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Abstract

Direct radiating arrays (DRAs) present favorable solutions for high-throughput flexible cov-
erage in geostationary (GEO) broadband satellite missions. The ultimate constraint in these
architectures is the high number of digitally controlled antenna ports, which renders fully
digital architectures impractical for the immediate future. Instead, hybrid analog–digital
DRAs are being considered as a promising trade-off in terms of performance/flexibility and
digital processing demands. These architectures commonly involve subarrays with analog
beamforming, which form broad (regional) beams, which are then digitally beamformed
at a second level to produce a multitude of narrow beams used for broadband connec-
tivity. Due to the large size of the subarrays, these architectures are subject to undesired
grating lobes that can lead to interference and reduce the gain of the main beam, thereby
compromising overall performance. Partial mitigation of the grating lobes is attainable by
subarray overlapping. This paper presents a comparative assessment of three different
hybrid analog–digital DRA architectures in terms of the coverage characteristics and dis-
cusses their practical implementation. It is demonstrated that improved performance can
be achieved by subarray overlapping with some additional analog hardware complexity
but otherwise maintaining the number of digitally controlled antenna ports.

Keywords: phased antenna arrays; overlapped subarrays; space antennas

1. Introduction
The transition from broadcast to broadband satellite communications calls for new

technologies in order to deliver very high-throughput and flexible coverage. Recent tech-
nology developments in active RF wide-bandgap semiconductor devices have enabled the
development of solid-state amplifiers (SSPAs) with high power output and efficiency. Mean-
while, emerging digital transparent processors (DTPs) will be able to handle more than a
hundred antenna ports, each at a few GHz bandwidth. In combination, these developments
create opportunities for new payload active antenna architectures in broadband satellite
missions with capabilities to deliver high throughput with flexible beam generation.

Direct radiating arrays (DRAs) with full digital beamforming offer optimum char-
acteristics for broadband satellite missions in terms of directing the satellite capacity to
areas of maximum traffic demand, enabling frequency reuse and ultimately maximizing
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the satellite throughput [1]. DRAs with analog beamforming have been widely used for
lower frequencies and low Earth orbit applications [2,3]. However, broadband missions in
geostationary (GEO) orbit call for a drastic increase in the antenna aperture dimensions
to produce sufficiently narrow and high-gain beams required to close the link budget
and enable frequency reuse. Whilst the reduced field-of-view requirements of GEO orbits
compared to LEO/MEO enable increasing the size of the primary radiating elements (see
also the discussion in Section 2) their total number drastically increases to reach the re-
quired size for the overall radiating aperture [4,5]. The increase in the number of antenna
ports, each necessitating processing across more than 1 GHz bandwidth at the Ka-band,
results in computational demands that surpass the capabilities of existing or near-future
technology. Consequently, considerable focus has been directed towards techniques aimed
at minimizing the number of control points.

A reduction in the number of control points can be obtained by reducing the field of
view, an approach implemented in emerging GEO broadband missions based on array-fed
reflector (AFR) antenna architectures [6]. These antennas associate a reduced number of
radiating elements with a collimating reflector in a defocused configuration [7,8]. AFR
architectures are an efficient solution for generating a large number of high-gain beams,
enabling frequency reuse and flexible sharing of RF power between them. Moreover,
by virtue of digital beamforming at the feed array, it is possible to spatially reconfigure
the coverage achieved by the generated beams. When compared to DRAs, however, the
reflector optics pose some constraints in the coverage. This is due to optical aberrations
leading to degradation of the beam definition when the coverage is steered away from the
original design. Whilst mechanical reconfiguration of the optics may partially mitigate
aberrations and extend the capabilities of high-performance coverage from AFRs, these
solutions can still not achieve the flexibility of digital DRAs.

A promising solution for overcoming the limitations of AFRs and DRAs within the
remit of the existing or foreseeable technology base is the use of a hybrid digital–analog
beamformer in an otherwise DRA architecture [9,10]. Recognizing that the ultimate bar-
rier rests in the number of digitally processed antenna ports, hybrid beamformed DRAs
introduce a cascade of digital beamforming (DBFNs) and analog beamforming networks
(ABFNs), such that the number of ports to be processed by the DTP reduces from several
thousands to several dozens. The hybrid beamforming configuration is schematically illus-
trated in Figure 1. With reference to this figure, the ABFN blocks correspond to (largely)
identical subarrays. By virtue of the ABFN, broad beams, in the remaining also referred to
as “regional beams”, can be generated. The ABFN therefore has control over the shape and
steering of the corresponding regional beams [11]. At the DBFN level, these subarrays are
then seen as “radiating elements”, which are digitally beamformed to produce directive
spot beams within the associated regional beams. Flexible coverage is then achieved by
steering the position of the regional beams and, within these, then steering the position of
the spot beams. This type of solution is therefore favourable for multibeam generation.

In [12–14], the authors applied hybrid beamforming schemes for an LEO constella-
tion, tackling multiple-input–multiple-output (MIMO) problems. Each subarray in [12]
is controlled by an RF chain, which favors filter bank multi-carrier (FBMC) applications.
In [13], compatibility with different payload systems is discussed (NGSO and LEO/VLEO).
This problem is commonly tackled for LEO satellite systems, favorable to the constellation
implementation. As highlighted in the literature, hybrid beamforming antenna architec-
tures are enablers for advanced 5G and 6G MIMO communication systems. For GEO, the
problem is similar, although it requires different subarray dimensions.
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Figure 1. Classical hybrid analog–digital beamforming scheme. DBFN/ABFN stands for Digi-
tal/Analog Beamforming Network and associated beam generation.

Despite the advantages brought by the hybrid beamforming DRA scheme, the in-
sufficient spacing between the centers of the subarrays leads to grating lobes associated
with the spot beams generated by the DBFN. As RF power is directed to other unwanted
directions, grating lobes are problematic because they reduce the gain of the spot beam.
Moreover, grating lobes limit the capability of frequency reuse as they can give rise to
unwanted interference. Grating lobe mitigation strategies reported in the literature, such
as sparse [15] or polyomino arrays [16], have proven to be efficient, but it is difficult to
make them compatible with the hybrid architecture of Figure 1. Moreover, these solutions
require bespoke development and arrangement of several different radiating elements,
which is challenging from an industrial perspective. Instead, DRA architectures relying
on overlapped subarrays [17–19] have recently attracted increased interest as they enable
partial mitigation of the grating lobes in regular antenna architectures compatible with the
scheme presented in Figure 1. In these architectures, some [19] or all [18] of the radiating
elements contribute to more than one subarray. In these techniques, the grating lobes are
attenuated totally or at least reduced depending on the scanning direction. However, they
still exist in the system, especially when scanning far from nadir.

In recent years, considerable research has been conducted on subarray partitioning [20–23],
especially in the radar community. These systems conveniently place the nulls to fully
mitigate the grating lobes by smartly positioning the subarrays or using an adaptive
tapering [24–28]. These studies, however, overlook the processor’s capabilities required
on-board a satellite in the case of multiple beam generation. The recent literature on on-
board satellite HAD DRAs has demonstrated that simpler architectures of the same nature
with periodic overlap [17,18] are effective in only partially mitigating grating lobes while
otherwise presenting a more favorable configuration for practical implementation.

Considering these developments, the aim of this paper is to present a detailed analysis
of hybrid beamformed DRAs for GEO broadband missions. To the best of the authors’
knowledge, two families of architectures have been considered on-board satellites corre-
sponding to the approaches of [18] (the authors’ technique) and [19], respectively. They
are both benchmarked against the starting (non-overlapped) configuration illustrated in
Figure 1. This paper is organized as follows: In Section 2 the architectures are defined in
terms of hardware and beamforming networks. In the first subsection of Section 3, the
pattern characteristics are provided to show the impact of both overlapping strategies on
grating lobe mitigation. The phase and amplitude are also detailed as the cause of gain
improvement and grating lobe mitigation. Then, the scanning performances are discussed.
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The limiting factors are also detailed. This part provides the optimal regional beams within
which the spot beam lattice can be defined with a limited interference ratio. Finally, it can
be proven that there is a more favorable architecture that enables a broader regional area to
be reached when one regional beam is generated.

2. Materials and Methods
2.1. Overview of Hybrid DRA Configurations for GEO Broadband Communications

Fully digital DRAs for GEO missions afford larger radiating elements when compared
to MEO or LEO missions. In principle, larger radiating elements offer increased directivity
and therefore are preferred for satellite communication systems. However, in order to
avoid interference linked with the grating lobes of the primary radiating elements, it is
commonly required that these lobes are kept outside the field of view of the Earth as seen
from the satellite. With reference to Figure 2, OA corresponds to the radius of the Earth,
approximately 6371 km. The satellite orbit is marked by CP, which refers to the altitude
of the satellite above the Earth’s equator; for a GEO orbit this is approximately 35,786 km.
Simple geometrical considerations reveal that the angle subtending the Earth’s field of view
from a GEO orbit is therefore obtained as in (1). In other words, (APO) = 8.9°.

tan(APO) =
OA
OP

=
6371

(35, 786 + 6371)
=

6371
42, 157

= 0.1511 (1)

The most stringent scenario in terms of keeping the grating lobes associated with the
periodicity of the primary radiating elements outside the Earth’s field of view involves a
primary beam pointing towards the end of coverage, or at about 8.9°. For this pointing
angle, an array with radiating elements of about 3.2λ, where λ is the wavelength, will
ensure that grating lobes are at −8.9° or less, i.e., outside the field of view of the Earth. This
dimension therefore defines the maximum acceptable size of a DRA radiating element for a
GEO orbit. When compared with, e.g., an LEO orbit at 400 km, the corresponding (APO)
angle is approximately 70° and the associated radiating element size is 0.5λ.

Figure 2. Earth field-of-view definition.

The above analysis indicates an opportunity to reduce the number of primary radiating
elements for GEO arrays when compared to antennas providing coverage from lower
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Earth orbits. Assuming a target directivity of 60 dBi and an aperture efficiency of 100%,
the required edge of a square aperture exceeds 266λ. Achieving this aperture size with
radiating elements of size 3.2λ calls for approximately 6900 elements. If each of these
elements is operating across the full 3GHz of the Ka downlink band and operates in dual
polarization, the DTP should then be capable of 3 × 6900 × 2 = 41,400 GHz. Even the
latest digital processing technologies call for at least several Watts per GHz for the digital
processing. On this basis it is evident that a fully digital DRA would be prohibitive from
both power (>100 kW) and mass (>8000 kg) budget perspectives. More realistic values
associated with emerging DTP payloads suggest the range of a few hundreds of GHz
processing across the array, corresponding to a DBFN with a number of radiating elements
in the range of 100.

In consideration of the above, a baseline hybrid analog–digital beamformed DRA is
defined, as illustrated in Figure 1. It comprises 12 by 12 subarrays, each of 8 by 8 radiating
elements. The total radiating aperture comprises 9216 radiating elements, each with size of
3.2λ in accordance with the grating lobe requirements. The number of radiating elements
is chosen higher than needed as this number enables a fair comparison between HAD
architectures in the following.

It is worth noting that the 8.9◦ coverage is achieved using a set of regional beams
generated by the HAD DRA. The configuration described above—specifically the gain
target and radiating element size—is similarly applied in fully digital DRAs to prevent
grating lobes from appearing inside the field of view when the analog (regional) beam is
scanned toward the edge of the coverage area.

The antenna functions in the downlink Ka-band, i.e., operating at 20 GHz. As shown in
Figure 1, this reference architecture exploits a cascade of ABFNs and DBFNs. Each radiating
element belongs to a single subarray, which is associated with an analog beamformer.
Subarrays are then digitally beamformed. From these observations, the radiation pattern
can be translated as a combination of the weights at ABFN and DBFN levels.

The expression of the total array factor Atot can be decomposed into two steps fol-
lowing the hybrid scheme. First, the subarray factor F is identified (2). F is equal across
all subarrays, representing similar ABFN devices used. All array factors are expressed in
the (u = sin θ sin ϕ, v = sin θ cos ϕ) coordinate system, where (θ, ϕ) are the elevation and
azimuth angles, respectively.

F(u, v) =
nxny

∑
i,j

WAij e
j 2π

λ (xi(u−uABFN)+yj(v−vABFN)) (2)

In the equation, the number of radiating elements within a subarray is (nx, ny).
WABFN ∈ Cnx×ny is the matrix of complex amplitude weights at the ABFN. The ele-
ment position within a single subarray is represented by (x ∈ Rnx , y ∈ Rny).The phase
(uABFN , vABFN) corresponds to the desired scanning direction of the regional ABFN subar-
ray beam.

Next, G is the array factor at the DBFN level in (3). The number of subarrays
is (Nsubx, Nsuby). The matrix of complex amplitude weights at the DBFN WDBFN ∈
CNsubx×Nsuby is associated with the lattice of all subarrays. The phase uDBFN corresponds to
the desired scanning direction of the narrow DBFN beam. The array factor at the DBFN
also uses the position of the subarray centres (Xsubx ∈ RNsubx , Ysubk

) ∈ RNsuby in the
formulation.

G(u, v) = ∑
Nsubx ,Nsuby
l,k WDlk e

j 2π
λ

(
Xsubl

(u−uDBFN)+Ysubk
(v−vDBFN)

)
(3)
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The final expression of the spot beam is given in (4) by the combination of array
factors from the ABFN and DBFN A(u, v) = E(u, v)F(u, v)G(u, v). In the formulation,
(xRE ∈ Rnx Nsubx , yRE ∈ Rny Nsuby) are the positions of the radiating elements within the full
architecture. For this example nx = ny = 8 and Nsubx = Nsuby = 12. The electric field for
an elementary radiating element corresponds to E for a cosine element. The total scanning
phase for the narrow beam is u0 = uDBFN + uABFN , considering the sum of initial phases
from the ABFN and DBFN to achieve the overall steering. Here, it is included in the total
weight matrix WT .

A(u, v) = E(u, v)
nx Nsubx ,ny Nsuby

∑
k,l

WTlk ej 2π
λ (xREl

u+yREk
v) (4)

The total complex weight matrix WT ∈ Cnx Nsubx×ny Nsuby from (1) provides the final
excitation at each radiating element. This matrix can be obtained by multiplying the
weights associated with the ABFN and DBFN, as defined in (5).

WT =



WDBFN11WABFN11 WDBFN11WABFN1ny
. . . WDBFN1Nsuby

WABFN1ny

WDBFN11WABFNnx1 WDBFN11WABFNnxny
. . . WDBFN1Nsuby

WABFNnxny

. . .
WDBFNi1WABFN11 WDBFNi1WABFN1ny

. . . WDBFNiNsuby
WABFN1ny

WDBFNi1WABFNnx1 WDBFNi1WABFNnxny
. . . WDBFNiNsuby

WABFNnxny

. . .
WDBFNNsubx 1WABFN11 WDBFNNsubx 1WABFN1ny

. . . WDBFNNsubx Nsuby
WABFN1ny

WDBFNNsubx 1WABFNnx1 WDBFNNsubx 1WABFNnxny
. . . WDBFNNsubx Nsuby

WABFNnxny


(5)

As shown, each subarray is drawn with a representation of its phase and ampli-
tude at the ABFN in WT . The matrix of complex ABFN weights corresponds to both
amplitude and phase weights, denoted WABFN = WAej 2π

λ (uABFN+vABFN). Similarly, the
DBFN applies weights given by WDBFN = WDej 2π

λ (uDBFN+vDBFN). Every element within
a subarray WABFNij , i ∈ [1, nx], j ∈ [1, ny] is assigned a unique weight, allowing for in-
dividual tapering and steering. The input signal coming from each subarray is in turn
combined by multiplying by the DBFN weights. Each ABFN patch behaves like a single
large radiating element. Therefore, each subarray is multiplied by a fixed DBFN weight
WDBFNkl , k ∈ [1, Nsubx ], l ∈ [1, Nsuby ], as depicted in WT . In practice, this means that each
WABFN ∈ Cnx×ny is scaled by a different DBFN coefficient. In terms of signal characteristics,
the amplitude at each radiating element results from the product of the ABFN and DBFN
amplitudes, while the total phase is the sum of their respective phase contributions. Once
the combination of the ABFN and DBFN weights is conducted as per Equation (5), power
normalization is performed to ensure that the total power per amplifier does not exceed a
given value. It is achieved at both the ABFN and DBFN levels. It is noted that the mutual
coupling between radiating elements of size 3.2λ can be ignored.

2.2. Existing Hybrid Beamformed Overlapped DRAs for On-Board Satellite Communications

The reference hybrid beamformed architecture, which is next referred to as “NO”
for no overlap, is used as a background to introduce the two overlapping architectures.
The first one, referred to as OA for “overlapped arrays”, is the case where subarrays are
overlapped thanks to a shift in another layer of subarray tiles by half the size of a subarray
in the Cartesian domain [18]. The beamforming scheme for the strategy is introduced in
Figure 3.
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Figure 3. Overlapped subarray hybrid analog–digital beamforming scheme with a shift of half the
size of a subarray along 2-D (OA).

As illustrated in the figure, all radiating elements are now excited by the superimposed
signals generated by two ABFNs, with the exception of those located at the array periphery,
which are connected to a single ABFN. Each ABFN is virtually associated with a distinct
DBFN, denoted as DBFN1 and DBFN2. The first DBFN corresponds to the original array
configuration, while the second is linked to an overlapping array that is spatially shifted by
half the subarray size in both Cartesian directions. Notably, the overlapping array is slightly
smaller, comprising one fewer row and column of subarrays compared to the original.

Each subarray contains a single feed located at its center. Relative to the reference
architecture, the number of digital control ports increases by the number of subarrays
introduced in the overlapping layer. In the subsequent analysis, the peripheral frame
of radiating elements—those fed by only one ABFN—is excluded. As a result, only the
radiating elements excited by two subarrays are retained. This configuration offers the
advantage of uniform power distribution across all amplifiers, as each radiating element
is driven by two subarrays, enabling equal power division. Consequently, the hardware
implementation is simplified, allowing for the use of identical amplifier units throughout
the array. Additionally, this arrangement yields more regular radiation patterns, which is
beneficial for generating beam sets with reduced inter-beam interference.

From a digital complexity standpoint, the initial array comprises 13 × 13 subarrays,
each consisting of 8 × 8 radiating elements (REs), while the overlapping layer includes
12 × 12 subarrays of the same size. Each digital port from the DTP is connected to a
single subarray, resulting in a total of 169 + 144 = 313 digital ports. After removing the
peripheral frame, the effective radiating aperture consists of 9216 REs, consistent with the
NO configuration.

In contrast to the formulation in (5), the contribution from the overlapping subarray
layer must be incorporated. Each element of the beamforming matrix becomes a sum of
digital contributions from both DBFNs, expressed as WDBFN = WDBFN1 + WDBFN2 . Given
the equal power division between the two layers, the contributions from DBFN1 and
DBFN2 are balanced for each radiating element.
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The second overlapping methodology, illustrated in Figure 4, is referred to as OS,
denoting “oversized subarrays.” In this approach, the dimensions of the original subar-
ray tiles are extended by adding additional radiating elements along all four Cartesian
directions, while maintaining the original lattice configuration. As a result, each subarray
overlaps with its neighboring subarrays, creating shared radiating elements [19]. These
overlapping elements are excited by the superposition of signals from the contributing
subarrays. As shown in Figure 4, the central radiating elements remain non-overlapped.
At the edges of the subarrays, the overlapping elements (highlighted in blue) are shared
between two subarrays, while those located at the corners (yellow) are shared among four
subarrays. This configuration necessitates the summation of different ABFN weights for
the overlapping elements. Notably, the DBFN remains identical between the NO and OS
configurations, as seen by comparing Figures 1 and 4.

Figure 4. Overlapped subarray hybrid analog–digital beamforming scheme with an extension of the
subarrays over the adjacent subarrays along 2-D (OS).

However, the non-uniform number of subarrays connected to each radiating ele-
ment results in a non-homogeneous power distribution at the amplifier level. This intro-
duces additional hardware complexity, requiring three distinct types of devices within
the architecture.

In the presented OS configuration, the radiating aperture comprises 9216 radiating
elements (REs). Each subarray is extended by two REs in each Cartesian direction. Con-
sequently, the architecture consists of 12 × 12 subarrays, with central subarrays sized at
(8+ 2+ 2)× (8+ 2+ 2) REs, corner subarrays at (8+ 2)× (8+ 2) REs, and edge subarrays
at (8 + 2 + 2)× (8 + 2) REs. As discussed in [19] optimal performance for this overlapping
technique is achieved with a 1:3 overlap ratio—where one-third of the subarray is over-
lapped on each side, leaving a central third non-overlapped. This condition is met when
the original subarray size (prior to extension) is divisible by four. In this example, each OS
subarray is 12 × 12, with four REs overlapped, four non-overlapped, and four overlapped
again along each direction. This constraint is driven by manufacturing considerations.
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3. Results
In this section, characteristics from the overlapped HAD DRAs are compared. Al-

though this analysis is performed theoretically, note that the OA architecture has been
implemented and measured. Simulation results presented in this paper and performed
with MATLAB 2021a are in line with practical implementation. In Appendix A, pictures of
the built panel are presented for the reader’s curiosity. Note that the simulated radiation
patterns were consistent with the measured results.

3.1. Antenna Characteristics
3.1.1. Radiation Patterns

We next study the radiation pattern characteristics associated with the three antenna
architectures (NO, OA, and OS). This study focuses on scanning a spot beam (produced
by the entire array and the combination of ABFNs and DBFNs) within a regional beam
(produced by each subarray and the associated ABFN). As depicted previously in Figure 1,
a set of regional beams is needed to achieve the full Earth coverage. Scanning at the DBFN
inside a broad ABFN beam therefore provides some sub-coverage characteristics.

To conduct this study, the impact of ABFN tapering must be considered. Tapering
reduces side lobes and suppresses grating lobes in the spot beam, enhancing gain stability
during scanning. However, this comes at the cost of reduced main beam gain, particularly at
broadside. Therefore, ABFN tapering involves a trade-off between scan loss and peak gain.
An optimal taper minimizes scan loss while preserving high gain at the spot beam level.

In the remaining, the optimal tapering for the ABFNs are selected. The best compro-
mise (obtained through exhaustive simulations) is a 6 dB taper for NO and OA configura-
tions and a Taylor taper with a −32 dB side lobe level for the OS.

Figure 5 shows the pattern produced by the three architectures for a spot beam in the
same position. Several observations can be made:

• The NO and OS architectures produce grating lobes at the same positions.
• The grating lobes of the OA architecture largely overlap with the even grating lobes of

the NO architecture. However, at the odd grating lobe position of the NO (and OS)
architecture(s) the OA architecture produces a null. This is due to the grating lobe
suppression. At the even grating lobe level, which also includes the main lobe as the
0th-order one, the gain is increased by 0.5 dB compared to the NO configuration.

• The grating lobes of the OS architecture are overall at lower levels. This is a known
feature for this class of architectures [19].

• For overlapped architecture scanned with a fixed non-adaptive taper at the ABFN,
the grating lobes cannot be totally suppressed. Although a null could be enforced at
the grating lobe position along a given scanning direction, the multibeam generation
context prevents nulling control for every single beam. Indeed, such an operation is
implemented on-board the DTP and is unaffordable for thousands of beams generated
simultaneously. In this frame, a reduction in or partial suppression of the grating lobes
is targeted.

The OA strategy leads to inherent suppression of a subset of the original grating lobes
associated with the spot beams. This can be seen since the original lattice of subarrays in
the NO configuration is a square grid but the shift by half the size of a subarray in the OA
configuration implies the creation of an isosceles lattice, which is twice as close than in
the NO configuration along one direction. This ensures that the grating lobes along one
direction are twice as far apart. The grating lobe position remains unchanged along the
other orthogonal direction. Effectively every other grating lobe is suppressed, marking a
shift from a square lattice of grating lobes for the NO architecture to a triangular lattice for
the OA one.
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Figure 5. Simulated radiation patterns of the different architectures considered for a scan at 0.5° along
θ and a cut along ϕ = 0°. In black, radiation pattern of the reference NO. In blue, OA. In red, OS.

For OS (corresponding to the state-of-the-art overlapped architecture), the width of
the regional beam associated with the subarray is narrower than in the NO (and OA)
configurations. This is because the subarray size is increased. At the same time, the lattice
associated with the subarrays and the DBFN level in OS is the same as in NO. Consequently,
the grating lobe position is the same as in the NO architecture. However as discussed
in [19], the magnitude of the grating lobe is reduced by about 5 dB. The gain at the main
lobe is increased by 0.5 dB compared to the NO configuration. In terms of side lobes, their
level is also overall drastically reduced for the OS case. The position of the subarray null
is responsible for the grating lobe mitigation. Indeed, the subarray pattern modulates the
level of the grating lobes. Here, the first-order grating lobe at −1.85◦ is situated inside a
secondary lobe of the subarray pattern. When the main beam is steered further to broadside,
the grating lobe is equally displaced. When close to the subarray pattern first null, the
grating lobe is totally attenuated. However, when the narrow beam is scanned at the edge
of the subarray pattern main lobe, the grating lobe appears inside the same lobe. It is
therefore not mitigated anymore. The attenuation of grating lobes with the OS technique
depends on the scanning direction and ranges from no attenuation to total suppression.
These observations are in line with [17–19].

In conclusion, both OA and OS bring advantages in terms of partial grating lobe
mitigation and, in the case of OS, overall side lobe suppression. Note that the mitigation in
the presented scanning case is 5 dB for OS at all grating lobe levels (corresponding to the
state-of-the-art technique [17–19]) and changes depending on the scanning direction. For
OA, the odd grating lobes are totally suppressed and the even ones are increased by 0.5 dB.
A more quantitative comparison is performed in Section 3 where the three antennas are
resized to produce an equivalent radiating aperture and similar requirements for DBFN
processing. The next subsection provides some more insight on the radiation characteristics
described above.

3.1.2. Amplitude and Phase Distribution

Since the far field of a DRA is obtained as the Fourier transform of the radiating
aperture, it is insightful to study their radiation pattern characteristics in light of the
amplitude and phase distribution across the array. Although there is a strong interaction
between the two, the phase distribution is strongly linked with the grating lobe generation
while the amplitude distribution can be critical when it comes to aperture efficiency. We
first study the phase distribution across the three architectures and then move to the
amplitude distribution.
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For a very ideal case of a fully digital DRA architecture, there is no grating lobe while
scanning the beam as long as there is a smooth phase variation across the aperture. In
practice the phase is quantized by the size of the radiating elements, but otherwise there are
no other major constraints since each element is fed by a digital port controlling its phase.
The steering of the beam is performed such that the fully digital case is considered without
grating lobes. Indeed, within the field of view, the architecture with 3.2λ radiating elements
does not bring such interference. This can be referred to as the ideal case, as defined in
Figure 6a.

Figure 6. Phase distribution across the radiating elements for a scan at θ = 0.5° along ϕ = 45° for
all overlapping methodologies. (a) Corresponds to the fully digital architecture, (b) is the hybrid
beamformed DRA (NO), (c) is OA, and (d) is OS.

When introducing the hybrid beamforming scheme NO, subarrays are seen as large
radiating elements at the digital level, therefore implying a coarse quantization of the
phase (one phase per subarray). The phase is less smooth and more significant grating
lobes are observed. In the case presented in Figure 6b, the NO architecture is composed of
12 × 12 subarrays. While scanning along the diagonal ϕ = 45° at θ = 0.5°, a quantization
per subarray occurs along the azimuth and elevation axes. Then, the total quantization is
12 × 12 = 144 steps for the phase.

For the OS case, Figure 6d, a drastic reduction in phase quantization is observed. Be-
cause subarrays are overlapped at 1:3, it is observed that for one subarray at the center of the
architecture along one direction, there are three steps. Equalizing these steps is performed
by the 1:3 overlap, and therefore geometrically justifies the optimal parameterization in
terms of grating lobe mitigation. At the edges, there are two steps since the subarray is not
overlapped along all the directions. The quantization can be explained by the following:
when subarrays are extended, radiating elements at the edge of the subarrays are fed by
several subarrays that are not in phase coherence. While scanning along the diagonal
ϕ = 45°, the total quantization is (12 × 3 + 2 × 2)× (12 × 3 + 2 × 2) = 1156 phase steps.
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The expression of the phase quantization related to the array factor of the OS technique
is given in (6), from (4). As depicted, there is the summation of three terms as the modeling
involves the contribution coming from three subarrays along each direction. Position-
dependent feeding is translated by δ functions, which is equal to 1 when the input condition
is verified and 0 otherwise. The first element of the sum represents the subarray contribution
on the left/top, the second that of the inner subarray, and the last term that of the right
one/bottom one. Note that the shift between neighbour subarrays is achieved with a shift

of
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K e−j 2π
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)] (6)

where K represents the number of subarrays contributing to a radiating element: either one,
two, or four. The phase uABFN denotes the initial scanning of the subarray pattern at the
ABFN. As observed, the three terms are not in phase coherence.

The grating lobe reduction occurs for the sum of these contributions, becoming lower
than the non-overlapped expression.

The final expression emphasizes the tapering created with the phase offsets. Here,
however, the grating lobe attenuation depends on the scanning direction within the sub-
array broad beam, as deduced by the presence of the initial phase from the ABFN in the
equation. As observed, the attenuation is present for all grating lobes until u points situated
at the edges of the subarray pattern, where the phases from the edges of the subarrays
become equivalent (i.e., close to −π and π) and cancel the quantization.

In the OA configuration, illustrated in Figure 6c, each subarray within a layer under-
goes a single phase quantization. However, the two layers are not phase-coherent, which
enables the effective suppression of odd grating lobes. This lack of coherence is reflected in
the phase quantization process, where the number of phase steps per subarray is effectively
doubled along a given direction. Consequently, along the 45° direction, the total number of
phase quantization steps amounts to (12 × 2)× (12 × 2) = 576. A summary of the phase
quantization values for the different configurations is provided in Table 1.

Table 1. Number of phase steps at radiating element level for NO, OS, and OA.

Architecture Number of Subarrays Phase Steps

NO 144 144
OA 313 576
OS 144 1156

Mathematically, the relationship between phase quantization and grating lobe mit-
igation for OA can be expressed as (7). As depicted, the demonstration of grating lobe
mitigation is performed at the DBFN level. It is known that, for OA, the additional ABFN
devices connected to one radiating element are all shifted by half the size of a subarray
along the two Cartesian directions. Therefore, this is translated in the equation by the sum
of two terms. The first one represents the inner ABFN devices from the non-overlapped
subarrays, and the second is the shifted ones. The exact translation is mathematically equal
to ( nxdxλ

2 , nydyλ
2 ), as represented.
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AOA(u, v) = E(u, v)∑
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The grating lobe position is related to the size of the subarray in (8).

2πnxdxλ
λ (up − uDBFN) = 0[2π]

up = uDBFN + p
nxdx

with p = 1, 2. . . nu
(8)

Symmetrically we can have the formula along the other axis in (9).

2πnydyλ
λ (vq − vDBFN) = 0[2π]

vq = vDBFN + q
nydy

with q = 1, 2. . . nv
(9)

When evaluating the radiation pattern at this specific position, it can be shown for OA
that the phase opposition creates a cosine thanks to the Euler formula in (10).
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Nsubx ,Nsuby
l,k

[
WDBFNlk F(up, vq)

e
j 2π

λ

(
Xsubl

(up−uDBFN)+Ysubk
(vq−vDBFN)

)
e±j π

2 (p+q)

cos
(

π
2 (dxnx(uDBFN + p

nxdx
− uDBFN)± dyny(vDBFN + q

nydy
− vDBFN))

)]

AOA(up, vq) = 2E(up, vq)∑
Nsubx ,Nsuby
l,k

[
WDBFNlk F(up, vq)

e
j 2π

λ

(
Xsubl

(up−uDBFN)+Ysubk
(vq−vDBFN)

)
e±j π

2 (p+q) cos
(

π
2 (p + q)

)]

(10)

The parity of the cosine function implies that odd p ± q orders are multiples of π
2 .

It therefore generates a perfect null instead of a grating lobe. For an even p ± q grating
lobe, there is a factor 2 that comes from the Euler formula related to the phase opposition
between ABFNs. Hence, the even grating lobe levels are increased. For OA, it is therefore
demonstrated how the phase opposition completely mitigates the odd grating lobes.

These results align with the previously discussed grating lobe characteristics. The
architecture that achieves the most effective grating lobe suppression also exhibits the
highest phase quantization resolution. In particular, the OS configuration demonstrates a
significant improvement in phase quantization, leading to superior grating lobe mitigation.
Meanwhile, as previously noted, the OA configuration inherently suppresses odd grating
lobes due to the structure of its subarray lattice.

It is noted that the digital complexity is higher for OA compared to NO and OS. The
fair comparison is investigated in the regional coverage area subsection.

In terms of aperture efficiency, optimal performance for a coherent aperture is achieved
when the power distribution across the array is uniform. In the reference hybrid beam-
forming configuration (NO), this condition is met by applying a uniform taper at both the
ABFN and DBFN levels. However, in the OA and OS architectures, individual radiating
elements are excited by multiple subarrays, which, in the case of scanned beams, are not
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phase-coherent. This lack of coherence introduces amplitude variations across the aperture,
disrupting the uniformity of the power distribution.

As a result, it is no longer necessary to impose a uniform taper at the subarray
level to achieve an overall uniform taper in the overlapped architectures. The inherent
signal superposition from multiple subarrays naturally contributes to a more uniform
amplitude distribution across the aperture, albeit through a different mechanism than in
the NO configuration.

Figure 7 presents the amplitude distribution for a broadside (nadir) beam across the
three antenna configurations under study. At broadside, all radiating elements are in phase,
and thus the configuration with the most uniform power distribution yields the highest
gain. In the OS configuration (Figure 7c), the amplitude variation reaches 2.4 dB, while the
OA architecture (Figure 7b) exhibits a lower variation of 1.1 dB. The improved uniformity
in the OA configuration explains the observed gain enhancement at the main beam, as
shown in Figure 5, despite the presence of more pronounced grating lobes, as indicated by
the phase analysis.

Figure 7. Amplitude distribution across the radiating elements at nadir for all overlapping method-
ologies. (a) Is the NO configuration with a 6 dB taper at the ABFN, (b) is a 6 dB taper for OA at the
ABFN, and (c) is a −32 SLL Taylor taper for OS at the ABFN.

Further discussion on aperture efficiency under beam scanning conditions is provided
in the following subsections.

3.2. Regional Coverage Area

The objective of this subsection is to define an optimal regional coverage area for
every architecture within which spot beams can be generated. For a telecommunication
application an objective is the generation of multiple regional beams simultaneously to
maximize coverage. Moreover, frequency reuse at each regional beam is desired [18]. In
terms of the digital processor, generating several regional beams multiplies the digital
complexity associated with a single regional beam by the corresponding number of beams.



Appl. Sci. 2025, 15, 10216 15 of 24

Therefore, each regional beam should be as broad as possible. Optimum regional coverage
seeks to satisfy the following two requirements:

• The scan loss within the coverage is limited; i.e., a high gain is maintained for all spot
beams within one of the regional coverages.

• The interference within the area is low; i.e., there are no high-level grating lobes within
the regional area.

In order to benchmark the three antenna architectures in terms of these characteristics,
we re-design the three antennas so that they have a similar number of digital controls and
the same radiating aperture such that the digital complexity is equal. The updated NO,
OA, and OS antennas are described in Table 2.

Table 2. Compared architectures and associated digital controls (DCs).

Architecture Total Radiating
Aperture

Number of
Subarrays Number of REs per Subarray Digital Controls

NO 9216 12 × 12 = 144 8 × 8 144
OS 9216 12 × 12 = 144 (2 + 8 + 2)× (2 + 8 + 2) 144
OA 9216 8× 8+ 9× 9 = 145 12 × 12 145

For OS, it is noted that the number of REs per subarray is given for a subarray in the
middle of the architecture. Otherwise, the size is slightly smaller at the edges for OS because
the subarray is extended only along some directions. All architectures are defined with
optimal characteristics. For OS, the chosen overlap is 1:3. For OS, the radiating elements
at the edge of the aperture (fed by one subarray) are truncated. These settings guarantee
a comparison between NO, OS, and OA configurations with, respectively, 144, 144, and
145 digital controls (DCs). Furthermore, the ABFN tapers are chosen such that the ratio
between the gain degradation and the scanning performances is well-balanced. OA is
used with a 6 dB taper while a strong Taylor taper is required for OS. The one applied
corresponds to −32 dB SLL. For NO, a 6 dB tapering is applied as it has a low impact on the
scanning performances. These optimum values have been obtained following exhaustive
simulations. A uniform DBFN taper is applied for all architectures.

3.2.1. Scanning Performance

First, scan losses are studied for one regional beam fixed at nadir. A reference gain
Gref = 61.76 dB is set for this radiating aperture, corresponding to a uniform power across
the radiating elements in phase (beam pointing at nadir). The spot beam is steered along
azimuth ϕ for successive increasing elevation angles θ at the DBFN level.

The scan loss threshold is defined based on a 3 dB reduction relative to the reference
gain, Gref. This specific threshold is selected to meet telecommunication system require-
ments. In the context of GEO satellite communications, the free-space path loss is relatively
low, allowing for a 3 dB gain reduction without significantly impacting link performance.
As such, maintaining the gain within this threshold ensures comparable performance
between nadir and broadside beam directions.

Once the scan loss threshold is reached, the main beam is steered to a new azimuth an-
gle, ϕ, incremented by 1◦, and the process is repeated iteratively to cover the full azimuthal
range. For each azimuth angle ϕ, the corresponding elevation angle θlim is defined as the
maximum elevation at which the gain remains within 3 dB of the reference value, Gref.

The resulting values of θlim across all azimuth directions ϕ are presented in Figure 8
for the NO, OA, and OS configurations. This boundary defines the “scanning range” of
each architecture. It is important to note that the A and B axes in the figure correspond to
the Earth-projected directions of azimuth angles ϕ = 0◦ and ϕ = 90◦, respectively.
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Figure 8. Scanning range for which the gain loss is less than 3 dB, applied to OS, NO, and OA.

As shown, the three curves have different geometries. The OA configuration has the
best scanning performance along the principal axes ϕ = 0° + k π

2 , k ∈ Z and the worst
along the diagonal ϕ = 45° + k π

2 , k ∈ Z. Compared to NO, OA exhibits a lower scanning
range along the diagonal directions. This behavior is attributed to the suppression of
the odd-order subset of grating lobes. Along the principal axes, the first-order grating
lobe is entirely eliminated, thereby reducing power leakage into undesired directions.
Along the diagonal, however, the radiated power is redirected into the even first-order
grating lobe. Due to power conservation, this lobe exhibits a higher directivity compared
to the corresponding case in the NO configuration. This phenomenon is further examined
through simulations and analytical modeling in the following subsection.

In the OS configuration, the scanning range is higher than NO along all azimuthal
directions. As already detailed, the grating lobes are all reduced compared to a non-
overlapped configuration, which implies less power leakage to interfering lobes.

Compared to the NO configuration, both overlapping techniques demonstrate a no-
table improvement in scanning surface coverage. Specifically, the OA architecture achieves
a 31.4% increase, while the OS configuration yields a 38.0% enhancement. Consequently,
OS emerges as the most effective strategy for improving scanning performance, offering a
6.6% gain area over OA. When considering the primary objective—maintaining scan loss
within acceptable limits across the regional coverage area—the OS configuration delivers
the best performance, while maintaining a comparable level of digital complexity.

Note that the scanning range exhibits similar behaviors when steering the regional
beam at broadside, except for a slight distortion of the scanning range shape along the
scanning direction. Nevertheless, the areas remain equal to the ones observed at nadir.

Next, the gain characteristics within each coverage region are investigated. The
cumulative distribution function of the gain within the respective scanning range areas
is given in Figure 9. Different thresholds, Gref − 0.5 dB, Gref − 1 dB, and Gref − 3 dB, are
considered to have an impact on the gain decrease behavior. The function is a collection
of all the main beam gain values sorted inside the main regional area previously defined.
This issues the achievable radiating aperture for every architecture inside a given coverage
with the same constraints.
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Figure 9. Cumulative distribution function of the gain within the scanning range area for all architec-
tures. Scanning range area defined for Gref − 0.5 dB, Gref − 1 dB, and Gref − 3 dB.

The gain at nadir is the best for OA, which is higher than NO by 0.11 dB, passing from
60.62 to 60.73 dB. For the 0.5 dB threshold, the gain is always better than the two other
cases. When increasing the threshold to Gre f − 3 dB, 30.0% of the gain values for OS are
higher than OA. On the other hand, the worst gain at nadir is shown for OS with 60.52 dB.
Compared to NO with a 6 dB taper, a 0.10 dB drop is observed. Despite this observation, the
gain decrease is slow, until significantly dropping. An enhancement of 0.30 dB compared
to NO for the 3 dB threshold is observed as an average improvement for OS. For OA, this
improvement is 0.36 dB, and thus it brings the best gain performance within the coverage.
If compared to a non-overlapped architecture comprising an isosceles lattice of subarrays
twice smaller, the added value of the OA configuration is related to the scan loss. Indeed,
the gain is maintained thanks to the contribution of power coming from two layers of tiles.
Because the two layers are not in phase coherence, the power switches from one layer to the
other while scanning. This effect occurs only because of the contribution of two subarrays
per RE. The improvement in the gain is a consequence of the overlapping technique and
therefore brings an added value in terms of scanning performance.

This improvement is correlated with the phase quantization for OS. Indeed, as already
discussed, the OS strategy improves the number of phase steps by a factor of 3. When
moving closer to nadir, the improvement is proportional to the ratio between the number
of phase steps for OS and that for NO. When scanning further, however, it has been shown
that the grating lobes are no longer attenuated. This attenuation depends on the size of the
inner subarray. Hence, the improvement brought by OS compared to NO as shown in the
experiment is reliable.

For OA, contrary to OS, the grating lobe improvement is independent on the scanning
direction. Therefore, the odd grating lobes remain fully removed and the even ones
equally increased. As depicted in Figure 8, the improvement in terms of scanning surface
is maintained when scanning further to nadir compared to OS where the improvement
drastically decreases.
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As a conclusion, in terms of scanning performance, OS enables scanning further, and
OA has the best gain within the defined area. The overlapping strategies are all efficient
by guaranteeing a broader regional beam and hence lowering the digital complexity of
the hybrid beamforming scheme over a full Earth coverage. Furthermore, the gain is also
improved inside the regional areas defined by the scan loss, therefore initiating a step
further towards high-throughput requirements.

3.2.2. Grating Lobes

So far, the properties of both overlapped arrays have been studied in the context of
the scanning performance they produce and the gain they can reach. It is necessary for
a regional area to have a low scan loss within it. Nevertheless, the main consequence of
hybrid beamforming is the introduction of grating lobes, initiating interference over the
Earth field of view. The objective of the regional beam coverage definition is to avoid
the presence of grating lobes inside each regional beam. The next objective is to define a
coverage with a minimum interference ratio. To guarantee this, the coverage needs to avoid
the presence of grating lobes within the area. In this configuration, grating lobes can be
processed thanks to beam hopping between neighbour ABFN beams. The position of the
grating lobes can be theoretically set for a non-overlapped array and then deduced for the
overlapped cases. The array factor theory from [29] is adapted with the use of subarrays and
states the position of interfering lobes at (u0 +

p
nxdx

, p = 1 . . . up, v0 +
q

(nydy)
, q = 1 . . . vq)

in the (u = cos ϕ sin θ, v = sin θ sin ϕ) coordinate system. Such a formulation implies that
the grating lobe position depends on the size of a subarray.

For OS, extending the subarray keeps the grating lobe lattice unchanged as the position
of the subarray feeds remains the same. Knowing the size of the inner subarray in the
OS case, it is possible to state that the distance between the main lobe and the interfering
grating lobe is 2.24° along the azimuth direction ϕ = 0° and 3.17° along the diagonal
ϕ = 45°. For OA, the first-order grating lobes are mitigated along the axis and not along
the diagonal. The first grating lobe along ϕ = 0° is therefore situated 2.98° away from the
main lobe while the ϕ = 45° one is 2.11° away.

The lattice of grating lobes for the overlapped subarray architectures is investigated
in Figure 10. Two directions are studied: ϕ = 0°, where OS has proven to give the least
scanning improvement and OA the best one, and the diagonal ϕ = 45° along which the
contrary is observed. Both cases are studied while scanning at their respective 3 dB limit
along the aforementioned directions. The frame plot is limited such that grating lobes close
to or inside the regional beams are shown. A high-level one is identified as a grating lobe
that is less than 20 dB lower than the main lobe. Note that the grating lobe lattice can also
be observed along any azimuth directions. For brevity, the investigation is limited to the
two critical directions observed in Figure 8.

In terms of grating lobe count, for the azimuth angle ϕ = 0◦, the OS configuration
exhibits a single grating lobe, whereas the OA configuration presents two. Although the
grating lobes in the OA case are slightly closer to the main beam, their amplitude is lower.
This behavior is a consequence of power conservation: when the scan loss reaches 3 dB,
approximately half of the power is diverted from the main beam. In the OS configuration,
this results in a single grating lobe with an amplitude nearly equal to that of the main lobe.
In contrast, the OA configuration distributes this power between two grating lobes, each
with a lower amplitude.

Moreover, the grating lobes generated in the OA configuration are located outside the
main lobe of the area beam. As the beam approaches the edge of the coverage area during
scanning, power is progressively transferred into these side lobes, rather than remaining
concentrated within the main beam.
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Figure 10. Two-directional radiation patterns of OA and OS for scans along ϕ = 0° and ϕ = 45° at the
values θlim imposed by the respective 3 dB scan losses.

Along the diagonal direction (ϕ = 45◦), the OA configuration exhibits a single grating
lobe with significant gain. This is a direct consequence of the overlapping methodology,
which enhances the levels of all even-order grating lobes. Combined with the suppression
of odd-order grating lobes, this behavior also contributes to the characteristic shape of the
scanning range.

Nevertheless, it is important to note that the resulting grating lobes remain outside
the defined scanning coverage area. As a result, they do not introduce interference within
the intended coverage region.

For the OS configuration, three grating lobes are observed along the diagonal direction
(ϕ = 45◦), each exhibiting a lower amplitude than those in the OA configuration. The
reduction in diagonal grating lobe levels, enabled by the overlapping strategy, justifies
the more square-shaped scanning range observed in this case. However, it is important to
note that a portion of these grating lobes lie within the regional coverage area, introducing
potential interference.

This limitation constrains the effective coverage of the OS configuration. Specifically,
when the beam is steered toward the edge of the subarray pattern, the grating lobe and the
main lobe are no longer separated by a null in the subarray response. As a result, complete
grating lobe suppression becomes unachievable. Consequently, the maximum achievable
coverage for the OS configuration is ultimately limited by the position of the grating lobes,
rather than by the scan loss threshold.

The results in terms of scanning performance versus digital complexity are summed
up in Table 3.

To define a regional coverage without interference for OS, the idea is to truncate the
scan loss area such that the interfering lobes are situated outside the coverage. This implies
withdrawing half of the beamwidth on each side of the defined area, hence preventing
beams from being generated at grating lobe positions. Then, instead of scanning at θ = 1.12°
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along the axis, the maximum range is 0.95°, considering a half beamwidth of 0.172°. Along
the diagonal, it is reduced to θ = 1.22°. The shape is kept as it enables a larger area to be
covered. Compared to NO, where the grating lobes are also outside the scanning range area,
it still implies an improvement of 27.6%. However, a reduction of 3.8% occurs compared
to OA.

Table 3. Performance benchmark of the architectures.

Architecture Number of RE Digital Controls GL Level Gain
Improvement

Scanning
Improvement

NO 9216 144 ref +0 ref
OS 9216 144 −inf to 0 +0.35 dB 28%

OA 9216 145
−inf for odd GL,

+0.5 dB for
even GL

+0.5 dB 31%

4. Discussion
Ultimately, the optimal regional coverages in terms of scanning performances and

interference mitigation have been defined for all architectures. For the OA strategy, the
limitation is due to scan loss in order to define a regional coverage. For OS, the main issue
is the partial mitigation of the grating lobes that prevents benefiting from a larger scanning
area. As a result, even if both strategies guarantee a favorable improvement in the regional
coverage as compared to non-overlapped strategies implying periodic HAD DRAs, OA has
the largest range for defining beams with the highest gain. This architecture is therefore
more practical for regional beam implementation.

Table 4 is given to sum up the hardware versus performance trade-off for the overlap-
ping strategies compared to the non-overlapped technique. The advantages and drawbacks
are also shown. As depicted, the number of connections required for OA makes the system
more complicated to build than it seems. However, it is uniformly two connections per
RE. For OS, building the panel is trickier, as elements in the corner are connected to four
REs, while one and two connections appear at the centre and at the edges of the subarray,
respectively. This requires not only different types of amplifiers but also power dividers. It
also raises the uncertainty likelihood associated with the different devices. The thickness
and hence the weight is increased, which can potentially cause troubles when deploying
the antennas. Considering the improvement brought by overlapping, it is worth noting
that there is a compromise between increasing the regional area and keeping a simple
hardware scheme.

Table 4. Compared architectures and associated trade-offs.

Architecture Scanning Improvement Hardware Cost and
Manufacturing Trade-Offs

NO ref ref

OS 28% 3 types of power dividers, connecting each
element carefully depending on its position

OA 31% thicker array, more connections across the
overlapped and non-overlapped devices

For OS, another drawback is the scanning dependence of the grating lobe mitigation.
The grating lobes are not attenuated close to the edge of the subarray pattern. For OA, all
odd grating lobes are fully suppressed independently of the scanning direction, which is
more convenient for predicting interference areas for satellite communications. However,
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given that this mitigation is led by a phase-tapering effect, it is worth noting that overlap-
ping is a questionable technique. If the cost of the antenna is raised, one should expect a
proportional improvement in terms of performance. Hence, the choice of overlapping for
periodic antenna architectures strongly depends on the cost and choice of the hardware
devices. Note that new technological developments could also lead to lower device costs
and make overlapping more beneficial.

This study has provided an overview of fully periodic HAD DRAs incorporating
overlapping techniques. However, future investigations may need to consider non-periodic
HAD DRA architectures. Introducing sparsity into an otherwise periodic HAD DRA
is theoretically feasible, but it would significantly increase mechanical complexity. In
particular, the mechanical deployment of large, sparse HAD DRAs presents substantial
challenges, especially in achieving optimal partitioning.

One potential compromise could involve a semi-periodic architecture—for example,
periodic clusters of overlapped subarrays arranged within a sparse configuration. While
the implementation of such a system remains technically demanding, it opens the possi-
bility of optimizing subarray partitioning based on contextual constraints specific to GEO
broadband communication systems and multibeam generation requirements. To the best
of the authors’ knowledge, this topic with so many constraints has not been addressed yet.

Up to this point, the analysis has focused on the generation of a single beam at a
time. However, for multibeam applications, an additional challenge arises concerning
the optimal layout that can be achieved with this class of antennas. A key advantage of
periodic HAD DRAs is their ability to produce a periodic null lattice in the radiation pattern
associated with narrow beams. This property was previously investigated by the authors
in [30].

One of the main conclusions from that study is that the maximum number of simulta-
neously generated beams is fundamentally limited by the angular distance between the
main beam and its first null. In the case of periodic HAD DRAs, this relationship is straight-
forward, as the nulls are well-defined and regularly spaced. This predictable structure
allows for beam placement strategies that inherently minimize inter-beam interference,
thereby reducing or even eliminating the need for digital precoding.

This observation is particularly significant, as it enables a reduction in onboard digital
complexity, easing the computational burden on signal processing units and making the
architecture more scalable for multibeam satellite communication systems.

If future studies consider semi-periodic HAD DRA architectures with alternative
partitioning strategies, the resulting beam layouts may exhibit nulls that are less well-
defined compared to the fully periodic case. This lack of regularity implies that inter-beam
interference is no longer inherently suppressed and would require digital precoding to be
effectively mitigated.

In scenarios where no precoding is applied, a degradation in system throughput is
expected relative to periodic HAD DRAs due to increased interference between beams.
However, if precoding is employed, spatial sparsity techniques could be leveraged to opti-
mize performance. However, note that the digital complexity associated with processing
units on-board the satellite could bring potential limitations to such use (especially for
thousands of beams generated simultaneously).

5. Conclusions
A comparative benchmark has been conducted between two regular hybrid beam-

formed direct radiating array architectures employing overlapping techniques. These
two approaches offer distinct mechanisms for mitigating interfering grating lobes. The
first technique involves extending subarrays along all four Cartesian directions, which en-
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ables partial isolation of the main beam from adjacent grating lobes. The second technique
introduces an additional layer of tiles, offset by half the subarray size along the principal
Cartesian axes. This shift transforms the grating lobe lattice into a triangular configuration
due to the relative displacement between the inner array and the overlapping layer.

The extended subarray architecture entails increased hardware complexity, as it re-
quires additional interconnections, resulting in significant power variation across the
radiating elements. In contrast, the shifted-layer approach introduces greater digital control
complexity, as more tiles must be managed by the on-board processor. Despite these differ-
ences, both architectures demonstrate strong scanning performance. For telecommunication
applications, they maintain high gain across an extended regional beam coverage.

It has been shown that the performance of the extended subarray technique is ulti-
mately constrained by the partial mitigation of grating lobes at the boresight. Conversely,
in the shifted-layer configuration, scan loss becomes the primary limiting factor. Therefore,
the latter approach is more suitable for broadening regional beam coverage while mini-
mizing digital complexity at the processor level, particularly in scenarios requiring full
Earth coverage.

For future work, a comprehensive benchmark should be conducted under varying traf-
fic demand conditions to identify the optimal architecture for interference mitigation—not
only at the level of a single regional beam but across the entire lattice of regional beams.
In such cases, the extended subarray technique may offer superior performance when
regional beams are closely spaced.

6. Patents
The OA architecture in this paper is included in a patent from Thales Alenia Space,

France, in October 2021.
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Abbreviations
The following abbreviations are used in this manuscript:

RF Radio Frequency
LEO Low Earth Orbit
MEO Medium Earth Orbit
GEO Geostationary Orbit
DRAs Direct Radiating Arrays
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DBFN Digital Beamforming Network
ABFN Analogue Beamforming Network
HBFN Hybrid Beamforming Network
HAD Hybrid Analog–Digital
AFR Array-Fed Reflector
SSPA Solid-State Power Amplifier
DTP Digital Transparent Processor
FFT Fast Fourier Transform
FOV Field Of View
RE Radiating Element
OS Oversized Subarrays
OA Overlapped Arrays
NO Non-Overlapped Arrays
SL(L) Side Lobe (Levels)
GL Grating Lobe

Appendix A. Measurement Set-Up

Figure A1. Measurement set-up for the OA strategy, courtesy of Thales Alenia Space, France.
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