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Abstract—This paper investigates the optimization of a mega-
antenna (MEGAN) system in a geostationary orbit to provide
5G-like services through a formation of closely spaced satellites.
Each satellite in the formation carries a direct radiating antenna,
coordinated by a central reference satellite to create a selective
multibeam radiation pattern. This paper, which elaborates on
previous works on system simulations for network throughput,
introduces a more efficient methodology by using an analytical
approach to compute the signal-to-interference-plus-noise ratio
at each coverage point. This method enables direct calculation
of network efficiency in terms of available bit-rate per unit area,
offering more accurate and computationally efficient optimization
of the MEGAN configuration.

Index Terms—Satellite communications, formation of arrays,
mega-constellations, nonterrestrial network integration.

I. INTRODUCTION AND MOTIVATION

Over the last ten years, communications satellites have
increasingly depended on advanced antenna systems, both in
large geostationary Earth orbit (GEO) satellites and smaller
low Earth orbit (LEO) satellites within mega-constellations.
Looking ahead, research in non-terrestrial network (NTN) in-
tegration is focusing on coordinated formations [1] or swarms
of simple satellites [2], [3] to develop a massive, virtual, dis-
tributed mega-antenna (MEGAN) in space. This architecture
is structured as a formation of arrays (FoA), that is, each
satellite carries a direct radiating antenna (DRA) that is driven
in strict coordination with the others in the MEGAN system
by a central, reference, satellite, so as to create a very selective
multibeam radiation pattern on the ground. Issues related to
optimization of the FoA configuration have also been tackled
[4], as well as the possibility to use the MEGAN to create a
satellite (cell-free) massive MIMO (mMIMO) network from
GEO orbit [5]-[7].

Optimizing the FoA-based MEGAN is a complicated issue:
on one side, the number of parameters involved in the problem
is high (geometry of the FoA, DRA type and location, power
allocation across the satellites, etc.). On the other, derivation
of the key performance indicator (KPI) of the network is
exceedingly time-consuming. The methodology adopted in [1],
[4] is building up a MATLAB-based realistic system simulation
to derive the overall network throughput in a given phys-
ical bandwidth, and the corresponding per-user throughput.
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Deriving such parameters is extremely time-consuming, so
that optimization of FoA is also carried out with a number
of heuristics, and the optimization space is not thoroughly
investigated.

In this paper, we started form the same basic system
architecture as in [1], [4], but we adopt a different KPI
based on the analytic accurate computation of the signal-
to-interference-plus-noise ratio (SINR) at every point of the
coverage area on FEarth, and, from that, the evaluation of
the area efficiency of the network in terms of bitrate/km? at
Shannon capacity. From this KPI, deriving network throughput
and user bitrate is immediate: this approach turns out to be
sufficiently accurate to capture network performance, as well
as more computationally efficient, so that optimization of the
FoA MEGAN configuration can explore new directions not
previously covered.

After this introduction, we describe the FoA system setup in
Sect. II, and we introduce the procedure to derive the network
KPI in Sect. III. Sect. IV illustrates our numerical results, and
the conclusion is finally reported in Sect. V.

II. SYSTEM AND NETWORK MODEL

In general, a FOA consists of an arbitrary configuration of S
satellites, each equipped with a custom array of NV radiating
elements. As illustrated in [1, Fig. 1], we consider a planar
arrangement in the yz-plane, in which the position of the n-th
radiating element within the array hosted by the s-th satellite,
relative to the origin of the reference system, is denoted as
u,(n) € R®, where n = 1,...,N and s = 1,...,S. This
position can be expressed hierarchically as us(n) = rg + ry,,
where v, = [0,ys, 2|7 represents the location of the s-th
array’s center within the formation, and r,, = [0, ¥, 25"
denotes the relative position of the n-th radiating element
with respect to its array center. The array response vector
a,(p,0) € CN for the s-th satellite, corresponding to a plane
wave with wavelength A\ incident at an azimuth angle ¢ and
an elevation angle 6, is given by

au(p.0) = g(6) [ 2O, ejkT«o,e)us(N)r 0
where ¢(0) is the array element radiation pattern, and

k(p,0) = 2; [cos B cos ¢, cosfsin g, sinf]” (2)

is the wave vector. To better focus on the impact of the FoA

geometry, in this paper we assume ¢() = 1. To include
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its effect, e.g., using the circular-symmetric direct radiating
antenna model, please refer to [1, Sect. II].
The global array response vector of the FoA is

a(p,0) = [al(p,0),...,a5 (0, 0)]" 3)

which depends on the geometry of both the S satellites within
the FoA, and the N radiating elements within each satellite.

In this paper, we focus on two different geometries for both
satellites and radiating elements: uniform planar array (UPA)
and circular uniform concentric array (CUCA). For a more
compact notation, both satellite s and radiating element n
are identified by a generic element with index m € {n,s}.
In the UPA configuration, which corresponds to the example
illustrated in Fig. 1a with M = 49, the elements are regularly
spaced at the same interval A,, along both axes (Ay for the
radiating elements, and Ag for the satellites):

vM -1
Ym = Am <_2+|m_1|\/ﬁ

R e )

where M € {N,S} is the number of elements, |a|, = a
mod b, and |a| denotes the floor function. Note that, based
on the UPA symmetry, M is a square integer number.

In the CUCA configuration, the element locations are based
on a numerical algorithm, that works as follows (further details
are not reported for the sake of brevity): given a desired array
size M and a distance A,,, it derives the arrangement (with
the closest size to M) in which the elements are placed on
concentric circles, such that A,, is fulfilled both within each
circle, and across adjacent circles. An example with M = 47
is illustrated in Fig. 1b, in which the axes are normalized with
respect to A,,. Empirically, the array size provided by the
algorithm gets closer to the desired M as M increases, as
are the typical cases considered in the numerical results of
Sect. IV. For a fair comparison, we will select values for S
and N for both configurations which yield around the same
number of total elements N x S. Note also that alternative
arrangements are possible, such as the ones considered in [5]:
the assessment of such configurations is left for future work.

To evaluate the impact of the FoA geometry (which includes
both satellites’ and radiating elements’ locations), we can
compute the antenna array pattern
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of the reference beam, i.e., the normalized received power
density radiated by the FoA in the generic direction (¢, 0)
when it is aimed at ¢ = 6 = 0. Fig. 2 illustrates the array
pattern (5) of a FoA using the UPA configuration for both
satellites and radiating elements, with S =25, N =9, Ay =
4.5\, and Ag = 2L, where A & 13.6 cm is the wavelength at
carrier frequency 2.2 GHz, and L = (VN — 1)Ay = 9\ =~
1.23 m is the satellite side length (the selected azimuth angles
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Fig. 1: Examples of (a) UPA and (b) CUCA geometries.
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Fig. 2: FoA array response (UPA for both FoA and satellite
arrays, S =25, N =9, Ag & 2.46m, Ay = 0.61 cm).

and the quantities A, and Aya; will be defined in Sect. III-B).
Please refer to [1], [4] for further considerations on the impact
of the system parameters on the array pattern.

The FoA , combined with appropriate beamforming tech-
niques, enables the creation of a tightly focused multibeam
footprint on Earth, enabling connectivity for mobile users
equipped with handheld terminals. In this work, we employ
a straightforward beamforming approach to generate a regular
beam pattern (for alternative methods, including precoding and
radio resource management (RRM) techniques, please refer
to [5], [8]). Specifically, we consider a multibeam satellite
network utilizing frequency reuse to ensure continuous spatial
service coverage within a target area of radius R. Each beam
serves a set of user terminals (UTs) using an unspecified
multiplexing scheme based on orthogonal resources in time,
frequency, or both. Adopting a conventional frequency-reuse
scheme with a reuse factor of K [9], all beams continuously
transmit with a proportionally reduced bandwidth, leading to
a corresponding reduction in the aggregate bitrate per beam
by a factor of K. Additionally, we assume that the downlink
operates in the S-band with a total available bandwidth of
B [10]. This frequency band, located adjacent to terrestrial
mobile network allocations, facilitates the reuse of terrestrial
UT antennas and radio frequency (RF) front-end components.
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III. METHODOLOGY
A. Identification of the main KPIs

In order to measure the performance of the system intro-
duced in Sect. II in a fair and technology-agnostic manner, we
focus on the Shannon-Hartley capacity C to compute the main
KPI, represented by the area throughput p (to be defined later
on). We thus focus first on evaluating [9]

1 Ps 1 1
C=-logy (14— )= logy (14 ——
2 °g2< +PN+PI) 2 °g2< +v-1+u-1>
(6

where the factor 1/2 follows from using all quantities at RF,

Py — / / ¢ (¢.0)] dody )
(,0)€Aret

is the useful power measured in the reference beam A,
which covers an area denoted with A, whereas Py =
NoB/K and Py correspond to the noise and the interference
powers, respectively, where Ny is the additive white Gaussian
noise (AWGN) power spectral density (PSD), and B/ K is the
allocated bandwidth per color (and hence K times lower than
the system total bandwidth B). As a consequence, ¥ = Ps/Py
and . = Ps/ Py denote the signal-to-noise ratio (SNR) and the
signal-to-interference ratio (SIR) values, respectively.

Conventionally, we assume the reference beam to be the
one located in the center of the coverage area and identified by
index 0 (hence, with its center at ¢y = 6y = 0). This choice is
due to investigating the worst-case scenario, as the center beam
suffers from the interferences from all surrounding beams.
Based on this assumption, we can compute P; as

P=Y [ et -0 dodp

ieT Y 7 (0,0)E A

where 6; and ¢; denote the elevation and the azimuth angles

of the ith beam, respectively, and Z is the set of interfering

beams. Note that (8) follows from the fact that the array pattern

covering each beam is simply a shifted version (in the space

domain) of the one pointing towards the reference beam.

Using (6), we can compute the area throughput p as follows:

_ C B bit/s

p= Aref K km2

which provides an effective metrics to evaluate the perfor-

mance of the system, to be possibly compared with that
achieved by other technologies, such as the terrestrial ones.

9

B. Performance evaluation setup

The network model introduced in Sect. II represents a
convenient way to illustrate how the resources (notably, the
bandwidth) are distributed across the different beams, as
if the array radiation pattern was clearly separated across
the beams. However, as can be noted from (5), it has a
continuous behavior, and a significant amount of the power
falls on adjacent beams, thus generating the multiple access
interference (MAI) formulated as in (8). The most relevant
contribution is due to the presence of the grating lobes, which
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Fig. 3: Beam placement, used to compute the location of
interfering beams Z based on the FoA array response.

occur from the combined effect of the array and FoA patterns,
and in particular due to the distance across the satellites, which
makes the resulting FOA MEGAN irregularly spaced.

To evaluate both (7) and (8), and eventually (9), with
sufficiently high accuracy while achieving scalability of the
system and maintaining a computational time, we adopt the
following approach:

o we first compute (5) with a medium-resolution grid of
6 and ¢, i.e, with spacing 6™, in order to evaluate the
beam radius 7, based on a threshold A, with respect to
the maximum value achieved in 0 = ¢ = 0;

o by combining the radius r and the reuse factor K over
the maximum satellite coverage area (with radius R), we
identify the location of the potential interfering beams,
and we select the ones Z, with coordinates (y;,0;),
which host grating lobes whose amplitude is larger than
a threshold Apa; with respect to the maximum value
achieved in ¢ = 0 = 0;

« we then compute (5) with a high-resolution grid of 6 and
¢, i.e., with spacing §", centered around the locations
of the reference beam, with coordinates (6p = 0,¢¢ =
0), and of the main interfering beams (with coordinates
(Oi, (pl‘), withi=1,..., ‘ID

For the sake of clarity, Fig. 3 illustrates the method de-

scribed above with the reduced-scale system (illustrated in
[1, Fig. 1]), whose array pattern is shown in Fig. 2. Using
A, = —5dB, we obtain ¢, = 0.24°, which provides r =
htan ¢,, where h is the satellite orbital height (for simplicity,
here we derive the radius considering only one dimension, ¢,
assuming circular symmetry; in the numerical results provided
in Sect. IV, we evaluate (5) over the 2D plane, thus considering
the effect of both 6 and ¢). Using a reuse factor K = 3, we
can build the beam locations provided in Fig. 3, in which the
reference beam is identified by the thick edges, and the gray-
shaded hexagons represent the potential interfering beams. Let
us consider the two beams locates on the right-hand side with
respect to the reference beam. The one with azimuth @a, albeit
closer to the reference beam, shows a pattern whose amplitude
is below the threshold Apya = —10dB (see Fig. 2), whereas
the one with azimuth ¢g provides |¢(¢g, 0] > Amail¢(0,0)].
Thanks to the pattern reciprocity, the latter is included in the
set Z (and hence reported with the diagonal pattern in Fig. 3),
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parameter Value
carrier frequency fo 2.2 GHz
carrier wavelength A 13.64 cm
orbital height h 35,786 km
satellite coverage radius R 1,000 km
service bandwidth B 60 MHz

reuse factor K 3
number of satellites S 225 (UPA), 224 (CUCA)
number of array elements N 49 (UPA), 47 (CUCA)

array element spacing Ay 4.5\
MALI threshold Amai —20dB
SNR ~ 12dB
medium-resolution grid spacing ™ 3 x 1073 deg

high-resolution grid spacing 6" 2.15 x 1075 deg

Table I: Main system parameters.

whereas the former does not contribute to the MAI (8).

For a given network configuration (which includes the FoA
parameters introduced in Sect. II), we can thus derive the
parameters r and (;,6;), i =1,...,|Z|, based on the method
illustrated above, and thus numerically evaluate (9), using the
reciprocity of the array pattern across reference beam and
interfering beams, and where A, = 3v/3r2 /2, assuming
beams with hexagonal shape. This analysis is conducted in
the following section, for a selection of different configurations
and use cases.

IV. NUMERICAL RESULTS

Unless otherwise specified, the results reported in this sec-
tion make use of the parameters reported in Table I, assuming
a GEO configuration.

A. Beam radius

To investigate the performance of the different configu-
rations, we evaluate the impact of the threshold A,, which
determines the beam radius, and hence the positions of the
beams in the network (with impact on the location of the in-
terfering beams Z). For this analysis, we consider Ag = 10 m.
Fig. 4 shows both the area capacity p (blue lines, left axis)
and the beam radius r (red lines, right axis) as functions of
A,, for UPA and CUCA configurations, applied to both FoA
and satellite array configurations. As an example, solid lines
with square markers depict the results for a CUCA FoA with
UPA-based satellites. As can be seen, the measured behavior
clearly identifies an optimal threshold, Ay = —1.72dB for all
configurations: smaller thresholds force interfering beams to
be placed too close to each other, whereas larger thresholds are
too conservative, with a negative impact on the area throughput
p. As a consequence, in the remainder of the section we will
consider this threshold to compute the beam radius 7.

B. Distance between satellites

Since, as observed in all multiple-access networks, such
as the terrestrial cellular networks [9], and confirmed by
[1], the system under investigation is interference-limited, it
is important to study the behavior of the KPIs detailed in
Sect. III-A as a function of the FoA parameters. In particular,
we are interested in determining the optimal inter-satellite
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the optimal threshold is —1.72 dB for all combinations.
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Fig. 5: Area throughput and beam radius as functions of the
inter-satellite distance: the best combination is achieved by a
CUCA FoA with UPA-based satellites, spaced 11.5 m apart.

distance Ag that yields the maximum area throughput p. Fig. 5
reports the area capacity p (blue lines, left axis) as a function
of Asg, for UPA and CUCA configurations for both FoA and
satellite array configurations. Fig. 5 also reports the beam
radius 7 (red line, right axis). Since all four configurations
yield approximately the same radius, only one line is reported
for the reader’s convenience, also confirming the fairness of
the comparison. The numerical results confirm the findings
of [1]: increasing As increases the directivity of the FoA
pattern, with a beneficial impact on p; however, after a certain
inter-satellite distance (11.5m), this positive effect is counter-
compensated by dominant grating lobes, which raise the MAI
and thus steeply reduce p. Two interesting observations can
be drawn: i) unlike [1], which adopts an approach based on
a minimum SINR specified by [11], the obtained values for p
are higher, since they are based on the maximum achievable
C (6); ii) the best configuration is provided by a CUCA-based
FoA equipped with UPA satellite arrays.

C. Tapering techniques

To further control the shape of the array pattern, with special
emphasis on keeping the grating lobes as low as possible,
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which are the responsible of MAI, and in turn of low perfor-
mance in terms of p, we can apply tapering techniques [12].
This consists in applying different weights to feed the DRAs of
each satellite, according to specific windowing (power) profiles
w = {ws}J_;, with 0 < w, < 1. This means that the FoA
response vector becomes the one reported in (3), in which
each element a; (¢, 0) is scaled by ws:

a(p,0) = [wi -al(¢,6),...,ws - ak(p,0)]"

Note that (10) coincides with (3) in case ws = 1 for all
s =1,...,5. This is equivalent, in the space domain, to the
convolution of the array response with a cardinal sine, which
is responsible of the grating lobes observed in Fig. 2, and
which become more and more important as Ag increases [1].
To better focus the array pattern towards the reference beam
while reducing the out-of-beam emissions, we can resort to
consolidated windowing techniques available in the literature.
In this work, we make use of the 1D Kaiser-Bessel (KB) and
Dolph-Chebyshev (DC) windows [12], that are extended to the
2D array structure as follows:

(10)

o for UPA FoA geometries, we consider the 1D window
W= {ufm};gl, with length v/S, and we obtain the 2D
weights as wy = 10, - ., where y = —(v/S —1)/2 +
s —1| 5 and z = —(VS —1)/2+ [(s — 1)/VS];

o for CUCA FoA geometries, we consider the one-sided
1D window W = {w.}< ;, with C denoting the number
of concentric circles of the FoA configuration (e.g., 3 in
the example of Fig. 1b), and we obtain the 2D weights
as ws = W., where c¢ is the circle index the satellite s
belongs to (with ¢ = 1 and ¢ = C denoting the inner and
the outer circles, respectively).

Fig. 6 shows both the area capacity p (blue lines, left axis)
and the beam radius r (red lines, right axis) as functions of Ag,
using the 1D KB window with parameter 8 = 8 and the 1D
DC window with side-lobe level (SLL) —20 dB (these param-
eters are selected based on a numerical exhaustive search).
The satellite arrays are UPA-based, whereas both UPA and
CUCA FoA configurations are considered. As can be seen by
comparing the results with Fig. 5, the KB-based tapering yields
worse performance compared to the ones achieved without
tapering, whereas the DC approach significantly boosts the
system performance: with an UPA-based FoA, p is roughly
10 times the one achieved without tapering, while we can
observe a twice increase when considering the CUCA-based
FoA. However, note that alternative implementations of the
2D mapping of the 1D windows may provide additional
improvements (especially in the case of KB tapering).

V. CONCLUSIONS AND PERSPECTIVES

This paper investigated the impact of system parameters of a
FoA-based MEGAN for high-throughput satellite communica-
tions, using the area throughput, expressed as the ratio between
the Shannon capacity and the beam coverage. The results of
our exhaustive numerical search show that the best configu-
ration is a circular FoA with conventional, square DRAs on
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Fig. 6: Area throughput and beam radius as functions of
As with tapering: the best combination is given by UPA
configurations at both FoA and satellites, using DC tapering.

board each satellite. A further relevant optimization factor is
represented by power tapering from the center to the edge of
the FoA, in particular via Dolph-Chebyshev windowing. The
approach proposed in this paper can be extended to a number
of different configurations, including: LEO orbits, additional
geometries for both FoA and satellite arrays, precoding and
RRM-based beamforming techniques, more detailed fading
models, also considering machine learning techniques to fur-
ther compute and predict optimal parameter selections.
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