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Formation of arrays (FoA) distributed antenna technology has
recently been proposed to provide 5G-like mobile satellites services
in the context of the integration of nonterrestrial with terrestrial
networks—the overall system goal being a sufficiently high throughput
in terms of bit rate per unit area on the ground. This large distributed
array configuration (resulting from the formation of many satellites
each carrying its own small antenna) must be carefully engineered
to provide the desired benefits. In this article, we tackle some fun-
damental issues related to FoA design, namely, frequency selectivity,
power generation, and optimal formation configuration. Concerning
frequency selectivity, we evaluate the intrinsic FoA frequency response
assuming a wideband signal, and suggest how to mitigate possible
impairments from a communication system perspective. Regarding
power generation, we show how to decouple the functions of antenna
and solar arrays to come to a power-efficient satellite configuration
and design. Finally, in terms of formation optimization, we investigate
a formation thinning approach with random placement of satellites on
a grid, leading to a significant reduction of secondary beams in the
emission of the FoA as well as fully satisfying the constraints placed
by optimum power generation.

I. INTRODUCTION

As is known, the effort of integrating a nonterrestrial
segment into current 5G (terrestrial) networks and forth-
coming 6G networks is formidable [1]. An analysis per-
formed in [2] concluded that a real integration of the two
segments, in particular allowing end-users to utilize a smart-
phone, calls for the adoption of radically new technologies,
such as the distributed very-large antenna for low Earth
orbit (LEO) and geostationary Earth orbit (GEO) satellites
introduced in [3]: A FoA. The satellite systems currently
deployed to provide direct to hand-held communications
(e.g., Iridium, Globalstar, Thuraya, and Inmarsat) require
dedicated satellite user terminals (UTs) with a size larger
than a smartphone’s, and with an external antenna to sup-
port services similar to those offered by 2.5G terrestrial
networks. An exception is represented by the Apple mobile
satellite messaging service able to operate on the most
recent i-Phones. AST mobile [4] is aiming to provide direct
to hand-held 4G-like services using a LEO constellation op-
erating around 900 MHz with very large deployable phased
arrays. In the frame of third generation partnership project
(3GPP) nonterrestrial network (NTN), 5G standardization
effort is directed in adapting 5G terrestrial standards to
support the satellite mode [5], with initial focus on low
rate data and voice services for the reasons outlined in [2].
Although in terms of system sizing our main focus will
be on provising 4G-like (i.e., 5G legacy) services from
LEO and GEO orbits exploiting large arrays, we believe
that the solutions proposed in this article can be scaled
up to cover more aggressive data rates as supported by
terrestrial 5G networks and future 6G networks. Our 4G
service target is justified by the fact that providing 4G-like
data rates to a conventional terrestrial hand-held terminal
already represents a big technological challenge for the
space segment, in particular for a GEO orbit. In terms of
our current performance targets, the reader can refer to [3],
whereby we size the space segment to provide data rates
in the order of Mbps to a conventional low-antenna gain
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hand-held UT having the characteristic specified by 3GPP
5G NTN documents (e.g., [6]).

Coming to the subject and contribution of this article,
[3] already performed a system-wide analysis from a com-
munication performance perspective (end-user available
bit-rate as well as area spectral efficiency) and computed
the benefits coming from the adoption of that technology,
but it did not address three relevant issues in the design
and optimization of the FoA structure, namely, 1) intrinsic
frequency selectivity of the FoA emission; 2) issues related
to power generation to feed each FoA satellite; and 3) op-
timum configuration of the satellite formation to optimize
radio emission and meet certain constraints related to power
generation. The three topics that we have just mentioned are
the ones that this article specifically addresses, performing
a detailed analysis and providing for each a viable solution
as follows.

1) Frequency selectivity is a well-known issue of an-
tenna arrays [7], and it is particularly relevant when
(very) large arrays are used with wideband modu-
lated signals (or baseband signals altogether, as in
audio/underwater signal processing). In the design
of an FoA, one has to consider this issue both in
the intrinsic behavior of the antenna array carried
by each satellite, and in the formation alignment.
Following the approach presented in [3], the FoA
is intended to provide 5G-like services at S-band
(carrier frequency f0 = 2.2 GHz) and with a sig-
nal bandwidth BRF = 60 MHz, so that the fractional
bandwidth of the data-modulated signal is BRF/ f0 �
3%: This setup cannot be considered narrowband
for beamforming. Therefore, frequency selectivity
may have a nonnegligible impact on the digital link
performance, and it has to be analyzed in detail—the
subject of Section III to follow.

2) Issues related to power generation arise if we assume
that the array carried by each satellite has the double
function of radiating radio signal from one face, as
well as providing electrical power to the satellite by
carrying solar cells on the other side [3]. This is
the simplest arrangement for a small satellite, but
it is strongly suboptimal (as we will see later on) for
GEO power generation as the array has to necessarily
point towards the Earth to sustain the communication
link, and cannot track the Sun for optimum power
generation. In addition, the tight formation envis-
aged in [3] may introduce inefficiencies in power
generation: For certain Sun/Earth/FoA alignments, a
solar array may block sunlight to another array of an
adjacent satellite, thus diminishing power generation
efficiency. To the best of the authors’ knowledge,
the problems described in this article, associated to
the self-induced eclipses and the implications on
the power subsystem sizing, are addressed for the
first time. The main features of the power subsystem
in LEO satellites with body-mounted solar arrays
can be found in [8] and [9], and for GEO satellites,

including a solar array drive mechanism (SADM),
in [10] and [11]. We develop this issue in Section V,
wherein we present a solution based on a more
efficient design in which the functions of antenna
and solar arrays are decoupled (in particular, the
solar array is side-mounted), so that the two can be
optimized separately considering the FoA geometry.

3) Adopting a side-mounted solar array places further
constraints on the location of satellites into a forma-
tion, that have to be carefully considered to perform
emission beam pattern optimization. We know that
creating an FoA makes the antenna very large, there-
fore very narrowbeam, but the sparsity of the forma-
tion required to accommodate the solar generators
(SGs) brings forth the undesired phenomenon of in-
troducing secondary beams, akin to the grating lobes
of a conventional periodic array [12]. The control
of the sidelobes and grating lobes in a sparse array
with subarray (SA) centres positioned on a regular
grid requires a proper design of its geometry. We
will show in the following that a simple probabilistic
FoA design approach [13], [14], [15] can lead to
good results. In particular, we will focus on the
technique of thinning the formation of satellites out
of a regular grid according to a certain probability
law, so as to come to a desired number of satellites
in the FoA and to mitigate the antenna sidelobes level
near the wanted beam. In the thinning criterion, we
also add a constraint on the satellites placement so
as to keep the solar arrays of different satellites at a
convenient distance—this approach is presented in
Section IV, and extended in Section V to include
the constraints placed by power generation. Finally,
Section VI concludes this article.

For the reader’s convenience, Table I reports the symbols
and definitions that will be used throughout the article.

II. SYSTEM DESCRIPTION AND FEASIBILITY CONSID-
ERATIONS

A. System Aspects

The notion and general architecture of an FoA has been
introduced in [3]. In the following, we will just recall a few
key points to improve the understanding of the discussion
in the following sections.

As shown in Fig. 1, the FoA is fed by a central satel-
lite (CS) that connects the (many) network gateway(s) on
ground to the different satellites of the FoA. Any up/down
feeder link carries many individual beams’ carriers multi-
plexed in frequency using a wideband radio frequency (RF)
link. For the regional GEO scenario described in [3], the
aggregate throughput can be in the order of hundreds of
Gbps, hence a single RF link will not provide sufficient
capacity even using Ka-band and high-order modulations.
In this case, multiple gateways exploiting spatial diversity
and full frequency reuse will be necessary, as is currently
the case for any high throughput satellite (HTS) system.
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TABLE I
Notation Used Throughout the Paper

Fig. 1. Illustration of the FoA and of its ancillary components—CS:
central satellite, SA: FoA satellite’ subarray, ISL: intersatellite link.

All of the gateways’ feeder links carriers received by the
CS are down-converted to baseband and digitized, and
the relevant I/Q baseband digital samples are routed to a
high-throughput digital processor.

The processor implements digital beamforming for all
of the FoA beams. In this respect, two different approaches
for beamforming are possible, i.e., centralized at the CS, or
decentralized at the level of each single FoA satellite, with
the former approach best suited for the GEO case, while
the latter is more suitable for LEO case for the reasons
explained in [3, Section V]. Following again the approach
sketched in [3], the digital signals corresponding to each
individual radiating element of all FoA SAs are converted

to an optical-modulated signal, and the different optical
signals are wavelength-division multiplexed to create an
aggregate optical digital carrier feeding the optical head
pointed towards each FoA satellite (implementing a short-
span optical intersatellite link (ISL)). Once received by the
optical receiver on board the relevant FoA satellite, the
optical digital stream is de-multiplexed, each component
being converted back to digital I/Q and finally remodulated
onto an analog S-band carrier to feed the diverse radiating
elements of the SA.

The different SAs composing the satellite antenna are
connected via an optical ISL to a so-called CS, which is
providing the feeder link connection to the gateway station
on ground. The CS also takes care of the crucial functions
of: 1) calibration of the signal paths going to the individual
satellites; and 2) control of the formation flying geometry.
The interested reader can refer to [16], [17], [18], [19], [20],
[21], [22], and [23] and related references for a review of the
different techniques to keep satellites in formation flying.

Once the architectural issues above are clear, there is no
further conceptual difference in terms of beam/traffic man-
agement between the (distributed) FoA and a (centralized)
single-satellite system featuring phased array technology to
implement a multibeam antenna pattern. For example, the
simple heuristic, yet high-performance, resource allocation
solutions devised for a phased-array based multibeam HTS
network, reported in [24], [25], and [26], are also applicable
to the FoA case. It is remarked that these solutions are not
requiring to dynamically modify the single array element
transmitted power to adapt to the typical nonuniform traffic
distributions, thus simplifying the active antenna design and
implementation.

B. Feasibility Considerations

The notion of an FoA is definitely challenging in tech-
nological terms, but its motivation can be given in a nut-
shell as follows. The analysis in [3] indicated that 4G-like
communications services to a hand-held mobile terminal
can be provided from a LEO orbit with an antenna of size
11 × 11 m2, that is also technologically achievable with a
mechanically deployable phased array. The same services
can on the contrary be provided from GEO orbit (only)
adopting an array size in excess of 120 × 120 m2, that is
only feasible resorting to the FoA approach. Clearly this
array size cannot be easily achieved by means of a deploy-
able array technology, and hence the interest for the FoA
concept. We will show that, while for LEO satellites a body
mounted SG can work, this is not the case for the GEO
case, as the body generated eclipse will curtail the power
generated on-board the satellites. The SA spacing required
to counteract this issue is making the inorbit assembly for
GEO even less attractive.

In our opinion, a GEO single-FoA solution is more
desirable than a LEO constellation of satellites for a number
of reasons. First, a LEO-based direct to hand-held service
requires launching and maintaining hundreds to thousands
of satellites, each equipped with a large deployable phased
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array. The regional GEO (R-GEO) FoA approach will re-
quire launching a similar amount of smaller satellites with
a smaller array size and a much longer lifetime. In addi-
tion, deploying a reasonably-operating LEO constellation
requires launching a considerably high fraction of all of the
envisaged satellites—on the contrary, the deployment of the
GEO FoA satellites can be scalably graduated, starting from
a initial lower number configuration, progressively match-
ing the increasing market traffic request over the area of
interest. Finally, RF spectrum for direct to hand-held mobile
services is a very scarce resource, so that frequency reuse,
whenever possible, is highly recommended and desired. Un-
fortunately, handheld mobile user equipments (UEs) do not
provide any antenna spatial discrimination, therefore two
different LEO global systems sharing the same frequency
band cannot coexist, unless the two serve nonoverlapped
areas, at the cost of throughput and/or coverage reduction.
On the contrary, regional GEO systems are by design de-
ployed to cover nonoverlapping regions, and can be tailored
and optimized for a specific geographical area, with full
frequency reuse across different coverage areas.

The objective of the analysis to follow, rather than
making a cost-benefit analysis of the different solutions
to address the direct to hand-held mobile services, is just
to identify and derisk possible technical areas related to
the implementation of very large active antennas, which
represents a key technology for developing cost-attractive
system solutions. The issues investigated in this article are
also of interest in case one prefers to implement a distributed
array either by means of mechanically deployable panels,
or by hybrid use of a formation on satellites with mechani-
cally deployable panels, or with advanced inorbit assembly
solutions.

The other challenges that are being investigated by ex-
perts in other fields are related to the techniques for satellite
formation flying tight control and swarm synchronization as
well as how to support multiple optical intersatellite links
as required by the CS.

In addition to the specific service considered in this
article, there is a clear trend to increase the satellite array
antenna size to improve end-user performance at an afford-
able cost. This trend is also occurring for higher frequency
bands. The issue of how to counteract large antenna array(s)
frequency selectivity and how to power a large GEO array
with acceptable antenna pattern investigated in this contri-
bution are therefore of high interest for other applications.

III. FREQUENCY SELECTIVITY OF THE FOA AND ITS
CURE

A. Geometrical Analysis of the FoA

The issue of frequency selectivity of a large array of radi-
ating elements is well known [7]. Frequency dispersion has
a significant effect on the radiation pattern of phased arrays
with implications for the array’s performance, especially in
broadband (relative to the central frequency) applications.
Early contributions examined basic mechanisms degrading

Fig. 2. FoA square-shaped configuration, with S = 25 satellites
(arrays), located in the yz-plane, each hosting N = 9 radiating elements
with spacing d , also showing a transmitted plane wave with elevation θ

and azimuth ϕ.

passive arrays performance as frequency is changed [27],
[28].

Electronic-scanning RADARs have been the first sys-
tems making use of large phased arrays, and frequency
dispersion effects on pulsed and chirped signals have been
thoroughly analyzed and understood for these systems [29],
[30], [31], [32]. Countermeasures to limit the detrimental
effect of frequency dispersion have been also readily identi-
fied in substituting the phase control elements with true time
delay elements [33], [34]. Considering the higher cost and
complexity of delay elements with respect to phase shifters,
hybrid architectures have been also proposed [7], [33].

Generally speaking, factors that contribute to the phased
array performance include: The array geometry, the number
of elements, the element spacing, the maximum scan angle,
and the instantaneous bandwidth. As far as frequency se-
lectivity is concerned, the wider the signal bandwidth BRF,
the larger the selectivity effect. In our FoA, the source of
selectivity is actually the large size of the formation rather
than that of the individual satellite antennas.

Let us analyze this effect starting back from the simple
rectangular-grid FoA configuration analyzed in [3] and
shown in Fig. 2, encompassing S satellites, each equipped
with a simple active square array of N elements, whose
combined formation/array factor turns out to be1

ζ (ϕ, θ ) =
∣∣∣ζ ′(ϕ, θ )︸ ︷︷ ︸

FoA factor

· ζ ′′(ϕ, θ )︸ ︷︷ ︸
array factor

∣∣∣2, (1)

where ϕ and θ denote the azimuth and elevation angles of
a generic location in space, respectively, and

ζ ′(ϕ, θ )=
sin

[
π

√
S sin(θ )�

λ

]
sin

[
π

√
S cos(θ ) sin(ϕ)�

λ

]
sin

[
π sin(θ )�

λ

]
sin

[
π cos(θ ) sin(ϕ)�

λ

] ,

(2)

1We do not include here the satellite array single-element radiation pattern
as in [3], that is not essential to the discussion and can be included in a
straightforward way.
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ζ ′′(ϕ, θ ) =
sin

[
π

√
N sin(θ ) d

λ

]
sin

[
π

√
N cos(θ ) sin(ϕ) d

λ

]
sin

[
π sin(θ ) d

λ

]
sin

[
π cos(θ ) sin(ϕ) d

λ

] ,

(3)

and where λ is the radio wavelength. The parameters d and
� represent the spacing of the regular square grid of the
array elements in each satellite antenna, and of the satellites
in the formation, respectively. Introducing the oscillation
frequency f = c/λ (with c denoting the speed of light), we
get the expression of the frequency-dependent array factor

ζ (ϕ, θ; f ) =
∣∣∣∣∣∣
sin

[
π

√
S�(θ )� f

c

]
sin

[
π

√
S	(ϕ, θ )� f

c

]
sin

[
π�(θ )� f

c

]
sin

[
π	(ϕ, θ )� f

c

]

×
sin

[
π

√
N�(θ )d f

c

]
sin

[
π

√
N	(ϕ, θ )d f

c

]
sin

[
π�(θ )d f

c

]
sin

[
π	(ϕ, θ )d f

c

]
∣∣∣∣∣∣
2

,

(4)

where for simplicity �(θ ) = sin θ and 	(ϕ, θ ) = cos θ

sin ϕ. We consider now a wideband modulated signal span-
ning a radio bandwidth BRF around a carrier frequency
f0 = c/λ0. The generic frequency f of any spectral com-
ponent of this signal can be cast for convenience into the
form f = f0 + ν, ν ∈ [−BRF/2, +BRF/2], where ν is in
practice the baseband frequency spanning the bandwidth
of the baseband equivalent (also known as the complex
envelope) of the modulated signal. With this notation, the
(baseband-frequency-dependent) array factor becomes

ζ (ϕ, θ; ν ) =
∣∣∣∣∣∣
sin

[
π

√
S�(θ ) �

λ0

(
1 + ν

f0

)]
sin

[
π�(θ ) �

λ0

(
1 + ν

f0

)]

×
sin

[
π

√
S	(ϕ, θ ) �

λ0

(
1 + ν

f0

)]
sin

[
π	(ϕ, θ ) �

λ0

(
1 + ν

f0

)]

×
sin

[
π

√
N�(θ ) d

λ0

(
1 + ν

f0

)]
sin

[
π�(θ ) d

λ0

(
1 + ν

f0

)]

×
sin

[
π

√
N	(ϕ, θ ) d

λ0

(
1 + ν

f0

)]
sin

[
π	(ϕ, θ ) d

λ0

(
1 + ν

f0

)]
∣∣∣∣∣∣
2

. (5)

Frequency selectivity is in general caused by the factor
(1 + ν/ f0), but it is actually relevant only if this factor is
significantly different from 1 for ν ∈ [−BRF/2, +BRF/2],
e.g., if the signal bandwidth BRF is from 5% to 10% of the
carrier frequency. The selectivity effect is in general not
symmetric with respect to (wrt) to the carrier frequency
as the function sin(α0 + �α) is not symmetric wrt �α for
α0 �= 0.

Assuming that we are dealing with a wideband signal (in
the sense mentioned above), the selectivity effect depends
on the user location in terms of coordinates (ϕ, θ ). From (5)
we see that there is no frequency selectivity at all whenever
ϕ = θ = 0, i.e., at the center of the nadir-pointing FoA

Fig. 3. Frequency selectivity of the FoA factor for a GEO configuration
with S = 1089 and N = 49.

Fig. 4. Frequency selectivity of the FoA factor for a LEO configuration
with S = 9 and N = 2209.

beam. On the contrary, the effect is slightly “enhanced”
when any of the factors

√
S�(θ ),

√
S	(ϕ, θ ),

√
N�(θ ),

and
√

N	(ϕ, θ ) tend to increase, i.e., when we move to-
wards the edge of the beam.

Fig. 3 shows the selectivity effect for the configu-
ration envisaged in [3] for a GEO FoA with S = 1089
and N = 49, using f0 = 2.2 GHz, d = 4.5λ0 � 61.3 cm,
L = (

√
N − 1)d � 3.68 m, and � = 1.25L � 4.6 m. The

blue line depicts the case ϕ = θ = 0◦, whereas the red and
the green curves report the results for ϕ = 0.023◦ (3-dB re-
duction) and ϕ = 0.028◦ (4.7-dB reduction),2 respectively,
both with θ = 0◦. As expected, the selectivity effect, albeit
actually present, is barely noticeable across the assumed 60-
MHz bandwidth, and could be safely neglected—although
we showed results on the azimuth plane only, the reader can
verify that this conclusion basically holds for any direction
(ϕ, θ ).

The same behavior can be observed in Fig. 4,
which reports the selectivity for a LEO-like configuration
with S = 9 and N = 2209. In this case, f0 = 2.2 GHz,
d = 0.6λ0 � 8.2 cm, L = (

√
N − 1)d � 3.76 m, and � =

1.25L � 4.7 m (see [3] for further details on this set of
system parameters).

2The two values −3 and −4.7 dB represent conventional definitions of the
beam edge on Earth in the case of aggressive (beams very close to each
other) and less aggressive beam pattern design, respectively.
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B. Narrowband Beam Steering

The system analysis performed in [3] envisaged the
creation of a multibeam communication network with rela-
tively narrow beams (comparable to the size of a terrestrial
rural cell). Such a network was implemented through a
strategy of beam steering (beamforming) applied to the
FoA: Each beam was obtained by appropriately steering
the main FoA beam towards a desired beam center (ϕ0, θ0)
to serve a certain population of users on ground.

The conventional approach to array beam steering is
applying a set of appropriate phase shifts (either at baseband
or at RF) to the different radiating elements of the antenna
array. In our FoA, we have the option to: i) implement
beam steering at the formation level only, i.e., by applying
the same phase shift to all of the elements of a single
array, those shifts being different from satellite to satellite;
or ii) applying different phase shift individually to all of
the radiating elements of the satellite arrays. Whatever the
option is (we will investigate the two options later on), the
approach is anyway called narrowband steering, because it
is devised for a theoretically monochromatic signal at the
carrier frequency, and it is approximately valid (only) in
the case the modulated signal is quasi-monochromatic, i.e.,
narrowband [7].

The FoA factor with narrowband steering in the most
general case of radiating-element-level (i.e., formation and
satellite) phase shift is found to be

ζNB(ϕ, θ; ϕ0, θ0; ν )

=
∣∣∣ζ ′

NB(ϕ, θ;ϕ0, θ0; ν )︸ ︷︷ ︸
FoA factor

· ζ ′′
NB(ϕ, θ;ϕ0, θ0; ν )︸ ︷︷ ︸

array factor

∣∣∣2, (6)

where

ζ ′
NB(ϕ, θ;ϕ0, θ0; ν )

=
sin

{
π

√
S �

λ

[
�(θ )

(
1 + ν

f0

)
− �(θ0)

]}
sin

{
π �

λ

[
�(θ )

(
1 + ν

f0

)
− �(θ0)

]}

×
sin

{
π

√
S �

λ

[
	(ϕ, θ )

(
1 + ν

f0

)
− 	(ϕ0, θ0)

]}
sin

{
π �

λ

[
	(ϕ, θ )

(
1 + ν

f0

)
− 	(ϕ0, θ0)

]} ,

(7)

ζ ′′
NB(ϕ, θ;ϕ0, θ0; ν )

=
sin

{
π

√
N d

λ

[
�(θ )

(
1 + ν

f0

)
− �(θ0)

]}
sin

{
π d

λ

[
�(θ )

(
1 + ν

f0

)
− �(θ0)

]}

×
sin

{
π

√
N d

λ

[
	(ϕ, θ )

(
1 + ν

f0

)
− 	(ϕ0, θ0)

]}
sin

{
π d

λ

[
	(ϕ, θ )

(
1 + ν

f0

)
− 	(ϕ0, θ0)

]} .

(8)

From this expression we can see that, unlike the
unsteered configuration (5), some degree of selectivity is
now present even along the main direction, i.e., θ = θ0,
ϕ = ϕ0. This issue is well known, especially in the

Fig. 5. Frequency selectivity of the FoA factor with narrowband
steering for a GEO configuration with S = 1089 and N = 49: In the case

(ϕ0 = 0◦, θ0 = 2◦ ), θ = θ0 = 2◦ in all curves, whilst ϕ = ϕ0 = 0◦,
ϕ = ϕ0 = 0.023◦, and ϕ = ϕ0 = 0.028◦ for beam center, 3-dB reduction,

and 4.7-dB reduction, respectively; In the case (ϕ0 = 1◦, θ0 = 4◦ ),
θ = θ0 = 4◦, for all curves, whilst ϕ = ϕ0 = 1◦, ϕ = ϕ0 = 1.023◦, and

ϕ = ϕ0 = 1.028◦, for beam center, 3-dB reduction, and 4.7-dB reduction,
respectively.

Fig. 6. Frequency selectivity of the FoA factor with narrowband
steering for a LEO configuration with S = 9 and N = 2209.

domain of audio and ultrasound signal processing [35],
and it is often regarded another way round: Considering
ν = ν� �= 0, we see that the maximum gain (i.e., the
direction for which the numerator and the denominator of
the factors in (6) are equal to 0) is not at θ = θ0 and
ϕ = ϕ0, but at another, different direction, given
by θ� = sin−1[�(θ0)/(1 + ν�/ f0)] and ϕ� =
sin−1{	(ϕ0, θ0)/[cos θ�(1 + ν�/ f0)]}. This is considered as
a steering error for the signal component at the frequency
ν� and the beam is said to be squint at that frequency.

Fig. 5 shows, using the same color code taken for
Figs. 3 and 4, the dramatic effect of steering the beam on
frequency selectivity for the GEO FoA configuration intro-
duced in Section III-A and for two different beam centers:
dashed lines refer to a the case (ϕ0 = 0◦, θ0 = 2◦), whereas
solid lines depict (ϕ0 = 1◦, θ0 = 4◦). The mild behavior,
observed in Fig. 3, is turned into a strong selectivity as long
as we depart from the nadir direction, and has to be properly
addressed not to incur in severe performance degradation
of the satellite link on the most steered beams. Similar
conclusions can be drawn for the LEO FoA configuration,
using the results reported in Fig. 6.
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The standard solution to a problem of frequency se-
lectivity in terms of communication technologies is the
adoption of orthogonal frequency division multiplexing
(OFDM), with a subcarrier spacing so small that each
subcarrier “sees” a substantially flat portion of the array
frequency response [36]. It is true that this approach pre-
vents distortion of the wideband received signal, but it does
not prevent the subcarriers affected by a (very) low array
response from being received with a (very) bad signal-to-
noise ratio, thus diminishing the overall link throughput.
The solution to the issue is relatively well known, and relies
on the so-called wideband beamforming technique—the
subject of the next subsection.

C. Wideband Beam Steering

In the previous section, we have assumed that beam
steering is implemented by applying a certain phase shift αi

at each radiating element of the FoA i = 0, . . ., NS − 1. The
shift is computed requiring the beam center being steered
from its natural position (0, 0) to another position (θ0, ϕ0).
The value of αi is computed by elementary geometry as-
suming that the signal is monochromatic at the frequency
f0 [7]. This approach, as we have seen, fails when the
signal bandwidth is relatively large. In this case, we need to
apply, to the signal feeding the radiating element i, a delay
equal to τi = αi/(2π f0). This is tantamount to applying
a different phase shift αi( f ) to different components of
the signal spectrum: αi( f ) = 2π f τi, unlike the previous
narrowband approach that keeps the phase shift constant
across the spectrum (αi = 2π f0τi).

With the wideband approach, the expression of the FoA
factor is found to be

ζWB(ϕ, θ;ϕ0, θ0; ν )

=
∣∣∣ζ ′

WB(ϕ, θ;ϕ0, θ0; ν )︸ ︷︷ ︸
FoA factor

· ζ ′′
WB(ϕ, θ;ϕ0, θ0; ν )︸ ︷︷ ︸

array factor

∣∣∣2, (9)
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Fig. 7. Frequency selectivity of the FoA factor with wideband steering
for a GEO configuration with S = 1089 and N = 49.

Comparing (9) with (1), we see that the only change is
the shift of the beam center, so that the amount of selectivity
for the wideband-steered beam is basically the same as in
the case of the un-steered beam—very mild and negligible
altogether. This is testified by Fig. 7 representing the very
same cases as in Fig. 5, but with wideband beam steering
implemented via appropriate true-delay array feeding—
frequency selectivity is akin to what is experienced with the
unsteered beam (Fig. 3). The same behavior can be observed
for the LEO case, that we will not report here for the sake
of brevity, as it is almost identical to what can be observed
in Fig. 4. Of course, implementing a calibrated (wideband)
delay, either at baseband or at intermediate frequency/RF, is
more demanding than just implementing a calibrated phase-
shift. A true wideband delay can be preferably implemented
within a baseband digital beamforming network by process-
ing each digital signal with a calibrated fractional-delay
digital finite impulse response (FIR) filter—a well known
structure in digital signal processing [37].

D. Hybrid Wideband-Narrowband Beam Steering

We have already mentioned in Section III-B that we
can adopt different approaches to implement beam steering:
Either at the formation level only, or at both at the formation
and satellite level. We can take advantage of this possibility
to devise smart, optimized hybrid architectures for wide-
band beamforming that was already envisaged in [3].

As already mentioned, frequency selectivity is gener-
ated by the large size of the formation (whilst the size of
the individual satellite arrays is relatively small), so that
the right choice is performing true wideband beamforming
at the formation level, and applying simpler narrowband
beamforming at the satellite level

ζH(ϕ, θ;ϕ0, θ0; ν )

=
∣∣∣ζ ′

WB(ϕ, θ;ϕ0, θ0; ν )︸ ︷︷ ︸
FoA factor

· ζ ′′
NB(ϕ, θ;ϕ0, θ0; ν )︸ ︷︷ ︸

array factor

∣∣∣2, (12)

where ζ ′
WB(ϕ, θ; ϕ0, θ0; ν ) and ζ ′′

NB(ϕ, θ; ϕ0, θ0; ν ) are
given by (10) and (8), respectively.

This hybrid approach almost attains the same robustness
of the FoA in terms of frequency selectivity as the previous
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Fig. 8. Frequency selectivity of the FoA factor with hybrid steering
(12) for a GEO configuration with S = 1089 and N = 49.

Fig. 9. Frequency selectivity of the FoA factor with hybrid steering
(12) for a LEO configuration with S = 9 and N = 2209.

satellite-and-formation full wideband beamforming, with
the advantage of reducing implementation complexity (in
particular for the GEO case), thanks to satellite-level nar-
rowband beamforming. This is testified by Fig. 8 showing
the comparison between full and hybrid beamforming for
the GEO case—no difference is seen within the full beam-
forming (solid lines) and the hybrid ones (the two configura-
tions are represented by circular and square markers, which
almost perfectly overlap with the solid lines, even in the
case (ϕ0 = 1◦, θ0 = 4◦), in which the beam is located at the
edge of the coverage band).

For the LEO case, whereby the number of radiating
elements is very large at satellite level and very few satellites
are used, the hybrid approach is a bit less effective. Fig. 9
shows the performance of hybrid beamforming for a LEO
FoA. This time the frequency selectivity is not perfectly
compensated for as in the GEO case: The larger the depar-
ture of the beam center from the nadir (ϕ = θ = 0), the more
severe is in fact the effect of selectivity, as can be observed
at (ϕ0 = 40◦, θ0 = 15◦) (square markers) compared to the
case (ϕ0 = 20◦, θ0 = 5◦) (circular markers). However, it is
still tolerable, as the variations are in the order of few dB.

As a final remark, it is pretty clear that all of our
results in this section do not consider possible selectivity
effects coming from the frequency response of the specific
radiating element of the satellites’ array—we concentrated
here on the array/formation factor only.

IV. RANDOM THINNING OF A VERY LARGE FOA

A. Rationale of Formation Thinning

The main idea behind an FoA is clear: Realizing a
very large equivalent antenna array taking advantage of the
opportunity of satellite formation flying. The purpose of the
large array is obtaining a very narrow beam with a footprint
size similar to that of a cell of a cellular terrestrial network.
Spacing between satellites helps reducing the requirements
in terms of attitude control and even more important, as
we will see in Section V-A, allows us to introduce space to
deploy the solar arrays. Unfortunately, as noted in [3], the
introduction of gaps between the arrays carried on-board
each formation satellite produces undesired grating lobes in
the FoA pattern. In addition, the introduction of some form
of tapering through formation thinning (to be detailed later
on) helps improving the control of near sidelobes without
the need to operate peripheral satellites in transmit back-off
(as would happen in conventional amplitude tapering).

The use of thinned and aperiodic arrays for active anten-
nas has gained a growing interest in the last 20 years [38],
[39], [40]. In such antenna architectures, uniform excitation
allows all the amplifiers of the transmit active array to be
operated under the same optimal condition, thus increasing
amplifiers’ efficiency while guaranteeing some degree of
near sidelobe control.

Many array optimization techniques can be investigated
and adopted to mitigate the level of grating lobes as well as
of secondary emission close to the main lobe. Among them,
density tapering [12], [41], [42] aims at emulating conven-
tional amplitude-tapered arrays by adjusting the spacing
of equi-amplitude fed radiating elements. Density-tapered
arrays can obtain a significant reduction of the number of
elements and avoid the needs for differently sized transmit
amplifiers. In thinned arrays [13], [14], a significant part of
the elements of a fully populated periodic array is removed
maintaining the array beamwidth and controlling the radi-
ation pattern in the sidelobe region. The selection of the
elements to be retained can be performed according to a
statistical method that takes decisions based on an assigned
amplitude tapering to mimic [13], [14], or based on global
optimization algorithms which aim at obtaining a reduction
of the peak sidelobe levels [37], [43], [44], [45].

What we intend to pursue here is a simple approach
that takes inspiration from the well-known concept of sta-
tistically thinned arrays [13], [14], elevated to the upper
layer of the satellite formation: a thinned FoA (TFoA). In
particular, starting from a very large number of potential
satellite locations on a regular grid (with a potentially very
narrow beam but an unsustainable number of spacecrafts),
we adopt a probabilistic approach to perform thinning of
the infeasible formation [13], [14] to come to a reasonable
number of satellites: According to some rule, we mark many
location as unoccupied, diminishing the actual number of
satelites, but retaining the overall size of the formation. In
so doing, the narrow beam feature is retained, the level of
near sidelobes is reduced, and a suited (smaller) satellite
count is attained. In particular, the FoA beam size remains
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Fig. 10. Thinned formation with S = 1000, Gs = 100 × 100 = 10 000,
and δ = 0.1. The grid spacing is � = 1.25 L (Black: Potential grid

locations; Red: Actual locations; Blue: Unthinned FoA with
S = S = 1000).

largely related to overall area occupied by the thinned FoA,
while the beam peak gain depends on the actual number of
satellites “survived” to the thinning exercise. According to
the theory developed for statistically thinned arrays [12],
the near sidelobes of the TFoA factor approximate the
near sidelobes of the seeding amplitude tapering used as
reference distribution for the statistical thinning.

To understand our approach, we start with a specific
example, reported in Fig. 10, assuming a full square grid
with the usual regular spacing � = 1.25 L in both direc-
tions (see [3] for further justifications on this setting), and
with Gs = 100 × 100 = 10 000 potential locations for our
FoA satellites (represented by the tiny “×” black mark-
ers in Fig. 10). The actual occupation of a certain loca-
tion by one satellite is randomly chosen according to a
certain probability function: in particular, the occupancy
of location s, s = 1, . . ., Gs, is a binary random variable
(0=unoccupied, 1=occupied) ξs with Pr{ξs = 1} = qs (and
of course Pr{ξs = 0} = 1 − qs). By doing so, the (actual)
number of satellites in the formation S = ∑

ξs is a random
variable whose average value is S = E{S}. To regulate the
(average) number of satellites in the FoA after thinning, we
set qs = S · ρs = δ · Gs · ρs, where δ = S/Gs is the desired
satellite “density” on the grid (determined by the desired
average number of satellites S), and where ρs ≥ 0 is a
suitably selected normalized3 tapering function such that∑

ρs = 1. For instance, we may assume uniform tapering,
i.e., ρs = 1/Gs, and that all locations are drawn indepen-
dently of each other. In this case, the number of satellites in
the formation S turns out to be a binomial random variable
whose average value is (by construction) S = E{S} = δ · Gs

3Care must be taken in selecting the tapering function. When the density
δ is high (i.e., S is close to Gs) and the tapering rule is “peaky,” it may turn
out that qs > 1 for some s. This condition leads to unfeasible probabilistic
thinning and has to be prevented in advance: max{ρs} · S ≤ 1.

– starting from a Gs = 10, 000 grid and assuming δ = 0.1,
we get an average number of satellites in the formation
equal to S = 1000 that may be sustainable—the overall
size (contour) of the formation still being as large as that
of the original square grid. Fig. 10 depicts an example of
a particular draw of such a thinned formation (the total
number of satellites is 987), with the occupied locations
represented by the red dots. For the reader’s convenience,
Fig. 10 also reports in blue the locations of a hypothetical
unthinned FoA [3] bearing the same spacing � = 1.25 L
and the same number of (average) satellites, S = S = 1000.

What is the effect of the random thinning of satel-
lites? The direction of maximum array gain will still be
ϕ = 0, θ = 0 irrespective of the particular draw, and the
FoA gain will still be proportional to the actual number of
satellites S. When Gs is very large (as in our example above),
by the law of large numbers the (random) value of S will be
always very close to S = δGs.

The semi-random position of FoA satellites, while not
affecting the direction of peak gain value, enables the uti-
lization of a more compact periodicity in the underlying
regular grid. This results in periodic grating lobes corre-
sponding to sin(θ ) positions multiples of λ

�
. Specifically, in

configurations where � = 1.25 L, this approach effectively
prevents the generation of adjacent grating lobes present
in the configuration with � = 4 L. In addition, the thinned
configuration follows main beam and near sidelobes of
the originating full aperture. The width of the main lobe
is similar, yet a bit smaller compared to the case of the
full grid, since it is dictated by the maximum size of the
formation, that is almost unchanged in spite of the random
satellite placement (please see Section V-B for a specific
comparison).

B. FoA Thinning Examples

A first example of a TFoA performance can be seen
in Fig. 11 depicting the formation array factor of the
uniform-probability TFoA introduced above (compared to
that without thinning), where the narrow beam and low
sidelobes features can be easily noticed. For a fair com-
parison, Fig. 11 also reports the pattern obtained with the
unthinned configuration [3], using � = 1.25 L (green line)
and � = 1.25 L/

√
δ � 4L (blue line), respectively, where

the latter case is considered because it spans the same
area occupied by the TFoA (

√
δ is due to the squared

shape of the formation—see also Fig. 10 for a pictorial
representation of the different span sizes). In all cases, the
total number of satellites is the same, and this is the reason
why we get the same array gain at the nadir. However, in
the case of � = 1.25 L, we observe a larger main lobe due
to a smaller area spanned by this FoA configuration. On
the other side, when considering � = 4 L, the main lobe
becomes comparable with that offered by the thinned FoA
(TFoA), but the unwanted grating lobes becomes clearly
visible.

Different thinning strategies with nonuniform proba-
bility can also be devised, trying to improve on the issue
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Fig. 11. Array factor of a GEO FoA with S = 1024, N = 49 (Blue: Regular squared array, with � = 4 L; Green: Regular squared array, with
� = 1.25 L; Red: Thinned array with δ = 0.1, Gs = 10, 000, and � = 1.25 L).

Fig. 12. Array factor of a GEO FoA with S = 1089, N = 49 with different tapering distribution – Blue: Uniform; Green: Triangular; Purple: Radial
Kaiser-Bessel, α = 9; Red: Radial Gaussian, σs = √

Gs/32, with Gs = 10 000.

of sidelobe reduction. We can vary in fact the value of qs

from the center to the edges of the grid so as to implement
a kind of “probabilistic tapering” on the formation (e.g.,
triangular tapering on both main directions). An example is
shown in Fig. 12 with triangular tapering (green line). For
comparison, the array factor in the case without tapering is
also reported with the red line. It is seen that the main beam is
practically stable, and that the secondary emission is always
bounded to less than −20 dB from the maximum gain. In
particular, the secondary emission close to the main lobe is
“cleaner” in the tapered FoA, thus creating a smaller amount

of interbeam interference in a closely-spaced multibeam
communications network.

Optimization of the thinning (probabilistic) rule is out-
side the scope of this article. We just report in Fig. 12 the
results in terms of FoA factor of both (truncated) radial
Gaussian and Kaiser-Bessel thinning with different values
of the density parameter δ, for which, respectively

ρs,G = 1

Q
exp

{
−
(
y2

s + z2
s

)
2σ 2

ρ

}
, (13)
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Fig. 13. Array factors of independent FoA draws as in Fig. 11.

ρs,K−B = 1

Q′ I0

⎛
⎝α

√
1 −

(
y2

s + z2
s

)
(L/2)2

⎞
⎠ , (14)

where Q and Q′ are suited normalization factors so that∑
ρs = 1, the values (ys, zs) are the coordinates of the sth

grid point, σ 2
ρ , α regulate the sharpness of the Gaussian

tapering function, and I0 is the modified Bessel function of
the first kind and order zero. The effect of tapering is pretty
clear: The width of the main lobe of the FoA emission (i.e.,
its aperture) is increased by tapering, but the level of the near
sidelobes is greatly reduced as well, thus contributing to
decrease interbeam interference to neighboring beams. The
example is not 100% realistic, since the obtained aperture
leads to a beam size on Earth from GEO orbit that is very
small—its intention is only to show the use and applicability
of thinning to our FoA.

The probabilistic approach that we follow is particularly
effective for formation of arrays (FoAs) involving a large
(average) number of satellites S. In this case in fact, any
randomly-chosen configuration within the grid (any draw)
features S � S and works as well as any other by the law of
large numbers. This is testified by Fig. 13 reporting the array
factor of many different independent draws of a tapered
FoA as in Fig. 11. To better appreciate the behavior of the
main lobe, the inset reports a magnification around the main
lobe.

Probabilistic thinning is also expedient to meet possible
spacing or configuration requirements of the formation
coming from the satellite design. In the next section, we
will see that optimum power generation may call for side-
or top-mounted solar arrays, the consequence of this being
the necessity of certain constraints on satellite location and

orientation in the FoA. The smartest approach to enforce
this is, again, assuming a full grid with the prescribed
intersatellite spacing, and introducing special criteria to
“populate” the FoA according to a fixed thinning probability
and to further simple configuration constraints.

C. Robustness Against Calibration and Array Geometry
Errors

When deploying an FoA (thinned or unthinned), a ma-
jor issue is represented by inaccurate positioning of the
spacecrafts, with possible impact on the FoA radiation
pattern (1). To understand the pattern sensitivity to possible
position errors of the diverse FoA satellites, we introduce
a random offset δs = [δs,x, δs,y] ∈ R

2 that adds up to the
coordinates of the sth satellite to model the effect of such
inaccuracy/instability.

Fig. 14 shows the sensitivity of the uniformly-thinned
FoA factor to position accuracy for a given random re-
alization of the satellite locations—Fig. 14(a) reports the
SA center locations, whereas Fig. 14(b) shows the array
antenna pattern as a function of the elevation θ . Each plot
is computed assuming a random realization with S = 1000,
(i.e., qs ≡ δ = 0.1), and both δs,x and δs,y to be Gaussian-
distributed random variables (RVs) with zero mean and
standard deviation σ : The case σ = 0 (black dots/lines)
represents the case with perfect control of satellite localiza-
tion, whereas red and blue dots/lines represent the cases σ =
0.15 m and σ = 10 m, respectively.4 As expected, black and

4Given the system parameters considered throughout the article, and
notably those used in this section (spacing across the satellites equal to
0.92 m), the first case is selected to avoid overlapping across SAs. The
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Fig. 14. Sensitivity of the thinned array to random satellite position errors. (a) Coordinates. (b) Antenna pattern.

red dots and lines are practically indistinguishable. More
interestingly, in the case σ = 10 m, although the location
of the satellites changes noticeably, there is no signifi-
cant difference in the array pattern, especially concerning
the main lobe and the sidelobes (please see the insets),
whereas the grating lobes in this particular realization are
somewhat unaltered from the random satellites’ locations.

second case does generate possible overlapping across adjacent SAs:
however, this situation can be solved by displacing the satellites over
different planes along the x axis (see Fig. 2), a few meters away from
each other, as the array pattern is not affected by different x coordinates,
as illustrated in [46].

The gap with respect to the main lobe is around 25 dB
for the nadir-looking beam (therefore, barely affecting
the pattern in terms of interbeam interference for limited
scanning angles). The grating-lobe suppression is dictated
by the satellite array factor. Note that Fig. 14 considers
only one random realization per value of σ . By perform-
ing many trials with independent realizations, it can be
observed that the side-lobe envelope follows the satellite
array factor.

The same conclusion can be derived when considering
errors related to the RF chains calibration, causing inter-
satellite random phase shifts. Fig. 15 shows the sensitivity
of the FoA pattern gain to phase inaccuracy, wherein each
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Fig. 15. Sensitivity of the thinned array to inter-satellite random phase errors.

plot is computed assuming that each SA’s phase shift is uni-
formly distributed in [−φ, φ], with φ = 0◦ (black line) rep-
resenting the case with perfect calibration. The other cases
represent increasing instability with φ = {10◦, 40◦, 90◦}
shown in red, blue, and green lines, respectively. Similarly
to Fig. 14, please note that only one (typical) random
realization per value is considered. Even in this case, the
impact of miscalibration on the array pattern gain is not
disruptive when φ < 40o.

V. FOA CONFIGURATION FOR OPTIMAL ELECTRICAL
POWER GENERATION

A. Interplay of Solar and Antenna Arrays

The demand in terms of electrical power of the FoA is
of course a challenge in itself. The simplest arrangement
is integrating the solar cells and the radiating elements in
a dual-face antenna/solar generator panel with radiating
elements on the side facing the Earth and with solar cells on
the other side. Such arrangement, dubbed body-mounted,
turns out to be inefficient since such a GEO satellite would
always point towards the same spot on Earth, therefore
periodically changing the solar panel pointing wrt the Sun.
More importantly, the solar panel mounted on the back side
of the active antenna will be completely shadowed from the
Sun rays for half of its orbit.

Let us compare this arrangement with that of a con-
ventional GEO communication satellite adopting: 1) off-
body SGs following the Sun orientation by means of a
dedicated SADM; plus 2) a body-mounted fixed antenna
pointed towards the Earth. It turns out that the satellite with
body-mounted solar generators goes through an extended
eclipse period of about 12 hours per day as compared to
the much shorter eclipse lasting no more than 70 minutes
(and only occurring during three weeks before and three
weeks after the summer and winter solstices [47]) of the

conventional Sun-facing GEO satellite. The longer and
more frequent total eclipses call for a much bigger battery
capacity (hence, onboard weight) required to power the
satellite payload during the long darkness time. In addition,
the much higher number of charge/discharge battery cycles
tends to reduce their lifetime unless the depth of discharge
(DoD) is reduced. In other words, being the satellite plat-
form attitude dictated by the communication requirements,
a body-mounted SG solution is largely suboptimum in terms
of the solar array surface yield.

A way out of this is to assume a more conventional
configuration of each FoA satellite, in particular placing
the SG at the side of the main (fixed) array antenna, with
the capability to keep the panel always oriented towards the
Sun by means of an appropriate SADM, so as to limit the
duration of daily (partial) eclipses. Of course, this approach
leads to specific constraints on the placement and orien-
tation of spacecrafts in the FoA. To better understand the
FoA eclipses’ specific issues one can refer to Appendix A,
providing a detailed analysis of this phenomenon. In a
nutshell, even when using a SADM for the FoA, the SGs will
experience a (partial) eclipse twice per day. This happens
when some FoA satellite, or another SG body close to the
SG of interest, is shadowing the Sun rays. The duration
of the eclipse is clearly depending on the FoA geometry.
As shown in Appendix A, worst-case shadowing occurs
when one SG is masking the adjacent SG. This is because
the (inclined) SA body casts a smaller shadow than the
(parallel) nearby SG during the eclipse period. To limit the
duration of the SG-induced eclipse, it is necessary to keep an
empty grid slot between two adjacent SGs in the formation.
In addition, to keep the solar radiation as orthogonal as
possible to the SG plane, the SADM should rotate it along
the Earth north–south axis. These two constraints must be
incorporated into the criterion to perform FoA thinning
already discussed in Section IV.
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Fig. 16. 2-D map of the antenna gain for the unthinned GEO FoA
chessboard geometry array factor (S = 1089, N = 49, � = 1.25 L).

The situation for a LEO satellite is less critical: we have
one eclipse per orbit, but its overall duration is much shorter
than for the GEO case, requiring a relatively small battery
capacity (independent of the kind of mounting of solar
arrays)—as shown in [48] the maximum eclipse duration is
35 min, and its fixed solar array power conversion efficiency
is reduced by the time-variant sunlight incidence angle. In
the following, we will concentrate on the criteria to optimize
a GEO FoA only.

B. Power-Generation Optimized Thinned FoA Geome-
try

The general FoA thinning approach described in Sec-
tion IV must be aligned with the findings from Section V-A
to make the FoA compatible with the SG constraints ex-
plained above. As a first step, we consider the presence of
the SGs on top of the main body-mounted array antenna,
assuming that the satellite body and the SGs both occupy a
“box” of the same size, so that two locations in our virtual
FoA grid would now be occupied by a single satellite. This
assumption limits the possible SA positions in the grid,
taking into account that now only half of them are available.
When no thinning is adopted we obtain a “chessboard” FoA
geometry that provides the antenna gain depicted in Fig. 16.
This FoA geometry shows a poor grating lobe performance,
particularly along the θ = ϕ axis due to the SA chessboard
geometry causing the increased SAs spacing.

A possible approach to populate the FoA respecting
the criteria illustrated in Section V-A while randomizing
its geometrical configuration is starting from a virtual reg-
ular square grid of 2 × 2 boxes, each box hosting up to
2 spacecrafts. Selecting random position in each box, the
chessboard configuration is avoided, and the FoA secondary
lobe level (even for a low degree of thinning, i.e., qs > 0.5)
is greatly improved. However by just selecting random
position/orientation of any satellites in each box does not

Fig. 17. Possible SA configurations into any grid box.

necessarily lead to configurations complying with the SGs
geometrical constraints. For instance, the SGs shall rotate
along the Earth north–south axis, and two SGs have to keep
a distance greater than � along the axis orthogonal to the
previous one. Therefore, we also have to take into account
the SA position inside a single box, how each box interacts
with the neighboring ones, to satisfy the above constraints
during the FoA construction.

Specifically, the FoA is sequentially populated starting
from an empty grid of boxes, and considering all of the
possible boxes one by one. When a box, according to
a certain probabilistic thinning rule, is considered to be
occupied, the location/orientation of the satellites in the box
is randomly selected in a subset of 6 possible configurations
(see Fig. 17). The selected configuration may or may not be
acceptable, since: 1) the SGs can only sit on the top or on
the bottom of the SA to be able to correctly operate the
SADMs; and 2) the SGs of the current satellites box must
not be immediately adjacent to any other SGs from other
occupied boxes. Enforcing such constraints leads to a final
acceptable FoA configuration.

A significant result of such procedure is shown in
Fig. 18, reporting the worst-case θ = ϕ cut of the nonta-
pered TFoA pattern for different values of the (uniform)
thinning probability qs. The plot is obtained with a constant
final number of SAs S = 1089. This means that the original
grid of virtual positions is of different size for each qs value.
The improvement in terms of grating lobes and more in
general sidelobes is apparent. For the reader’s convenience,
Fig. 18 also contains a magnification around the main lobe,
to emphasize the effect of thinning. The whole array pattern
as a function of ϕ, θ is also shown in Fig. 19 for qs = 0.6
and with S = 1089 SAs.

C. FoA Power Subsystem Analysis

The diverse FoA configurations that are obtained with
the constrained thinning procedure above have been verified
by an accurate system analysis. In particular, a complete
power subsystem simulation based on the power energy
platform simulation (PEPS) tool [49] was carried out, taking
into account solar arrays, batteries, and power electronics
subsystems, as well as accurately modeling the single SA
orbit. As already mentioned, the R-GEO configuration en-
visaged in [3], albeit practical, faces a 12-h eclipse per day
as each satellite’s array antenna pointing to the Earth masks
the SG laying on the opposite array side. As a result, even
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Fig. 18. GEO FoA worst-case (θ = ϕ plane) array factor for different values of the thinning probability qs (S = 1089, N = 49 and � = 1.25 L).

Fig. 19. 2-D map of the antenna gain for the GEO FoA array factor for
qs = 0.6 (S = 1089, N = 49 and � = 1.25 L).

with 52 kg of batteries on board each FoA satellite, the
average power for the payload is limited to about 200 W,
which is insufficient for the targeted mission. For the GEO
case, we will therefore focus on a SA architecture featuring
a side-mounted SADM-SGs, while still retaining the body
mounted SG option for the LEO case (wherein the eclipses
duration is much shorter).

For the R-GEO FoA, the eclipse duration and the cor-
responding SGs worst-case average power are computed in
detail as reported in Appendix B. Our assumptions about the
power subsystem are summarized in Table II for a SADM-
equipped R-GEO satellite, as well as for a simpler LEO with
body-mounted SG. For the R-GEO, the number of eclipses
is the sum of the 3650 FoA self-induced plus 450 seasonal
GEO standard eclipses occurring over an assumed five-year

TABLE II
Power Subsystems Assumptions and Simulation Results

lifetime. For the R-GEO eclipses, we take the worst-case
average SG efficiency from Table IV (Appendix B), in a
time frame covering both the equinoxes and self-induced
eclipses.

The results of the PEPS simulations are summarized
in Figs. 20 and 21 and Table II, allowing us to derive a
relatively accurate payload power budget.

We also derive a realistic estimate of the payload power
consumption as shown in Table III, taking into account
state-of-the-art space-segment technologies. As is known,
semiconductor technology represents the fundamental com-
ponent of the on-board digital processor (OBP) and any
advance in the manufacturing process corresponds to an
improvement of the digital payload performance (i.e., power
consumption, speed, throughput processing density, vol-
ume, integration, etc.). Considering the projected time-
frame of the development, ultradeep submicron (UDSM)
technology is expected to be available, and FinFET (<
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Fig. 20. Simulated power generation for the R-GEO case using SADM
SG and ad hoc thinned FoA for the worst case corresponding to

equinoxes, plus self-induced bi-daily eclipses. (a) Power generation.
(b) Battery depth of discharge.

TABLE III
Payload DC Power Consumption Analysis

7 nm) technology is considered for the OBP power con-
sumption estimates. FinFET nanoelectronic semiconduc-
tor technology is expected to overcome the limitations of
current on-board digital processing capabilities, enabling
in-space processing with capabilities similar to current ter-
restrial microelectronics state-of-the-art [50]. As shown in
Table III, the results for the available SA RF transmit power
depend on the the dc-to-RF power conversion efficiency,
that has been estimated to be of about 35% for state-
of-the-art S-band solid-state power amplifiers (SSPAs) in
multicarrier operation. It is worth noting that, in comparison
to previously reported high-level analyses provided in [3,
Table II], current refined platform design and power analysis

Fig. 21. Simulated power generation for the LEO case using a
body-mounted SG for the worst case eclipse period. (a) Power

generation. (b) Battery depth of discharge.

indicates an increase of available SA RF transmit power for
the GEO case, and a decrease for the LEO case.

VI. CONCLUSION

In this article, we have taken into consideration
the recently-proposed FoA technology, extending previ-
ous analyses and taking into consideration important de-
sign/implementation aspects, namely: 1) the large direct
radiating antenna (DRA) frequency selectivity and counter-
measures; 2) the applicability of array thinning techniques
to reduce the number of satellites required to achieve a given
beam size; and 3) the onboard power generation strategy as
well as the associated optimal geometrical configuration
taking into account antenna and solar generator design
constraints. This allowed us to derive more realistic results
about the satellites power subsystem, the payload power
consumption, and the antenna pattern taking into account
system-optimized configurations.

It was found that, owing to the very large FoA size and
number of elements (i.e., satellites), the use of phase-only
(narrowband) beamforming may cause major frequency se-
lectivity impairments. This issue can be solved by resorting
to wideband or hybrid wideband/narrowband beamforming.
In particular, for a GEO FoA, narrowband beamforming can
be safely used in each satellite array antenna, leaving the
adoption of wideband beamforming at the formation level
only. Array thinning was shown to be an effective approach
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Fig. 22. Illumination by the Sun of a GEO FoA.

to keep the beam size as narrow as that of the unthinned
array while reducing the number of SAs and increasing
their average distance. This goes together with a reduction
of the FoA peak gain proportional to the thinning density. A
detailed analysis of the satellite power subsystem showed
that the body-mounted solar generator option is only appli-
cable to the LEO case. In the GEO case, a steerable solar
generator is required to limit the duration of eclipses. Unlike
conventional GEO satellites, the FoA geometry combined
with individual SG per satellite is not sufficient to avoid
the bidaily eclipses. A specific FoA geometry based on a
constrained chessboard-based thinning approach allowed
us to satisfy the SG requirements keeping an acceptable
antenna pattern.

Future work will be dedicated to analyze in detail the
system throughput taking into account a more detailed
system model, a realistic traffic distribution, a strategy for
radio resource management, and optimized payload con-
figurations. The goal is to extend the beamforming-based
optimization approach adopted in this article to a more
advanced but challenging massive multiple input multiple
output (MIMO) configuration as was done in [24], [25], and
[26] for a Ka-band broadband satellite access network.

APPENDIX

A. Eclipse Analysis

In this appendix, we analyze the FoA SG’s eclipse
which, as mentioned before, is quite different from the
one typically experienced by (single) GEO/geosynchronous
Earth orbit (GSO) satellites [46]. This is because the SAs
and the attached SGs are shadowing the SG next to them
when the FoA is in certain arc of the GEO orbit characterized
by a relatively small angle between the FoA plane and
the Sun-rays direction, as shown in Fig. 22. To compute
the angle at which the (partial) eclipse starts, we have to
consider the following two possible cases.

1) The left SA lower body part is getting aligned to the
right SG upper border [see Fig. 23(a)].

2) The left SG lower body part is getting aligned to the
right SG upper border [see Fig. 24(a)].

The two different cases have to be carefully considered
one at a time.

1) Eclipse Analysis SA-SG: Looking at Fig. 23(a), we
can see that the vertical distance between the SA body lower
border and the SG upper part is given by

�(α) = d cos α − L

2
−
[

L

2
cos α + H

2
sin α

]
. (15)

Fig. 23. Shadowing of the SG by a neighbor satellite’s SA in a GEO
FoA before and during the eclipse. (a) Before the eclipse start. (b) During

the partial SA-induced eclipse. (c) During the full-SA induced eclipse.

Fig. 24. Shadowing of the SG by a neighbor satellite’s SG in a GEO
FoA before and during the eclipse. (a) Before the eclipse start. (b) During

the eclipse.
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Therefore, the FoA SG eclipse starts at the angle α1 such
that �(α1) = 0. This condition is verified when

(2d − L) cos α1 − H sin α1 − L = 0. (16)

The partial SA body shadowing on the SG continues
until the angle α2 for which the full SA body shadows the
SG is reached. Looking at Fig. 23(b) this condition is found
as

(2d + L) cos α2 + H sin α2 − L = 0. (17)

The SA induced SG partial eclipse is then starting as shown
in Fig. 23(b) to then become a full SA body induced eclipse
as shown in Fig. 23(c).

The size Leff (α) of the SG section that turns out to be
illuminated by the Sun in the first quarter of the orbit can
be computed as

Leff (α)

=
⎧⎨
⎩

L, for α ≤ α1(
d − L

2

)
cos α − H

2 sin α + L
2 , for α1 < α < α2

L (1 − cos α) − H sin α, for α2 ≤ α ≤ π/2.

(18)

For π/2 < α ≤ π , a symmetric situation occurs.
2) Eclipse Analysis SG-SG: The eclipse geometry for

this case is much simpler as the SGs are both orthogonal to
the sunlight rays’ direction. Looking at Fig. 24(a), it is easy
to see that in this case the vertical distance between the SG
lower border and the SG upper part is given by

�(α) = d cos α − L. (19)

The eclipse in this case begins at the angle

α1 = cos−1

(
L

d

)
. (20)

Also looking at Fig. 24(b), we see the size Leff (α) of the
SG section that turns out to be illuminated by the Sun in the
first quarter of the orbit is

Leff (α) =
{

L, for α ≤ α1

d cos α, for α1 ≤ α ≤ π/2
(21)

with, as before, a symmetric situation when π/2 < α ≤ π .
We are now in a position to derive the duration (in hours)
of a single eclipse

Tecl = 12

(
π/2 − α1

π/2

)
. (22)

B. Eclipse Analysis Results

To derive the so-called profile of the illuminated size
SG Leff (α) as a function of α, we assume L = 3.68 m,
H = 0.8 m, and a minimum normalized SG edge spacing
of 1.25 · L (i.e., just one empty slot between the SG-SA
and the SG). This leads to d = 2.5 · L = 9.2 m. The empty
slot is required to avoid an exceedingly long eclipse and a
consequent excessive battery discharge. By solving (16),
(17), and (20), we get the results reported in Table IV.
The SG side tile reduction during the eclipse is plotted in
Fig. 25. We see that the SG-SG shadowing case represents

TABLE IV
FoA Eclipse Analysis Results

Fig. 25. Variation of SG shadowing size Leff (α) (SA-to-SG and
SG-to-SG cases.

a worst-condition in terms of eclipse duration, shadowed
surface, and consequently average power collected by the
SG.
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