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ABSTRACT Direct connectivity in L/S frequency bands between satellites and common mobile terrestrial
user equipment (UE), such as smartphones, is an essential feature for future 6G non-terrestrial networks.
The technical trend in closing the link between the communication endpoints is to develop large phased
antenna arrays to be launched in LEO orbit. Satellite swarms represent an innovative and promising approach.
Swarms are composed of several small and lightweight satellites organized in a free-flying formation
(i.e., wireless connected) or a tethered formation (i.e., wired connected) creating a distributed phased antenna
array. It has the potential to provide an enhanced gain, narrower beam width and lower launch/build costs
compared to conventional single satellite systems with large phased antenna arrays. The first objective of
this work is the design of swarm-based antenna arrays, in which the impact of key parameters such as the
number of satellites in the swarm, their reciprocal distance and the array geometry, is thoroughly analyzed.
It is shown that the undesired phenomenon of grating lobes can be mitigated via optimized array geometries
and a new geometry named the enhanced logarithmic spiral array (ELSA) is presented. The second objective
of this work is the identification of the most important research directions and system design aspects for the
swarm system. In particular, it is shown that tethered swarms with ELSA geometries, innovative deployable
structures and very small satellites can foster the deployment of swarms in future satellite systems.

INDEX TERMS 6G, CubeSats, direct-to-cell, distributed satellite systems, ELSA, free-flying formation,
grating lobes, NTN, satellite swarm, tethered formation.

I. INTRODUCTION

The direct connectivity between satellites and common
mobile terrestrial user equipment (UE), e.g., smartphones,
currently referred to with different terms, such as direct
satellite-to-device, direct satellite-to-phone, direct satellite-
to-handset, direct satellite-to-handheld or simply direct-to-
cell connectivity, represents an attractive and essential feature
for future non-terrestrial networks. Satellite systems could
access billions of mobile subscribers through direct connec-
tivity. This immense potential fosters a huge interest in the
industry. An increasing number of companies are working on
direct connectivity, offering basic emergency services using
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existing constellations, such as Apple [1] and Huawei [2]
or planning and testing new solutions, such as Lynk [3].
Although these examples represent the first commercial ser-
vices between satellites and common terrestrial UEs, they
rely on a very limited exchange of data that is not suitable
for services offered in terrestrial networks. To provide higher
performance, several difficulties must be addressed. The main
difficulties are related to the distance between the endpoints
and the low antenna gain of the UE, therefore, new degrees
of freedom should be explored to improve the link budget.
The UE can only have little performance improvements for
several reasons (a bulky external antenna is not an option).
Current systems have been considering low Earth orbits
(LEO) and lower frequency bands (L, S bands) to reduce
the channel impairments such as free space path loss and
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FIGURE 1. Example operative scenario with free-flying and tethered swarms.

atmospheric attenuation, but it is not enough to meet the
objective. When conventional single satellite communication
systems are considered, the link budget in a direct connectiv-
ity scenario can only be closed if the payload is also equipped
with a sufficiently large antenna reflector and/or the power is
increased. In the literature and on the market, there are new
mechanical solutions to create large spaceborne deployable
satellite antennas which are easier to launch with rockets.
These structures are large antenna reflectors folded on Earth
and able to unfold in space. The book in [4] reports the
current status and the research directions in the field of large
deployable satellite antennas while in [5] there is an example
of a commercially available product. Better flexibility on
the satellite side can be achieved thanks to large phased
antenna arrays. As an example, SpaceX and T-Mobile have
recently announced a joint plan called “Coverage Above and
Beyond” and according to [6], the new SpaceX satellites
might use an antenna array with side dimensions of 5m.
Another important example, that combines the benefits of
a large phased array and a deployable structure, is the test
satellite BlueWalker 3 developed by AST SpaceMobile [7].
This is a massive satellite, with a surface of 64m?2, but accord-
ing to the plan of the company, the future constellation will
be based on larger BlueBird satellites [8]. Furthermore, the
same company wrote the patent in [9] envisioning the use
of a distributed architecture for direct connectivity. Although
these examples show the industry’s interest in direct-to-cell
connectivity, they also evidence the increment of costs and
difficulties to build and launch the satellites.
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In this dynamic context, this paper introduces the ‘““Satellite
Swarm” architecture (from now on referred to as “swarm’).
The swarm represents an innovative and promising solution
to the direct-to-cell connectivity use case. It is a distributed
system composed of several small and lightweight satellites,
e.g., CubeSats, equipped with a commercial low gain patch
antenna. It is tuned to create a large equivalent aperture pro-
viding a huge gain and a narrow beam. The swarm elements
can be arranged in a free-flying configuration (i.e., wireless
connected) or tethered configuration (i.e., wired connected)
as the operative example illustrated in Fig. 1. It usually
has one or more satellites with enhanced capabilities, called
leader/s or chief/s while the other satellites of the formation
are called followers or deputies. The leader can be part of
the swarm or an external satellite outside the formation.
Different implementations are possible depending on how the
tasks are distributed among leader/s and followers. In one
possible implementation, the leader distributes the signal to
the followers. The followers transmit a phase-shifted version
of the same signal to achieve a coherent sum of the signals in
the desired beam direction.

Swarms appear as a promising flexible solution to reduce
the design and launch costs of satellite systems for direct
connectivity [10]. A system cost analysis for the specific
case of a space telescope shows that swarm configurations
are more cost-effective than a monolithic approach [11].
In addition to the cost reduction, the distributed nature of
the swarm provides several additional benefits. Firstly, the
workload distribution on multiple elements makes the swarm
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fault-tolerant, a failure of single or multiple elements in the
swarm leads to a graceful performance degradation but not
a service interruption. Secondly, the swarm introduces scala-
bility to the system, the performance can be easily improved
by adding more elements to the swarm. Swarms are a key
enabler to guarantee a cost-efficient realization of high-gain
apertures.

The benefits of a distributed approach for direct connec-
tivity are also recognized in the AST SpaceMobile patent
from [9]. The patent covers several system aspects ranging
from the implementation to the operation, but it underesti-
mates the related challenges. It envisions any suitable size and
shape for the distributed array and element spacing, but it does
not mention the well-known problem of the grating lobes,
which is the main limitation when increasing the element
spacing between the elements of the array. Grating lobes are
lobes in the array beam pattern having an amount of energy
comparable to the main lobe but in unwanted directions. They
appear as soon as the spacing between the array elements
exceeds half the wavelength (\/2). The problem has been
studied in the literature [12], [13], [14], [15], [16], [17], but
they often consider a huge number of elements and a limited
range of element spacing. Accordingly, the first objective
of this paper is the geometrical design of the swarm array.
This work considers existing solutions for the mitigation of
the grating lobes, but an element spacing of up to seven
wavelengths has been considered which, according to the
authors’ knowledge, has not been considered in previous
works. In addition, a new geometry, named enhanced log-
arithmic array (ELSA), based on existing solutions is pre-
sented and analyzed.

Although the geometric design of the array is a crucial
aspect, it is only one of the challenges related to the swarm
system. Therefore, the second objective of this paper is
to identify future research directions and important system
design aspects. In future research directions, initial consider-
ations are carried out on beamforming optimization, synchro-
nization methods and imperfection analysis. Furthermore,
in the system design aspects, several challenges and oppor-
tunities for free-flying and tethered swarms are highlighted,
such as the importance of the formation flying’s stability and
the role of innovative deployable structures.

The document then follows this structure:

« Section II presents an overview of the available literature
related to swarms;

o Section III discusses the optimization of the swarm-
based antenna array geometry;

o Section IV addresses the future research directions
related to the communication technology aspects;

« Section V presents related critical system design aspects;

o Section VI summarizes and comments on the main
achieved results.

Il. STATE-OF-THE-ART REVIEW
The satellite swarm is one of the possible multi-satellite
configurations inside the area of distributed satellite
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systems (DSS). It refers to an architecture with a multitude of
identical and autonomous small satellites capable of achiev-
ing a common goal with their common behavior. It is also
strictly related to other multi-satellite configurations, such as
the formation flying and fractionated spacecraft. The term
formation flying is usually referred to the problem of keeping
a desired relative separation, orientation or position between
or among spacecraft. The term fractionated refers to an archi-
tecture where a monolithic satellite is decomposed into sim-
ilar or dissimilar modules with different functions. Although
these configurations are different, the needed research can
overlap, e.g., a free-flying swarm needs a stable formation
flying and the tasks subdivision among leaders and followers
is a concept from fractionated spacecraft. A more specific
comparison of the DSS terminologies can be found in [18].

Several publications (e.g. [19], [20]) recognize the work
in [21], written in 1977, as the first application of the multi-
satellite concept to create an interferometric infrared syn-
thetic aperture imaging. Since then, numerous research and
space flight demonstrations have been conducted for different
fields of application like astronomy, deep-space communica-
tions, meteorology, and environmental uses [20]. Most mis-
sions have been conducted with a limited number of satellites,
but in recent decades research has been considering sys-
tems with an increasing number of satellites, especially with
the advent of small satellites (e.g., CubeSats and satellites
on printed circuit boards or silicon chips) [22], [23], [24].
The work in [11] presents a system architecture considering
100-gram class spacecraft organized in a swarm of 100-1000
elements. An interesting publication realizing synthesis aper-
ture radiometers (SAR) for Earth observation and astronomy
purposes is [25]. In this work, a free-flying swarm synthe-
sizing a helix structure and a swarm connected by tethers
forming an end-fire array are evaluated. Another example is
the recent publication in [26] that considers a simulation with
a swarm consisting of up to 96 satellites. Another interesting
work on deep-space communication is [27] which shows a
distributed swarm array composed of CubeSats able to pro-
vide coherent communication in the Ka/X band. Recent pub-
lications have studied the use of multi-satellite configurations
to provide direct connectivity to Earth, but consider a higher
frequency, a smaller number of more powerful satellites [28],
[29], [30], and consider more powerful ground terminals.
Although not related to the swarm, the work in [31] analyzes
the direct connectivity from NGSO Satellites to 5G devices
in millimeter waves (28 and 39 GHz).

Despite the efforts invested in the design of swarms for
various applications, swarms for direct-to-cell connectivity
have until now focused little attention and key challenges
remain to be addressed [32]. A recent publication in [33] ana-
lyzes multiple satellites equipped with regular planar arrays
organized in a square-shaped formation. The study analyzes
both GEO and LEO scenarios to provide 5G-like commu-
nication services to hand-held user terminals. The authors
concluded that the proposed solution is less attractive in
the LEO scenario because it does not show a clear benefit
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FIGURE 2. Generic scenario representation: Communication endpoints
(Swarm and UE) and main parameters (described in Table 1).

compared to the large deployable phased array solution (like
the AST SpaceMobile BlueWalker 3). This conclusion does
not apply to the general case of multiple satellite systems.
Swarms can have great potential in LEO, as will be shown in
this paper.

Ill. SWARM-BASED ANTENNA ARRAY DESIGN

This section presents the first objective of this paper, the
design of a swarm-based antenna array. Firstly, it describes
the scenario, defines the key performance indicators and
identifies the requirements and design goals of the design
process. Secondly, it defines the reference architecture based
on a planar geometry and shows when the well-known prob-
lem of the grating lobes appears. In this context, several
details related to BlueWalker 3 are presented because of
its similarities with the reference architecture. Thirdly, the
paper presents improved architectures for the grating lobes
mitigation. Finally, the results of the considered architecture
are presented and compared.

A. SCENARIO, KPiIs AND DESIGN GOALS DEFINITION
1) SCENARIO DEFINITION
The generic scenario is in Fig. 2. The swarm is represented
by N satellites located according to the position vector py.
In the proposed scenario, the swarm has to generate one
beam in the desired direction, known a priori. In this case,
the phase components of the complex weights are derived
directly with a geometrical calculation based on the angle of
departure (AoD) and the geometry of the swarm.
In addition, antenna losses (e.g., internal dissipation and
impedance mismatch caused by mutual coupling between
elements) are considered negligible.

36910

a: PHASED ANTENNA ARRAY MODEL

In this context, due to the relatively small distance between
the satellites in the swarms compared to the distance between
each satellite and the UE, the narrowband model of the phased
array presented in the classical array theory in [34] is used to
model the swarm. In the general formulation, a phased array
can be described through its frequency-wavenumber response
function

T(w, k) = wv(k), (1)
where the complex weight vector is expressed as
wh = wowi -+ wy_1, 2)
the manifold vector is
e_kTPO
e_kTpl
vi(k) = ) , 3)
e K Py
the wavenumber is
2
k= 73(0, ®), “4)

a is the unit vector with spherical coordinate angles 6 and
¢, and )\ is the wavelength corresponding to the angular
frequency w.

The previous formulation is generally considered when
all the elements have an isotropic pattern. To consider non-
isotropic element patterns, the classic theory provides the
pattern multiplication principle, where the total frequency-
wavenumber function is expressed as,

T(w, k) = AF(k) Y, (w, k), 5)

where AF(K) is the array factor and Y, (w, k) is the frequency-
wavenumber function of the single element.

Defined the general mathematical framework, it is clear
from (1) and (5) that, for a given frequency, several aspects
are determining the performance of the array [35]:

« the geometry of the overall array (linear, circular, rect-
angular, spherical, etc.), which impacts the manifold
vector in (3);

o the complex weights of the individual elements,
expressed in (2);

« the pattern of the individual elements, identified in (5).
In this paper, several geometries are evaluated, while the
phase components of the complex weight vector are con-
trolled to steer the main beam in the desired direction.

To complete the mathematical framework, it is useful to
introduce the beam pattern function. The beam pattern is the
frequency-wavenumber response function in (1) evaluated
versus the direction,

B((l) . 9’ ¢) = T(a), k)|k=277'a(9,¢)' (6)

The beam pattern is a key element to determine the perfor-
mance of the array.

VOLUME 11, 2023
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FIGURE 3. The 3D directivity beam pattern of the individual radiating
element.

b: DOWNLINK SYSTEM MODEL
The downlink model between the swarm equipped with N
satellite, each with one radiating element, and a single user
on the ground represents a single-user multiple-input single-
output (SU-MISO) communication system. The received sig-
nal of the UE can be written as

y=h"Twx +z, (7

where h € CV is the far-field complex baseband channel vec-
tor, w € CV is the complex weight vector in (2), x € Cis the
transmitted signal symbol and z € C denotes the circularly
symmetric AWGN having zero mean and o2 variance, i.e.,
CN(0, 2). The vector h takes into account the geometry of
the array represented by the manifold vector in (3) along with
the path loss.

¢: MAIN PARAMETERS

From a practical point of view, the swarm is composed of
small satellites, e.g., 1U CubeSat. A 1U CubeSat platform
can integrate all components, including solar panels, within
a cubic shape of approximately 10 x 10 x 10 cm size. The
approximate weight is 1 kg, and 0.7 W is the available power).
Each CubeSat is equipped with a single antenna that can be
installed on its bottom deck. The antenna element is assumed
to be a microstrip patch antenna optimized for the S-band
with maximum directivity of 10 dBi and 57° of half power
beam width. The antenna pattern used in the simulation is
based on a commercial off-the-shelf product available in the
catalog of a well-known manufacturer of small satellites [36].
Fig. 3 shows the 3D directivity beam pattern of the individual
radiating element.

Regarding the orbit, a low Earth orbit with 2 = 500 km
altitude represents an intermediate choice and a compromise
between orbit parameters and propagation effects. Regarding
the channel, the free space loss is the only considered impair-
ment,

Lys = (4R /N>, ®)
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10 TABLE 1. Main parameters of the generic scenario.

5
Description [[ Parameter [[  Value

0 Element half power beam width HPBW?¢® 57°

5 Element gain [€S 10dBi
Swarm number of elements N -

10 & Swarm distance between elements d -

15 Swarm total power Py 36.0dBm
Swarm total gain G* -

22 Center frequency fe L/S-band

25 Wavelength at center frequency A -
Swarm beam steering angles (0s, ¢s) -

-30 Swarm half power beam width HPBW -
LEO altitude h 500 km
Elevation angle € -
Beam footprint radius r -
UE antenna gain GUE 0dBi

where R, is the distance from the n-th swarm antenna to
the UE. In particular, since the antenna aperture is generally
small compared to the distance between each swarm element
antenna and the UE, then R, &~ R, where R is the distance
between the center of the swarm and the UE.

On the terrestrial side, the reference UE is a terminal
supporting L and/or S-band and 0 dBi antenna gain. Table 1
summarizes the main parameters of the defined generic sce-
nario. Values not provided in this table are specified later
during the evaluation.

2) KEY PERFORMANCE INDICATORS (KPIs)
The main KPIs utilized to define and compare the perfor-
mance of the swarm are the following:

o Maximum directivity (D,,,y): the maximum directivity
value of the main lobe; the directivity is the ratio of
the radiation intensity in a given direction from the
antenna to the radiation intensity averaged over all direc-
tions [35]; in the considered scenario, where the antenna
losses are assumed negligible, the maximum antenna
gain is equal to the maximum directivity; in the classical
array theory [34] the directivity is expressed as,

P(0y, ¢5)
L [7d6 [ de sind - PO, ¢)

where P(0, ¢) = |B(w : 0, ¢)|? is the power pattern and
B is the beam pattern function in (6).

o Maximum minor lobe level (MLL,,,,): the difference
between the highest minor lobe’s value and the main
lobe’s value, expressed in dB and usually negative; when
the value is near 0 dB the pattern is affected by the
grating lobes problem;

« Half power beam width (HPBW): the angular width
(°), measured on the main lobe of an antenna radiation
pattern at half-power points, i.e., the points at which the
signal power is half (or —3 dB) of its peak value.

D@, ¢) =

©)

3) REQUIREMENTS AND DESIGN GOALS
From now on, the center frequency f; is assumed to be 2 GHz
(in S-band), so A &~ 0.15m. Regarding the requirements,
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TABLE 2. Downlink channel - Link budget components.

Description [[ Parameter [[  Value [[ UM
Swarm total power PS 36.0 dBm
Free space loss Lys —152.4 dB

UE antenna gain GUE 0.0 dBi
UE receiver sensitivity UE

power level P> (ref) —89.6 dBm

as already mentioned, the UE is a common terrestrial device,
like a 5G smartphone. The 3GPP/ETSI standard in [37] spec-
ifies the reference power levels that the UE has to receive
to have the defined target performance. According to the
standard, the reference values for a 5G UE at 2 GHz (specif-
ically for the frequency band N1) and a QPSK modulation
range from —100 dBm to —89.6 dBm, respectively for 5 MHz
to S0MHz of bandwidth. For this reason, considering the
strictest value, the first requirement for the swarm’s design
considers PUE equal to —89.6 dBm as the reference received
power level for the UE.

Considering the free space loss in (8) with R = & (for a
main beam in the nadir direction), a wavelength A ~ 0.15 m,
and a simple link budget formulation for the downlink chan-
nel, it is possible to translate the first requirement into the
first design goal. The obtained first design goal is shown by
the following inequality:

G* > PYE(ref) — P§, + Ly, — GYE =26.8dBi,  (10)

where the values are defined in Table 2.

The second requirement is related to the coverage of the
main lobe shaped by the swarm. The target coverage is
assumed to be a circular area with a radius from 3 to 5km,
which are common values for a terrestrial base station oper-
ating in 5G FR1 (Frequency Range 1 or Sub-6 GHz). With
simple geometrical calculation and neglecting the Earth’s
curvature on this small area, it is possible to derive the
HPBW angle in the function of the radius using HPBW =
2tan~!'(h/r) where h and r are graphically represented in
Fig. 2. Thanks to this simple mathematical formulation, using
the value of 4 in Table 1 and the extreme values of the
considered radius 3 < r < 5 km, it is possible to derive the
second design goal:

0.68° < HPBW < 1.15°. (11)

B. REFERENCE ARCHITECTURE

Considering the information in Section I1I-A, the design starts
with a swarm based on a rectangular geometry, because it has
a solid theoretical formulation coming from the phased array
antenna theory. Recalling that each radiating element uses
complex weights with identical magnitude and progressive
phase, this array is known in the phased array theory as a
uniform rectangular array or URA. In particular, the refer-
ence architecture considers a square geometry with elements
displaced on a 2D plane of v/N x +/N positions and uniform
inter-element distance d, as shown in Fig. 4.
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FIGURE 4. Uniform rectangular array (URA) with /N x +/N elements and
inter-element distance d.

There is an important consideration regarding the value of
d for the rectangular geometry. When the distance d between
the elements is equal to or greater than \/2, the beam pattern
presents several maxima of equal magnitude. The maximum
in the desired direction is referred to as the major or main
lobe, while the remaining unwanted lobes are called the
grating lobes. Therefore, to have the possibility of steering the
main beam in the entire visible region of the beam pattern, i.e.,
¢ € [0°,360°) and 6; € [—90°, 90°] (Fig. 2), while avoiding
the presence of grating lobes, it is necessary to respect the
threshold imposed by d < \/2 [35]. To be more precise,
d can be higher than the previous threshold and up to A when
the required beam steering capability is limited. In contrast,
a value of d greater than )\ produces grating lobes in the
visible region of the beam pattern. In satellite communication,
the required beam steering capability can be geometrically
derived according to the satellite orbit parameters. As an
example, a geostationary orbit (GEO) satellite only requires a
beam steering range of a few degrees to steer the main beam
in its whole field of view. Hence, a higher value of d and a
large reduction of the beam steering capability are generally
accepted. On the other hand, a LEO satellite requires a large
range of steering angles to steer the main beam in its whole
field of view. In this case, a large reduction of the steering
capability would also reduce the service area of the satellite
and thus increase the number of swarms to achieve global
coverage.

Recalling the design goals in (10), (11) and considering the
main lobe in the nadir direction (65 = ¢5 = 0°), the design of
the array parameters follows these two approaches:

o set a static distance d and consider a variable number of
elements NV;

VOLUME 11, 2023
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FIGURE 5. KPIs analysis of the URA with d = ) and increasing N:
(a) maximum directivity, (b) half power beam width, (c) maximum minor
lobe level.

o seta static number of elements N and consider a variable
distance d.

1) CONSTANT D VARIABLE N
In the first approach, neglecting the beam steering capability,
the distance d is set to A =~ 0.15 m while the value of
N is increased. Fig. 5 shows the results of the simulations.
In particular, Fig. 5a shows that it is possible to fulfill the
first design goal in (10) when N > 100. In this case, the array
would be a square of about 1.5 m x 1.5 m, but with an HPBW
of 5°, which means a beam footprint radius of about 22 km.
In contrast, Fig. 5b shows that the second design goal in
(11) can be fulfilled only when N > 2025. As expected,
MLL,,,x reaches a threshold that corresponds to the minimum
level guaranteed by an ideal uniform array (Fig. 5c).
Although it is technically possible to realize an array with
2025 elements, the size of the array grows considerably.
Considering d = A & 0.15cm, the size of a similar array
would be a square of 7 m x 7 m. A structure of a similar
dimension would be very difficult to carry in space unless
using a deployable structure. This is exactly what AST Space-
Mobile has been doing with its new unique concept. Before
proceeding with the design of the swarm, given the similarity
of BlueWalker 3 with the reference architecture, it is interest-
ing to analyze its structure and draw some considerations.

a: BlueWalker 3 ARCHITECTURE

The BlueWalker 3 is a test satellite, developed by AST Space-
Mobile, to test direct-to-cell connectivity using terrestrial
mobile bands thanks to several mobile operator agreements.
It is a massive satellite with a surface of about 64m? [7].
It is composed of multiple tiles connected by tapespring
connectors. Each tile acts as a solar cell on one side and
has an antenna array on the other side. It can be launched
in a folded state on Earth and it can unfold in space without
power consumption thanks to the lock forces generated by the
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FIGURE 6. Unfolded BlueWalker 3 [7].

TABLE 3. Details of the architecture of BlueWalker 3 (derived from a
visual reverse engineering process and several hypotheses).

Description [[ Parameter [[ Value [] UM
Rows R 14 -
Columns C 12 -
Total positions T=R-C 168 -
Empty peripheral positions El 16 -
Empty central positions E2 4 -
Number of tiles X=R-—-FEl1—-E2 148 -
Elements per tile Y 16 -
Number of elements N=X-Y 2368 -
Total aperture area Avotal 64.38 m?
Tile area Aygite = Stetal 0.38 || m?2
Tile side Stile = \/Atile 0.62 m
Tile row positions Riile 4 -
Element distance d= % 0.155 m
TABLE 4. BlueWalker 3 simulated KPIs.
Sat N Ae qu,m MLLmax HPBW
(m?) (dBi) (dB) ©)
BW3 [[ 2368 ][ 6438 [ 52.30 ]| -13.9 ] 1.12

tapespring connectors [38]. Only a few technical details from
the FCC application in [39] are available at the moment, but
it is possible to derive some rough technical details through
a visual reverse engineering process of Fig. 6. In particular,
by making some hypotheses, the data in Table 3 can be
derived. Considering the derived details and a center fre-
quency f.=2 GHz, it is possible to simulate the BlueWalker
3 architecture and evaluate its KPIs. For this purpose, the
manifold vector in (3) is modified considering the element
positions in Fig. 7. Considering a complex weighting vector
with uniform amplitude and progressive phase a representa-
tive 2D cut of the directivity is shown in Fig. 8. The resulting
KPIs performance is summarized in Table 4. It must be
emphasized that the values derived in Table 4 are only based
on a simulation under several simple assumptions. In addi-
tion, the simulation considers that all the N radiating elements
of the array are used for the transmission at the same time and
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FIGURE 7. BlueWalker 3 derived geometry.
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FIGURE 8. BlueWalker 3 simulated 2D directivity cut.

uniform amplitude of the complex weights. According to the
FCC application in [39], it uses only a subset of the available
tiles and a Chebyshev taper function to reduce the secondary
lobe level (SLL). In particular, it uses a limited subset of
tiles when the satellite is beamforming at the broadside and
a larger number of tiles when the main beam is steered in
different directions. The provided directivity values range
from 39 to 46 dBi for a steering angle ranging approximately
from 0 to 60° [39]. Furthermore, the LEO altitude is 730 km
and the target beam radius is 12 km.

Concluding this parenthesis on the BlueWalker 3, although
its deployable structure solves the problem to fit the satellite
into the rocket, it also increases the complexity of building
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FIGURE 9. KPIs analysis of the URA with N = 100 and increasing d:
(a) maximum directivity, (b) half power beam width, (c) maximum minor
lobe level.

the satellite and it does not reduce the weight, consequently,
it does not reduce the build/launch cost.

2) CONSTANT N VARIABLE D
Continuing the swarm design, in the second step, based on
the results from Fig. 5, the number of elements is now fixed
to N = 100 while the inter-element distance d is varied. Fig. 9
shows the results of the simulations. In particular, Fig. 9b
shows that when d = Im (i.e., 6.67\ at f, = 2 GHz) the
HPBW value is in the range provided by (11). Unfortunately,
as expected and shown in Fig. 9c, the increase of the element
spacing leads to the grating lobe problem. Furthermore, the
grating lobe problem leads to the erratic behavior of Fig. 9a.
It can be demonstrated that the directivity behavior of an array
matches exactly the directivity behavior of a continuous aper-
ture with the same area only when the continuous aperture is
sampled with elements equally spaced up to A/2. Sampling a
continuous aperture with elements with larger spacing leads
to the grating lobe problem that is identical to the problem of
aliasing in time series analysis, which occurs when the time
domain waveform is under-sampled [34]. New grating lobes
come into the visible space of the beam pattern every multiple
of A\ generating sharp dips [40] as in Fig. 9a.

To summarize, the results from Fig. 5 and 9 lead to the
following conclusions:

« in the first step of Fig. 5, keeping the inter-element
distance constant at d = A and increasing the number
of antenna elements would require N > 2025 to fulfill
the design goals in (10) and (11);

« in the second step of Fig. 9, fixing the number of antenna
elements to N = 100 and increasing the inter-element
distance is, on the other hand, sufficient to satisfy both
(10) and (11) but, in this latter case, grating lobes impair
the beam pattern.
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FIGURE 10. ASA geometry with N =109 and d = 1m.

The mitigation of the grating lobes is hence a key aspect to
design swarms with a reasonable number of elements. This
will greatly reduce the costs especially due to the limitation
of the total launch weight of the system.

C. IMPROVED ARCHITECTURES

In the scientific literature, there are several strategies
for approaching the grating lobe problem. An interesting
approach relies on the displacement of the elements as in [13],
[14], [15], [16], and [17]. The common idea is to interrupt
the periodic element distance present in the conventional
geometries that permit the in-phase addition of radiated fields
in more than one direction generating the grating lobes.

The analysis conducted in this paper considers only 2D
geometries to understand the basic design trade-offs and
evaluate the potential of the swarm approach. However,
introducing an additional radius of curvature along the
third dimension of the swarm geometry could, for example,
improve the directivity and HPBW of the scanned lobes [41],
[42], [43]. Nevertheless, further studies are needed to iden-
tify a clear advantage of 3D geometries in large sparse and
high inter-element distance arrays such as in the swarm
scenario.

In this paper, the following geometries are considered:

o the augmented spiral array (ASA) from the patent

in [44];
o the logarithmic spiral array (LSA) from the patent
in [45];
« the enhanced logarithmic spiral array (ELSA), defined
in this document.
Although the first two geometries have been already con-
sidered in previous works, their performance at high inter-
element distances has never been tested before.
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FIGURE 11. LSA geometry with N =100 and d = 1m.

1) AUGMENTED SPIRAL ARRAY (ASA)

The first considered geometry is the augmented spiral array
(ASA) from the patent [44]. It is based on a spiral geom-
etry and it is composed of different structures: a six-fold
core lattice configuration in the center with 19 elements and
multiple 18-fold annular rings. Due to the formulation, it is
not possible to create an array with an arbitrary number of
elements. Fig. 10 shows the ASA configuration with N = 109
(the nearest possible value to N = 100) and d = 1m.

2) LOGARITHMIC SPIRAL ARRAY (LSA)

The second considered geometry is the logarithmic spiral
array (LSA) from the patent [45]. It has a very simple formu-
lation described by the following equation expressed in polar
coordinates

nand ¢, =2xtn, n=1,...,N, (12)

d

Pn = NG
where every point is defined by the couple (p, ¢). The value
of p represents the distance from the central reference point
and ¢ the angle from the reference direction. It depends on
the element number n (ranging from 1 to N), the equivalent
one-dimensional linear spacing between one antenna element
to another d and the golden ratio

1 5
T = +2\/_ ~ 1.618. (13)

The LSA maintains a substantially uniform cell size per
element. However, it does not have the periodic linear spacing
of the rectangular geometry. Thanks to its formulation, every
value of N can be selected. Fig. 11 shows the LSA configu-
ration with N = 100 and d = 1 m.
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FIGURE 12. ELSA geometry with N =100, d =1 m and stc = 0.1.

3) ENHANCED LOGARITHMIC SPIRAL ARRAY (ELSA)

An interesting solution built upon the LSA geometry is the
spatial tapering from [13]. In this work, the authors emulate a
Taylor amplitude taper by varying the radiator distance from
the center to obtain a reduction of SLL. In other words, it is
possible to obtain better performance in terms of SLL when
the elements in the center of the array are closer than the
elements in the periphery of the array. A similar concept is
also applied to the SpaceX patent [46]. Although the impact
of this strategy is mainly on the SLL and not on all the minor
lobes, it is worth trying and examining the results. Thanks
to these observations, a generalized version of the LSA is
derived in this document.

The enhanced logarithmic spiral array (ELSA) has the
same mathematical formulation as the LSA with a modifi-
cation in the definition of d. In particular, it introduces the
parameter d, that is a function of the element number n,
the value of d and the coefficient s¢. that controls the level
of the spatial tapering. The following formulation

d,
Pn = T%ﬁ and ¢, = 2w tn,
describes the radius and the angle of the n-th element, while
the parameter d,, is described by

n=1,...,N (14

d(l —st
d, = ((TSC))n—}—(d-stc) n=1,...,N. (15)
The st, parameter is in the range defined by
0<st. <1, (16)

and it defines the level of spatial tapering. When sz, = 1 the
ELSA geometry becomes the LSA geometry. Fig. 12 shows
the ELSA geometry for sz, = 0.1.
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D. KPIs COMPARISON

1) BROADSIDE ANALYSIS

The following analysis considers the performance evaluation
when the maximum radiation of the array is directed normally
to the axis of the array, which is usually referred to as the
broadside direction. Referring to Fig. 2, the steering angle is
Qs = d’s =0°.

Before comparing the reference and improved geometries,
it is necessary to derive the best spatial tapering coeffi-
cient st. for the enhanced logarithmic spiral array. Fig. 13
shows the behavior of the three KPIs in the function of st..
The ELSA achieves its best results in terms of directivity
(Fig. 13a) and minor lobe level (Fig. 13c) when sz, = 0.1.
It is necessary to note that the value sz, = 0.1 is the best
choice only for the current specific configuration. Different
values of N, d, f. lead to different results, hence a different
value of st.. In addition, in this simple optimization process,
only one 2D cut of the total beam pattern is considered, but
the geometry is not symmetrical to the coordinate reference
system. As a result, different 2D cuts may perform slightly
differently.

It is also necessary to note that the variation of the spatial
taper only emulates the amplitude variation of the complex
weights of the elements. As it is known from classical theory,
an appropriate tapering of the excitation amplitude between
elements can be used to control the HPBW and SLL. The
smoother the taper from the center of the array toward the
edges, the lower the SLL and the higher the HPBW, and
vice versa. Therefore, a very smooth taper would result in
a very low SLL but higher HPBW. In contrast, an abrupt
distribution, such as that of uniform illumination, exhibits the
smallest HPBW but the highest SLL [35]. The decrease of the
spatial tapering coefficient, from 1 (LSA) to lower values,
only emulates this effect by alternating smooth and abrupt
transitions between the elements. This emulation produces
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D(dBi)

FIGURE 14. ASA, LSA and ELSA (stc = 1) directivity 2D cuts comparison.

TABLE 5. Broadside KPIs comparison of URA, ASA, LSA and ELSA with
similar configurations.

Ae Doz MLL o HPBW
Geometry | N | (1n2) | dBi (dB) ©)
URA 100 100.00 30.20 -0.33 0.78
ASA 109 97.02 30.12 -8.99 0.80
LSA 100 114.49 30.51 -12.63 0.78
ELSA 100 106.08 30.96 -16.58 1.10

the erratic behavior of the D,,,, and the MLL,,,, as shown
in Fig. 13a and 13c.

Selected st = 0.1 it is possible to compare the different
geometries. The simulation results of the URA, ASA, LSA
and ELSA are compared in Fig. 14 with a superposition of
their 2D directivity cuts. For a better comparison, the KPI’s
results for all the geometries are also summarized in Table 5,
where A,, not previously defined, is the equivalent aperture
area generated by the geometry.

Finally, it is possible to observe, from the values in Table 5
and the graphs in Fig. 14, that all the improved geometries
can mitigate the grating lobes with different performance.
There is not a large difference compared to D,,y, but there
is a trade-off between LSA and ELSA. LSA performs better
in terms of HPBW, while ELSA performs better in terms of
MLL,,,x. Both outperform the ASA.

Although better performance (SLL around —20dB) can
be achieved by considering random antenna arrays [47], the
organized irregularity present in the spiral geometry brings
advantages in the practical aspects of swarm implementation
(Section V-A2.a).

2) BEAM STEERING ANALYSIS

It is interesting to characterize the geometries in terms of
beam steering performance because the maximum steering
angle defines the maximum coverage of the satellite. The
principle of steering arrays is primarily based on control of
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FIGURE 16. Beam pattern projection on a 400 x 400 km Earth surface:
(a) URA with grating lobe problem, (b) LSA, (c) ELSA (stc = 0.1).

the phase excitation of the elements. Controlling the phase,
the maximum of the array pattern can be pointed in different
directions.

This analysis considers 65 = ¢, ranging from 0 to 25°.
Fig. 15 shows a comparison of the beam steering simulation
results. The results confirm the broadside analysis. ELSA
and LSA have similar performance and outperform ASA
in terms of Dy, (Fig. 15a). Furthermore, ELSA and LSA
satisfy the first design goal described by the inequality in
(10) up to around 6; = ¢ = 20°. Observing Fig. 15¢c, ELSA
achieves better performance in terms of MLL,,,,, but LSA
and ASA show better results in terms of HPBW (Fig. 15b).
In particular, LSA and ASA fulfill the second design goal (11)
for all the considered steering angles, while ELSA presents
some values outside the design goal.
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FIGURE 17. Beam pattern projection on a 12 x 12 km Earth surface:
(a) URA main beam, (b) LSA main beam, 9c) ELSA (st = 0.1) main beam.

E. COVERAGE COMPARISON

1) BROADSIDE ANALYSIS

Simulating the projection of the beam pattern onto the Earth
is an easy way to show the coverage of the main lobe and
the effect of the grating lobes. The simulation considers the
parameters previously described in Table 1, 8, = ¢; = 0°,
the Earth’s curvature and a minimum pixel resolution of
250 x 250 m. Again, the free space path loss is the only
considered channel impairment. The values on the projec-
tions show the received power in dBm contained in the range
[PYE (max) — 3dB, PYE (max)], where PYE (max) is the maxi-
mum received power on Earth. The color bar on the right side
of each figure shows the received power’s level in dBm.

Fig. 16 shows the projection on a 400 x 400 km Earth
surface. In particular, Fig. 16a is the projection of the URA
beam pattern which clearly shows the grating lobes, while
the projections of the other two beam patterns, respectively
Fig. 16b for the LSA and Fig. 16c¢ for the ELSA, do not show
grating lobes.

Fig. 17 shows the projection on a smaller area, 12 x 12 km,
to highlight the projection of the main lobe. As the HPBW
values in Table 5, Fig. 17a for the URA and 17b for the LSA
show a similar coverage of the main lobe, while Fig. 17c for
the ELSA shows an increased coverage of the main beam.

2) BEAM STEERING ANALYSIS

With the same considerations for the broadside case, the
beam steering simulation considers the parameters described
in Table 1, but with 6, = ¢; = 20°. Fig. 18 shows the projec-
tion results for the LSA and ELSA(st, = 0.1) geometries.
The effects of the steering are visible in Fig. 18a and 18b
where the main beam is in the upper right side of the plot
and not in the center as in the broadside simulation. Due to
the additional distance to reach the surface along with the
drop generated from the Earth’s curvature, in this case, the
main lobe’s shape is more elliptical than circular as is shown
in 19a and 19b.
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FIGURE 18. Beam pattern projection on a 450 x 450 km Earth surface:
(a) LSA, (b) ELSA (stc = 0.1).
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FIGURE 19. Beam pattern projection on a 16 x 16 km Earth surface:
(a) LSA, (b) ELSA (stc = 0.1).

Furthermore, there are two important considerations:

« considering the received power level in the color bar,
on the right-hand part of Fig. 18 and 19, it is lower than
the first requirement for the swarm’s design, PYZ equal
or greater than —89.6 dBm;

« considering the coverage of the beam in Fig. 19b,
it exceeds the second requirement for the swarm’s design
(r from 3 to 5 km).

IV. FUTURE RESEARCH DIRECTIONS

Although the geometric design of the array is a crucial aspect,
it is only one of the challenges related to the swarm system.
Therefore, this section summarizes the main research direc-
tions that need to be further investigated.

A. BEAMFORMING OPTIMIZATION

Section III analyzed the swarm geometry to understand the
swarm design trade-offs in terms of the identified KPIs. The
obtained results are encouraging, but further efforts should be
invested in:

« the minimization of the interference level outside the
desired direction;
« the optimization of the beam steering capabilities.

In classical array theory, where the spacing between the
elements is chosen to avoid grating lobes in the beam pattern,
the secondary lobe level (SLL) can be avoided via taper
functions (e.g., Hamming window). In this latter case, the
amplitudes of the beamforming coefficients are weighted
following a predetermined pattern. This approach works with
regular geometries and common spacing between the ele-
ments, but the applicability to the LSA/ELSA geometry with
high element spacing has to be analyzed. For this purpose,
interesting similarities with the concentric circular antenna
arrays (CCAA) can be exploited to benefit from previous
works, for example [48], [49].
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The results in Section I1I-D2 shows a maximum scan angle
of 25° to meet the first design goal (10), i.e., the required min-
imum directivity. Furthermore, the results in Section III-E2
shows a degradation of the performance at the edges of the
beam, which may lead to not meeting the design goals. For
those reasons, when a specific scan area needs to be consid-
ered, it is necessary to carefully derive the design goals based
on the extreme values of the scan area and to consider the
performance at the edges of the beam.

Single beam analysis is important for understanding the
trade-off of the swarm-based antenna array, but its full poten-
tial can only be achieved by considering the generation of
multiple beams and the provision of services to multiple
users. For this reason, the multi-user scenario plays a central
role in the beamforming optimization of swarms.

1) MULTI-USER SCENARIO OPTIMIZATION

In the multi-user scenario, the swarm, a distributed phased
array with a massive number of antenna elements, has to serve
several users. For this purpose, the swarm must be able to
create a flexible multiple beam coverage to enable efficient
reuse of the available frequency resources and, hence, support
a large number of users.

In this scenario, the downlink model in (7) must be
extended. The swarm is equipped with N satellites, each
with one radiating element, and K single antenna users, each
served by one beam, are distributed on the ground. The
received signal vector y € CK can be written as

y=H{Wx +z, (17)

where H € CV*K is the far-field complex baseband channel
matrix, W € CV*K is the complex weights matrix, X € CK
is the transmitted signal symbol vector and z € CX denotes
the vector with K samples of circularly symmetric AWGN
having zero mean and o2 variance, i.e., CN(0, 0'2). The
channel matrix H can be expressed as

< hg_1], (18)

where the vector hy is the channel response between the N
swarm elements and the k-th UE, taking into account the
geometry of the array represented by the manifold vector in
(3) along with the path loss effects. The complex weights
matrix W can be expressed as

H = [ho hy

co Wi—1], (19)

where the vector wy is the complex weight vector between
the N swarm elements and the k-th UE as the one intro-
duced in (2).

It follows that the signal received by the k-th UE can be
represented as,

Vi = hfwkxk + Z thWk/xk/ + Zk, (20
k'elC\k

W = [wow;

where the first term is the useful signal and the second term
is the interference from the other beams. In this mathematical
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framework, the coefficients of the complex weights matrix
(W) have to be optimized according to a defined criterion.

There is an extensive research background that can be
used in this context. Optimization can be performed by using
standard techniques for generic interference channels [50],
e.g., min-rate maximization, weighted sum-utility maximiza-
tion, QoS-constrained power minimization or by heuris-
tic approaches, e.g., maximizing the signal-to-leakage-plus-
noise ratio (SLNR) [51]. It should be noted that optimization
approaches based on signal-to-noise and interference ratio
(SINR) are valid for creating multiple beams over the defined
user locations, but they do not take into account the level of
energy transmitted from the array to the entire coverage area.
The optimization process must consider the amount of energy
transmitted in the entire service area to ensure the absence of
grating lobes. Considering the ELSA geometry proposed in
Section III-C, the st value could be taken into account during
the optimization process to define the best spatial tapering
level of the geometry.

Furthermore, in recent years, massive multiple-input
multiple-output (mMIMO) transmission has been developed
for terrestrial cellular wireless networks [52], [53]. This
technique provides solutions for the efficient formation of
multiple beams in systems with a large number of antennas.
Therefore, it is a promising strategy to be used in this context.
The literature on the mMIMO technique in LEO satellite
systems is limited, but interesting recent work [54], [55]
opens up promising developments for swarm-based antenna
arrays.

B. SYNCHRONIZATION METHODS

The swarm is a distributed satellite system (DSS) where
several individual nodes transmit and receive signals coher-
ently, creating a distributed phased array. Time and fre-
quency/phase synchronization are essential to guarantee the
expected beamforming performance. The synchronization
task is challenging when the nodes are physically separated
and in relative motion, which is the case of the swarm in free-
flying formation. The navigation satellite systems provide
synchronization capabilities that are not sufficient to support
phase coherence at microwave frequency [56]. Hence, other
approaches have to be investigated. According to the research
literature, two main approaches are available to face this
problem: the closed-loop and open-loop strategies [56], [57].
Although these schemes are different approaches, sometimes
it is hard to make a clear distinction between open loop and
closed loop because they use similar principles.

1) CLOSED-LOOP
The closed-loop method, as presented in Fig. 20a, uses a feed-
back loop from the beamforming destination to the distributed
satellite system. There are two main implementations, the
full-feedback and one-bit feedback [57].

In the full-feedback implementation, the destination broad-
casts a beacon and all the nodes of the DSS “bounce”
the signal back to the destination using a code domain
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multiple access (CDMA) scheme. The destination estimates
the phase differences of the received signals and sends phase
compensation messages via CDMA to all nodes. Each node
can use the message to update its state. If the phase offsets
have not changed during the process, the desired degree of
phase convergence is achieved with one iteration.

In the one-bit feedback implementation, the nodes of the
DSS randomly adjust their states and transmit to the destina-
tion as a distributed beamformer. The destination performs a
signal-to-noise ratio (SNR) measurement and broadcasts a bit
of feedback. The state of the bit indicates whether the mea-
sured SNR is better or worse than the previous transmission.
The nodes of the DSS can update their states according to
this information. In this case, the complexity of the algorithm
defines the needed number of iterations to achieve the desired
degree of phase convergence.

Another interesting implementation is from the patent
in [58]. In this implementation, the nodes of the DSS select an
initial set of weights and transmit a signal to the destination as
a distributed beamformer. The destination measures several
metrics of the received signal (e.g., the received power) and it
transmits back the results of the measurement. The DSS uses
the received measurements, computes a newly optimized set
of weights and transmits the signal again. The optimization
of the new set of weights can be done in different ways, e.g.,
using the gradient of SNR of the received feedback.

Although the closed-loop method requires little or no
coordination between the nodes of the DSS, it has several
drawbacks. The beamforming destination is involved in the
synchronization process and the set of weights is optimized
only for the location of the beamforming destination. Further-
more, in satellite communication, where the distance between
the endpoints is large, the feedback delay due to wave prop-
agation must be carefully considered. A long feedback delay
could lead to an outdated set of weights and thus beamform-
ing in the wrong direction.

The use of the closed-loop method in direct-to-cell con-
nectivity with swarms also presents other problems. Closing
the link between each satellite of the swarm and the UE is
not possible due to the low gain of the radiating elements
and the large distance. It may also be difficult to close the
link with the swarm and the UE when a random initial set
of weights is selected. In addition, involving the UE in the
synchronization process would add processing complexity
and power consumption. In particular, for implementation
based on the full feedback, where a beacon signal is needed
to start the process, due to UE power limitation, the resulting
beacon signal transmitted by the UE would be weak, noisy
and hence unreliable.

2) OPEN-LOOP

On the other hand, the open-loop approach in Fig. 20b does
not rely on a feedback loop with the beamforming destination.
In this case, the nodes have to self-align through higher
cooperation. The open-loop distributed beamforming is more
complex and generates several potential errors that have to be
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FIGURE 20. Distributed phased array synchronization methods (pictures
from [59]): (a) closed-loop method, (b) open-loop method.

controlled and/or mitigated. In particular, three main errors
are the most stressful: internode range, node orientation and
phase alignment of the clocks on each node [59].

The internode range estimation can be done using RF or
optical signals. Methods with RF signals are more techno-
logically mature and easier to implement compared to the
ones with optical signals. Optical signals can achieve better
performance but they need pointing, acquisition and tracking
capabilities that increase the performance requirements and
hence the complexity of the nodes. In the swarm context,
where each node is a small satellite with limited performance
and a high number of satellites is considered, the creation of
a network of optical inter-satellite links (ISLs) is a complex
task. An alternative approach is to broadcast a strong beacon
signal from a reference station while the distributed system
adjusts its weights by following different approaches, similar
to those illustrated in the closed-loop section. The reference
station could be a ground station, a terrestrial base station
or a satellite. The choice of a satellite is the most attractive
alternative. As stated in the introduction and shown in Fig. 1,
the swarm usually has one satellite with more processing
capabilities called the leader satellite, which can also be used
as a reference for the calibration process.

Regarding node orientation, recent research has been based
on the use of GPS. For the swarm approach, systems based on
differential GPS (DGPS) methods can represent an interest-
ing solution thanks to the achieved level of accuracy [60].

In the case of phase alignment, one-way clock methods
are used in wired systems because the channel remains static.
In one-way clock methods, the leader node sends a reference
signal to the follower node which generates a local clock
signal using a phase-locked loop (PLL) system. In wire-
less systems, a two-way clock transfer method can mitigate
the dynamic channel conditions, but it introduces additional
overhead. However, when a system for the internode range
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estimation is already implemented the one-way clock transfer
system can also work in wireless channels [59].

C. IMPERFECTION ANALYSIS

In distributed beamforming, the signals emitted by the swarm
elements have to arrive at the UE in phase and with sufficient
relative timing such that the signals add constructively to
increase the total signal power. In the case of reception,
the relative phase and timing of the received signals have
to be aligned to achieve coherent and cooperative process-
ing. In Section III the swarm-based antenna array has been
designed considering the perfect stability and synchroniza-
tion between satellites. In practice, several imperfections can
degrade the beamforming performance.

The work in [56] describes several factors impacting
distributed coherence and accuracy. These factors must be
estimated and corrected to ensure the required level of coor-
dination. A non-exhaustive list of factors includes:

« relative oscillators: time-varying phase shift from imper-
fect oscillator synchronization and phase noise;

« distance between each node and a reference location;

« relative timing offsets;

« phase delays through each transceiver system;

« antenna phase pattern for each node;

« vibration on the platform;

« antenna depolarization;

« doppler errors from relative platform motion;

« geometric differences between antenna phase centers.

Considering the swarm approach, some of these factors can
be mitigated or neglected. In particular, the single antenna of
the swarm element is a wide-beam antenna with quite a con-
stant phase pattern in the main beam. Different from UAVs,
the platform vibrations are minimal on satellites. Antennas
with circular polarization can minimize the impact of depolar-
ization. Doppler shift effects between nodes can be neglected
considering that the swarm is organized in a formation flying
that is responsible to maintain a defined geometry. Finally,
using the same antenna for the internode range estimation
and the beamforming can mitigate the differences between
the phase centers of the antennas.

Previous works in [27], [59], and [61] have already inves-
tigated the performance degradation of distributed systems
through a statistical characterization of the phase error. Par-
ticularly interesting are the results presented in [27] in which
the authors studied a swarm of CubeSats for deep-space
communications in the X-band. The results obtained using
the mathematical model derived in [62], show a beamforming
degradation of the gain (array loss) or around —3dB for
swarms with 100 elements.

In addition, since the grating lobes are mitigated by break-
ing the periodicity of regular geometries, a large degrada-
tion of the performance when the proposed geometry varies
from the correct one is not expected. Most importantly, the
relative positions between the satellites must be estimated
with a certain degree of accuracy and the beamforming
coefficients updated accordingly. The work [59] suggests an
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estimation accuracy of cm-level to limit the degradation of
the beamforming performance. This level of accuracy could
be achieved with synchronization methods based on RF and
differential GPS technologies [59], but a thorough character-
ization of the performance losses induced by the impairments
previously listed is needed.

Understanding the range of possible errors that the swarm
can tolerate is one of the most important challenges to orient
the decisions for the system design. Therefore, further efforts
should be invested in this area of research, especially for the
feasibility of the free-flying swarm configuration.

1) MUTUAL COUPLING EFFECT
It is worth noting that the previous list does not include an
important effect of antenna arrays, mutual coupling. It is
generally agreed that mutual coupling cannot be omitted in
dense arrays, i.e., when the average element spacing is less
than about half a wavelength [63]. However, analyses in
[40] and [64] show that the impact of the mutual coupling is
reduced when the inter-element distance increases. In partic-
ular [64] presents the analysis of a planar array with patch
antennas, and concludes that the effect can be neglected
when the distance between elements is more than half the
wavelength.

The ASA and LSA geometries discussed in the article have
a distance between elements of about 6.67\. As for ELSA
with the minimum spatial tapering coefficient sz, = 0.1,
the minimum distance between elements is of about A
(Section V-Al.a).

Therefore, it is reasonable not to expect large power losses
due to impedance mismatch or an alteration of the total beam
generated by the mutual coupling effect.

V. SYSTEM DESIGN ASPECTS
Despite the research directions identified in the previous

section, it is necessary to recognize the importance of
other aspects critical to the feasibility of the swarm-based
approach. This section presents an overview of the most
important system design aspects.

A. SWARM CONFIGURATIONS

Although hybrid solutions are possible, the swarm can be
arranged in two configurations, the free-flying configura-
tion (i.e., wireless connected) or the tethered configuration
(i.e., wired connected). Fig. 1 shows a graphical representa-
tion of both configurations in an operative example scenario.
They present different challenges/opportunities and advan-
tages/disadvantages that need to be highlighted.

1) FREE-FLYING SWARMS

When a free-flying swarm is considered, formation flying
(FF) stability is one of the main challenges. The FF has to
be kept stable during the flight around the Earth. Several
effects like Earth’s oblateness, atmospheric drag and solar
radiation pressure significantly affect the positions of the
swarm elements, necessitating periodic orbit corrections to
maintain stability. An approach to the FF’s stability relies on
the study of the orbit dynamics. An interesting publication
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in this field is [65]. It presents a swarm-keeping strategy
that means maintaining relative distances between multiple
satellites in the presence of disturbances and ensuring that
collisions do not occur. The study is of particular interest
because it considers the formation of hundreds of small satel-
lites in LEO orbit. The proposed method consists in applying
a set of initial conditions to the satellites of the formation
to provide collision-free trajectories. The numerical results
show that the average drift of the satellite position in the
formation is reduced from m/orbit to mm/orbit. Other inter-
esting publications using free-flying swarms are in [25], [26],
and [27].

It is worth noting that [25], [26], and [65] along with other
works, take into account and try to minimize the fuel con-
sumption needed for the required orbit corrections because
it has a large impact on the costs and the lifetime of the
mission. Regarding this aspect, electric propulsion (EP) and
electromagnetic forces are two interesting fields of research.
The EP has higher fuel efficiency than chemical alternatives,
in other words, less fuel and propellant storage is required.
For this reason, EP is more suitable for small satellites.
An interesting overview of the EP methods for small satel-
lites is in [66], while a 1U CubeSat in-orbit experiment
with EP is presented in [67]. On the other hand, the use
of electromagnetic forces is the most promising technology
for fuel-free formations. An interesting section regarding
the so-called non-contact forces is in [20], while the patent
in [9] envisions a swarm system where electromagnetic coils
generate movements to change the relative distance between
satellites and magnetorquers generate rotations around the
satellite center. Another challenge related to the FF is the cre-
ation of the required geometry in space. A solution for free-
flying swarms could be the stacking of the satellites in one
or multiple satellite deployers. The deployer gives satellites
the different initial conditions needed to assure collision-free
trajectories while the propulsion capability of each satellite is
responsible for the required small orbit corrections. A satellite
deployer for CubeSats based on electromagnetic forces is
presented in [68].

Despite the challenges, the free-flying swarm also provides
opportunities. Firstly, this kind of formation could be re-
configurable in space. A free-flying swarm can adapt its
half power beam width according to the requirements of the
entire constellation. Less inter-element distance, resulting in a
higher HPBW, can be used when the constellation is deployed
with a low number of swarms, while a larger inter-element
distance, resulting in a narrower HPBW, can be reconfigured
when the constellation grows with additional swarms. Sec-
ondly, since the swarm elements do not need to be physically
connected, they can be easily arranged in the rocket for the
launch. The number and shape of the satellite deployers can
also take into account the launch capacity of the rocket.

a: MINIMUM INTER-ELEMENT DISTANCE REQUIREMENTS
As highlighted in Section V-Al, formation flying aspects are
crucial for the feasibility of free-flying swarms. It is difficult
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0.5 mx0.5 m with representation of 1U CubeSats and patch
antenna size.

to derive, with the current state-of-the-art, a minimum inter-
element distance that can be guaranteed with a formation
flying (FF). Nevertheless, promising studies [25], [26], [27]
and the growing interest of the scientific community and
space agencies [69], [70], [71], [72] could lead to promising
developments in the near future.

The URA, ASA and LSA geometries maintain an inter-
element distance of approximately 1 m. In contrast, the ELSA
geometry, especially with the sz, = 0.1 configuration,
reduces the inter-element distance up to 0.13 m. Therefore,
the feasibility of a swarm with ELSA geometry dictates alter-
native solutions. Considering the ELSA geometry (Fig. 12),
the CubeSat 1U platform and antenna size, the inner part of
the structure is shown in Fig. 21.

In this case, possible implementations could be:

« a tethered structure (i.e. physical connection) between
the closest satellites;

o a larger satellite incorporating the nearest radiating
elements.

Considering the latter alternative, the satellite could be the
leader of the formation, already needed to perform other
tasks (such as the reference station needed for synchroniza-
tion and the deployer needed to put the other satellites into
orbit).

It is worth noting that multiple values of sz, improve
the performance of KPIs compared to the other geometries
considered (Fig. 13). Therefore, it is possible to impose a
feasibility constraint that defines a minimum value of st,
while maintaining better performance than the uniform spa-
tial density alternative. The constraint must be formulated as
a function of distance d and swarm element size.
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FIGURE 22. Rendering of the KickSat spacecraft and Sprite spacecraft
during the deployment phase [73].

2) TETHERED SWARMS
The use of tethers, i.e., a physical connection between the ele-
ments, can significantly reduce the complexity of the swarm.
Regarding the FF’s stability, a tethered structure drastically
reduces the impact of the perturbations on the formation.
In this case, the orbit corrections are mainly required to keep
the whole swarm structure in the desired orbit and not for
keeping the formation flying stable. This leads to a reduc-
tion of the amount of required propellant as shown in [20]
where a tethered swarm with an end-fire array configuration
is proposed for a deep-space communication application.
In addition, in this case, one larger central satellite of the
swarm can be responsible for the correction orbit maneuvers,
while the other satellites do not require a propulsion system.
Furthermore, the tethered swarm is easier to deploy in space.
Despite the previous advantages, the presence of the teth-
ers complicates the possibility of re-configure the system in
space. It also introduces the mechanical challenge to create
a deployable structure capable of reducing the size of the
swarm for the launch. This challenge is even more important
when asymmetric geometries are considered like the LSA
and ELSA analyzed in this paper. A large opportunity for
the feasibility of the tethered swarm can be the adoption of
innovative deployable solutions based on cm-level spacecraft
(Fig. 22), like the ones created in the open-source project
KickSat [74] used in the NASA KickSat-1 and KickSat-2
missions [75].

a: SPRITE-BASED TETHERED SWARM

The tethered swarm could be realized using a central satellite,
similar to the KickSat spacecraft in [73] used in the KickSat
mission, designed to unfold multiple branches in space. Each
branch of the satellite has multiple leaves. Each leaf of the
branch is a very small spacecraft like the Sprite spacecraft
in [73] or the SpaceChip first described in [76]. The leaves
of one branch are connected through similar tapespring con-
nectors used by the BlueWalker 3. The tapespring connector
has two functions: to give mechanical stability to the for-
mation and to provide data connections between the leaves
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FIGURE 23. Example of a tethered swarm with 5 branches and 25 leaves.

and the central satellite. Fig. 23 shows a schematic tethered
swarm with five branches and twenty-five leaves connected
to the deployer satellite. The LSA and ELSA architectures
analyzed in this paper are particularly suitable for this kind
of implementation. They are based on Fermat’s spiral geom-
etry with elements placed as described in Sections III-C2
and III-C3. The elements of spiral arrays can be grouped
in sets of Fibonacci spirals as explained in the appendix
of [13]. An interesting characteristic of this configuration is
the possibility to connect the elements of the LSA/ELSA with
an arbitrary number of branches. As an example, an LSA
geometry with twenty-five elements can be realized with five
branches of five elements each, but also with eight branches
with three elements each (exception made for one branch with
4 elements). The example in Fig. 23 shows a swarm realized
by a leader satellite deployer in the middle of the structure
and five branches with five followers each. The first branch
is obtained by connecting the followers in positions 1, 6, 11,
16 and 21, the second branch is obtained by connecting the
followers in positions 2, 7, 12, 17 and 22 and in the same
way it is easy to obtain the other branches. This mathematical
property could lead to a practical solution to individually
store each branch in the satellite deployer and deploy them
individually in space. In this case, the number of branches can
be derived from mechanical considerations without altering
the geometry of the swarm.

B. FEEDER LINK

A bidirectional link (DL/UL with non-overlapping frequen-
cies) in the Ka/V band between the gateway and the leader
of the swarm is a solid option for both free-flying and
tethered configurations. In the case of free-flying swarms,
an alternative solution could be the direct transmission of
the same signal to all the satellites of the swarm but in this
case, all the satellites would require an additional transceiver
chain in the Ka/V band. An additional reason to have a
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FIGURE 24. Approximated number of satellites required for global
coverage with a Walker constellation.

Ka/V dedicated chain in each satellite of the swarm could
be the possibility that the gateway transmits different signals
already time/phase pre-compensated to shift the processing
complexity to the ground segment. In this case, the satellites
of the swarm could act only as transparent amplify, convert
and forward devices. The drawback of this solution is that
the required link capacity of the feeder link grows with the
number of satellites of the swarms.

C. UE INITIAL ACCESS

When a service area is only covered by a swarm, an associ-
ation procedure between the satellite and the UE is required.
From a design perspective, firstly, the swarm must have a very
small main beam coverage, under 5km to assure increased
frequency reuse. Secondly, the swarm must cover the largest
possible area to reduce the number of swarms in the con-
stellation. This means that a swarm needs a large number of
possible beams inside the service area. Scanning the service
area with the narrow beams, used for data transfer, could
result in a long time for the initial access.

The 5G New Radio terrestrial access network uses a beam-
sweeping strategy to identify the position of the user inside
the base station service area. Broader beams are used to con-
tinuously sweep the entire area enabling the UE to start the
so-called RACH procedure. After the initial access, the base
station knows the position of the user and uses a narrower
beam to serve the user.

A similar concept could be applied to the swarm. Prelim-
inary results on the LSA and ELSA geometry, analyzed in
Section III-C, have shown that activating only 60 of 100 ele-
ments in the center of the swarm can provide a larger beam,
with more than 20km of radius. The broader beams could
sweep the service area of the satellite with less time and
start the RACH procedure with the UE. To further reduce the
initial access time, the historical values of the traffic location
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patterns could be used by artificial intelligence algorithms to
optimize the beam sweeping sequence.

D. CONSTELLATION OF SWARMS

Before concluding this article, it is necessary to clarify
one important aspect. Although the proposed swarm-based
antenna is composed of a multitude of small satellites, e.g.,
100 as in the simulations, its goal is to replace a single
conventional satellite. Therefore, a swarm of satellites in LEO
experiences the same conditions as a single conventional
satellite. Comparing a LEO satellite with a satellite in higher
orbits there are several differences, such as:

« areduced latency, between 30 and 50 ms (about 8 times
less than a MEO satellite and about 35 times less than a
GEO satellite);

« alower propagation loss and a higher Doppler shift;

o areduced field of view (FoV);

« an increased orbital speed of about 7.5 km/s;

« areduced orbital period, between 90 and 110 min.

Notably, considering the reduced field of view of the single
satellite and the relative motion of the satellite concerning
Earth, a constellation of swarms is required to achieve global
coverage.

1) TOTAL NUMBER OF SWARMS

The total number of satellites mainly depends on the mini-
mum elevation angle that the constellation aims to guarantee.
The elevation angle € is the vertical angle formed between
the earth’s surface and the line of sight direction between the
UE and the swarm (Fig. 2). Considering a high minimum ele-
vation angle in constellation design reduces the service area
(coverage) of each satellite, which implies a larger constel-
lation. Simulations suggest a minimum elevation angle of 5°
for practical satellite applications [77], but considering urban
areas an elevation angle less than 20° would probably result
in a total blockage situation due to the shadowing effect, even
for low buildings [78]. 3GPP is considering a target elevation
angle of 30° for the current study of the integration of non-
terrestrial networks in 5G [79]. Preliminary analyses on the
direct connectivity in L/S band carried out in [80], based on
the ITU Recommendation [81], suggest a constellation design
with a high elevation angle (e.g. € >65°) to overcome urban
shadowing.

A recent article [82] showed interesting information about
the plans of two major players in satellite direct-to-cell
connectivity. AST SpaceMobile is planning a constellation
with about 170 huge satellites at altitudes between 550 and
700 km. Lynk Global is planning a constellation with about
5110 smaller satellites at 500 km.

Fig. 24, based on the simple equations in [10], shows
the number of satellites of a Walker constellation when the
elevation angle varies from 10° to 70° for different LEO
altitudes. It is easy to observe that the planned size of AST’s
constellation should guarantee a minimum elevation angle
of about 20°, while the size of Lynk’s constellation should
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TABLE 6. AST SpaceMobile and Lynk Global comparison.

Description

Planned
constellation size Nc 170 5110
(number of satellites)
Maximum size of
individual satellite As 128 4
(m?)

Estimated total
constellation area
(m?)

Estimated number of 2
antenna elements Ne =~ (@ + 1) 5800 200
per satellite
Estimated minimum
elevation angle (°)

[[ Parameter [[ AST ][ LINK

Ac=As - Ne 21760 20440

€min 21 66.5

guarantee a minimum elevation angle of about 65° (parameter
€min 10 Table 6).

Thanks to the information in [82], Table 6 presents two
simple useful metrics:

o the estimated total constellation area (parameter A.),
calculated in the assumption that all satellites in the
constellation have the same size equal to the maximum
size (parameter Ay);

o the estimated number of antenna elements (parame-
ter N,), calculated in the assumption of a square planar
array with a uniform inter-element distance equal to
A~ 0.15m (f, = 2 GHz).

Parameter A, of Table 6 delineates a similar end goal for
the two constellations despite the huge differences. Parameter
N, of Table 6 shows that the number of antenna elements
per satellite is in the order of thousands in the case of the
AST approach and the order of hundreds in the case of the
Lynk approach. The latter approach considers a number of
radiating elements similar to the target of the swarm-based
antenna array derived in this work. Due to this similarity, it is
convenient to assume that a constellation of swarms should
have a similar constellation size, guaranteeing an elevation
angle higher than 65°.

The main advantage of the swarm approach over the con-
ventional approach, with a similar number of antenna ele-
ments, would lie in the reduction of the half-power beam
width, which in turn would allow for better frequency reuse.
In other words, the swarm approach has the potential to
increase the total satellite throughput compared to the con-
ventional approach.

Although a constellation with thousands of satellites may
be frightening, recent techno-economic analyses [83], [84]
suggest a sustainable cost regime, comparable to that of
terrestrial competitors, to ensure the participation of mega-
satellite constellations in future integrated 6G networks.
However, considering the high density of potential users on
Earth, this apparently already massive number of satellites
may not be sufficient to provide reasonable performance [85].
This explains the plans of some companies for mega constel-
lations with tens of thousands of satellites.
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2) MAXIMUM SCAN ANGLE AREA

Introducing a minimum elevation angle in the constellation
design has an important impact on the maximum scan angle
area. Using the definition of slant range adjustment [86] and
simple geometrical calculations it is possible to relate the
elevation angle € with the elevation component of the steering
angle 6 (Fig. 2). Fig. 25 shows the result of this calculation.
Itis possible to observe that considering a minimum elevation
of around 65°, as in this manuscript, the maximum scan angle
can be limited to a value below 6; < 25°.

3) SWARM SERVICE TIME

Another challenge with LEO constellations that aims to
provide satellite direct-to-cell connectivity is the handover.
Again, the swarm-based antenna array can be considered
equivalent to a single conventional satellite.

In the assumption of earth-fixed cells (EFC), where the
satellite continuously adjusts the beam direction to fix the
beam (or cell) to a specific location on Earth, typical service
time values for a LEO satellite range from 100s to 250s
considering a minimum elevation angle of 10° [87].

In the assumption of earth-moving cells (EMC), where the
satellite beam pointing direction is fixed and thus the beam
footprint is moving on Earth, the system has to deal with
inter-satellite handover and intra-satellite handover (between
beams from the same satellite). In this case, the analysis
in [88] shows a beam service time below 10s.

LEO constellations must cope with frequent handovers.
The maximization of the service time, i.e., the minimization
of the handover rate is an important research aspect in future
integrated 6G networks.

VI. CONCLUSION
This work describes the use of satellite swarms for the direct-
to-cell connectivity use case. The swarm approach has been
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used for other applications but its use for communication and
especially for direct connectivity is mostly unexplored. The
creation of a large virtual aperture in space with a smaller
number of swarm elements promises benefits in terms of
performance and costs. The increased distance between the
elements generates the known phenomenon of the grating
lobes when common planar array geometries are used. For
this reason, the geometry of the swarm is studied to mitigate
the problem. The paper shows that the logarithmic spiral array
(LSA) and the proposed enhanced LSA (ELSA) mitigate the
grating lobe problem.

Although the achieved results are encouraging, other chal-
lenges need to be faced. For this reason, the paper addresses
the main research directions for the success of the swarm
approach. In addition, important system design aspects are
analyzed and several opportunities are highlighted. In partic-
ular, it is shown that swarms in tethered configurations and
with spiral geometries can benefit from innovative deployable
structures, cm-level spacecraft and particular mathematical
properties that can facilitate their implementation.

In conclusion, the designed solution closes the link with
a common user terminal, uses a limited number of satel-
lites and reduces the size of the main beam by managing
the distance between elements. There is the possibility that
multiple swarms with a limited service area could outperform
conventional phased array solutions in terms of performance
and cost. Further research efforts are needed to bring the
swarm approach to a higher level of technology readiness.
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