA l’(pl °

Since the weights are only made of complex exponentials with

equal amplitude, it is a full analog beamforming scheme. CBF

can be clearly considered as a location-based technique, since

the direction (6;, ¢;) of the i-th user can be easily determined
by knowing its location.

b) Minimum Mean Square Error (MMSE): 1t is consid-
ered the best full digital beamforming algorithm in the sense of
SINR maximization; where the MMSE beamformer is realized
to solve the MMSE problem as follows:

(12)

Warnse = argn‘lni/nEHfIWs—i-z—ng (13)
Wynse = HE(HAY + oIk )7t (14)

where H is the estimated channel matrix, and « denotes
the regularisation factor. Since the channel coefficients are
normalised to the noise power, its optimal value is given by
a = % [24], where P, is the available transmitted power of
the satellite.

Lastly, as explained in [7], the power normalization is a
crucial aspect in beamforming as it ensures accurate consid-
eration of the potential power output from both the satellite
and each individual antenna. We contemplate two choices for
power normalization of the MMSE beaforming matrix:

1) the Sum Power Constraint (SPC): an upper bound is
imposed on the total on-board power as:

W — ﬂ (15)

tr(WWH)
P, being the the total power available on board maintains
orthogonality among the beamformer columns, however,
it cannot ensure an upper limit on the power transmitted
from each feed. This implies the possibility of working
in a non-linear regime.
2) Maximum Power Constraint (MPC) solution:

W = vVEW (16)

VN max; [[W |2
the power per antenna is upper bounded and the or-
thogonality is preserved, but not the entire available on-
board power is exploited. Obviously, in case of CBE,

TABLE I: System Configuration Parameters

| Parameter [ Value |
Carrier frequency S-band (2 GHz)
System band 30 MHz

Beamforming space feed

Receiver type fixed VSATs
Channel model LOS
Propagation scenario urban

Total on-board power density 4 dBW/MHz

P4 gens Without subarraying
Total on-board power density
with subarraying Pt dens — 101logy o (MuMy)
Number of scheduled users Kg.p 91
Number of subarrays N 1024 (32 x32)

Number of elements (2 x2)
per each subarray M (3x3),4x4)
Number of antenna elements 1024
without subarraying Niot = N
Number of antenna elements 4096
with subarraying N¢or = M N 9216, 16384
User density 0.5 user/km?
Minimum elevation angle 760
6
of the coverage area
Angular scanning range 280

(AY = Ap)

SPC and MPC normalizations are equivalent since all
matrix elements have equal amplitude.

IV. NUMERICAL ASSESSMENT

We present the numerical results of the evaluation based on
the parameters listed in Tab. I. The outcomes of the simulation
are reported by means of Cumulative Distribution Functions
(CDFs) of the spectral efficiency of the users. Assuming fixed
positions of UEs, they are uniformly distributed with a density
of 0.5 users/Km?2. This density translates to an average number
of users K = 28500 to be served for each Monte Carlo
iteration. The evaluation is carried out in full buffer condition,
meaning that we assume unlimited traffic requirement.

Based on these premises, the users are scheduled based
on their location. Specifically, a beam lattice is generated on
ground only for scheduling purposes, as shown in Fig. 3, and
a single user is randomly selected for each beam at each time
slot; the total number of time slots is determined to ensure
that every user is served at least once. Based on the coverage
area shown in Fig. 3, it is possible to compute the minimum
elevation angle, i.e., for a user at the edge of the coverage
area, which is equal to 76°. This corresponds to a angular
steering range for the array A = Ay = 28° in both angular
directions, which justifies the use of a LFOV array.

The analysis is provided for subarrayed beamforming
MMSE and CBF schemes and then the performance is com-
pared to the benchmark beamforming design without subarray-
ing. In order to have a fair comparison, the transmitted power
in case of subarrayed BF has been divided by (M; M), i.e., the
maximum achievable subarray gain, so that the EIRP for both
subarrayed and non-subarrayed cases shall be equivalent. Since
a LFOV array has no steering capability at antenna-level, no
hybrid beamforming is taken into account. We suppose Line
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Fig. 3: Coverage area and generated beam lattice.

of Sight (LOS) propagation scenario in urban environment.
According to 3GPP TR 38.821 [23], LOS scenario includes
log-normal shadow fading, atmospheric loss, and scintillation.
Fig. 4 shows the CDF of spectral efficiency of the users con-
sidering all the evaluated beamforming schemes with SPC and
MPC normalization and three different subarray dimensions.
It can be noted that the suggested BF configuration with 2 x 2
subarrays outperforms the BF design without subarraying for
optimal MMSE followed by CBF. SPC performs better than
MPC normalization since the latter does not exploit the whole
available on-board power. In Fig. 4b, with subarray 3 x 3,
we get a gain in the rate for MMSE-SPC in the order of 3.5
bit/sec/Hz, for MMSE-MPC in the order 5 bit/sec/Hz and for
CBF in the order 3.5-4 bit/sec/Hz; whereas, in Fig. 4c, with
subarray 4 x 4, we obtain a gain in the rate for MMSE-SPC
in the order of 1.7-2 bit/sec/Hz, for MMSE-MPC in order
3-4 bit/sec/Hz and for CBF in the order 4-4.5 bit/sec/Hz. It
is interesting to observe that analog CBF with 3 x 3 and
4 x 4 subarray configuration can clearly outperform digital
MMSE with MPC normalization with no subarrays, while the
performance of analog CBF with 4 x 4 subarray configuration
and digital MMSE-SPC with no subarrays are very similar.
Tab. II details the average values of the KPIs including SINR,
Signal-to-Interference Ratio (SIR), SNR, INR and the rate of
the considered BF schemes with different dimensions of sub-
arrays compared to regular BF design without subarraying.The
superiority of the subarrayed configuration over the non-
subarrayed one for both MMSE and CBF is motivated by the
fact the an LFOV array has highly improved directivity, i.e., it
produces narrower beams over the service area. Consequently,
such improved directivity enhances the interference rejection
capability of the proposed beamforming techniques. Finally,
by observing Figs. 4a, 4b, 4c, and Tab. II, it can be observed
that the 2 x 2 is the best configuration for MMSE, while for
larger subarray configurations, the loss of SNR due to the
reduction in angular scanning range becomes the predominant
factor; while for CBF, the 4 x 4 configurations exhibits the
best performance as it shows the highest interference rejection
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Fig. 4: CDF of users’ spectral efficiency for VSATSs consider-
ing different subarray configurations.

capability (highest SIR and lowest INR).



TABLE II: Performance of BF with subarraying M, x M,.

KPIs
BF Scheme SINR | SIR | SNR | INR Rate

[dB] | [dB] | [dB] | [dB] | [bits/sec/Hz]
MMSE-SPC 1593 | 18.09 | 2521 | 7.12 5.40
MMSE-MPC 1047 [ 18.00 | 13.54 | 4.55 3.60
CBF 035 | 035 | 4775 | 4740 11
Sub MMSE-SPC | 38.61 | 42.15 | 42.89 | 0.74 12.83
Sub MMSE-MPC | 3728 | 42.15 | 4039 | -1.76 12.38
Sub CBF 95 | 951 | 4645 | 3694 338
Sub MMSE-SPC | 26.38 | 39.71 | 26.95 | -12.77 8.80
Sub MMSE-MPC | 25.73 | 39.71 | 2622 | -13.49 859
Sub CBE 1412 | 1499 | 3630 | 21.30 4.80
Sub MMSE-SPC | 20.56 | 37.69 | 20.84 | -16.85 7.08
Sub MMSE-MPC | 20.14 | 37.60 | 2041 | -17.28 .95
Sub CBE 1534 | 1849 | 2742 | 8.93 530

V. CONCLUSIONS

In this paper, we assessed subarrayed beamforming algo-
rithms in LEO satellite systems. We assessed the performance
of digital BF (MMSE) and analog BF as the benchmark
algorithms dependent on CSI and non-CSI, respectively. Based
on the numerical results, both digital and analog beamforming
with subarraying proved to have significantly higher perfor-
mance in terms of spectral efficiency w.r.t. a non-subarrayed
architecture. The evaluation focused on the design of non-
overlapped LFOV arrays with various dimensions in the
configuration, and the beamforming has been implemented at
subarray level only. In future works, we shall consider multiple
satellites within a mega-constellation scenario that aims to
achieve global coverage.
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