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Abstract: Satellite communication (satcom) is experiencing increased interest to cover the connectivity
gaps of terrestrial networks. To ensure high performance and throughput for the user—and even
more so in Communications-On-The-Move(COTM) systems, e.g., in aeronautics—steerable antennas
such as phased arrays are required to adjust the beam so as to follow the satellite’s trajectory. The
mutual movement of terminals and satellite in COTM systems calls for a broad Field of View (FoV)
and, hence, poses a challenge to common planar systems. For improving the FoV, common solutions
require ad hoc designs, such as multi-mode antennas, wide half-power-beamwidth antennas or
metasurfaces. By contrast, 3D arrays are able to cover a wider angular region by the 3D allocation
of the antennas. In this paper, the benefits and drawbacks of moving from 2D (planar) arrays to 3D
phased arrays are investigated. Multiple geometrical configurations are analyzed, keeping in mind
the size requirements of aeronautic terminals. The best configuration is, hence, an array capable of
enhancing the FoV of the terminal. The proposed antenna architecture offers a good trade-off between
design complexity and performance, and it could be further developed to become an aeronautic-grade
terminal aperture.

Keywords: phased array; satcom; Ka-band; 3D array; COTM

1. Introduction

In recent years, satellite communication (satcom) has been emerging as a key technol-
ogy for bridging the digital divide. Satellites orbiting in space are used to bring connectivity
to rural areas and where the terrestrial network is missing.

While major effort has been undertaken on the space side and commercial constel-
lations are already present, on the user side, the ground terminal still appears to be a
bottleneck due to the difficulty in meeting hard requirements while having to retain low
Size-Weight-Power-Cost (SWaP-C). In order to provide a high performance service to the
user, with capabilities comparable to the terrestrial 5G network, high directivity antennas
are required. However, the choice of orbit has an impact on the achievable performance: in
the case of a GEosynchronous Orbit (GEO), the satellite does not move with respect to the
Earth user, and the antenna only needs to be steered when in motion. On the other hand, in
Low Earth Orbit (LEO), which offers relatively low latency compared to GEO, the satellite
moves at a speed that depends on its altitude; therefore, the user terminal must steer to
follow the satellite’s trajectory. In mobility applications, this becomes even more critical, as
the antenna is placed on a moving platform (e.g., airplane, car, train, etc.). Especially for
in-flight connectivity applications, a large FoV is needed to support GEO satellites above
the equator when the flight route is close to the poles.
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When dealing with antennas in mobility, the terminal is usually subjected to high
scan angles with performance degradation beyond ±60◦ [1]. Phased array antennas are a
suitable candidate for beam-shaping and beam-steering capabilities that avoid mechanical
components. However, planar phased arrays have a FoV that is limited by scan losses,
which are mainly dictated by the cosine radiation of conventional patch radiators.

Regarding State of the Art (SoA), different solutions for enhancing the scan range of the
phased array are intensively investigated. The different solutions are based on improving
the Half-Power BeamWidth (HPBW) of the array element [2–5] aiming to mitigate the
decadence in the scan range due to the element pattern. These solutions can extend
the FoV both in elevation and azimuth but they require ad hoc and complex design. In
addition to that, multi-mode/reconfigurable antennas [6–9] make use of elements that
can be reconfigured to generate different radiation beams. The phenomenon is exploited,
changing the radiation beam depending on the steering angle. The FoV is then subdivided
into multiple subspaces, each one assigned to a specific beam. However, these solutions
result in complicated ad hoc solutions for which the feeding network has to deal with
multiple input/output for selecting the right mode. In addition, planar steering is not
always supported, depending on the number of radiation beams the antenna is able to
generate and their distribution in space.

A further category of solutions includes metasurfaces such as the High-Impedance
Periodic Structure (HIPS) [10,11], Wide Angle Impedance Matching (WAIM) [12–14] solu-
tions and dielectric domes, such as radome [15–17]. These solutions require the design of
additional layers which often adds complexity to in-package solutions.

On the other hand, conformal arrays are an efficient solution for coverage extension [18–24],
but they cannot be manufactured through planar PCBs, resulting in complicated and expensive
dedicated manufacturing. By faceting the conformal array [25–28], the array can be easily
manufactured through planar PCBs faces. As result, complexity in design and manufacturing
can be easily reduced by keeping the performance acceptable.

In this paper, the authors present an analysis of the advantages and disadvantages of
different non-planar faceted architectures in the framework of satcom Communications–On–
The–Move (COTM) applications. A 3D phased array architecture is presented for mitigating
FoV limitation in planar phased arrays for COTM terminals. The paper extends the work
conducted in [29] by presenting an analysis of the cost and efficiency of different linear
faceted arrays. Minimizing the number of facets with the minimization of performance
degradation, the best linear candidate is extended to the 3D case.

The paper is organized as follows: the scenario is addressed in Section 2, the mathe-
matical formulation in Section 3 and the numerical results in Section 4. Finally, conclusions
are drawn in Section 5.

2. Scenario and Requirements: Communications On The Move (COTM)

In the following, a COTM scenario is described. In Figure 1, an example depicting
in-flight connectivity scenario is shown, with an antenna mounted on an aircraft fuselage.
When dealing with COTM applications, the antenna is subjected to high scan angles. In the
case of aircraft applications, when the flight route is close to the poles and GEO is used,
high steering angles are needed for ensuring a stable connectivity with the satellite above
the equator. However, usually the performance drops when the steering is outside the
range of ±60◦ [1].

With respect to the sketch in Figure 1, in (a), the antenna is able to catch signals from
LEO and GEO satellites. However, during the aircraft’s turn, both satellites disappear from
the antenna’s FoV. In the case of LEO, a handover to another satellite in the FoV is required,
while GEO remains outside the FoV.
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Figure 1. Pictorial representation of a satcom terminal suffering from limited FoV in mobility
applications: (a) the satellite is within the FoV of the satcom terminal, (b) the satcom terminal loses
connectivity with the established satellite while in motion, requiring a handover to another satellite.

Usually, the antenna’s FoV refers to the range of angles within which the carrier-to-
noise-ratio C/N allows for a reliable and robust communication [30]. In this work, the
FoV is computed by considering a scan loss of 3 dB and an axial ratio of <3 dB (with a
tolerance of 0.5 dB). The choice to include the axial ratio in the FoV calculation is motivated
by the prevalent use of circular polarization in satcom. When the axial ratio exceeds the set
threshold, both the circular polarized component and the overall C/N suffer degradation.
Additionally, selecting a directivity scan loss of 3 dB outperforms the conventional ideal
cos θ roll-off, ensuring satisfactory C/N values overall.

In the following, the definition of requirements and the reference planar array archi-
tecture are first presented.

The requirements for the array are listed in Table 1. A directivity of 40 dBiC is desirable,
with a scan range of ±70◦. As previously stated, the FoV is computed considering a
maximum directivity scan loss of 3 dB, which outperforms the traditional cos θ gain roll-off.
Moreover, an axial ratio of <3 dB is also required, with a tolerance of 0.5 dB.

Table 1. Summary of the main requirements.

Figure of Merit Value

Directivity, D(θ, φ)max ≈40 dBiC

Axial Ratio, AR(θ, φ)max <3 dB (tolerance 0.5 dB)

Scan Range >±70◦

Maximum Directivity Scan Loss 3 dB

A planar array composed of 60 × 60 elements spaced at λ/2 is considered as reference,
achieving a directivity of 42.3 dBiC. It is presented in Section 4. To enhance the FoV of
the reference planar phased array architecture, 3D geometries are explored and simplified
by faceting the conformal architecture. Indeed, given a 3D surface, its total surface area

S can be expressed as S = ∑
N f
n=1 Fn, where F denotes the discretization of the surface

via facets and N f denotes the total number of facets. In an ideal hemisphere, N f → ∞
and Fn=1,...,N f → 0. To find a suitable 3D architecture that can be easily manufactured, a
trade-off analysis is conducted, minimizing the number of facets N f . This way, the 3D
architecture can be easily manufactured using planar PCBs (the facets).

In the next Section, directivity and axial ratio are considered to estimate the total FoV,
and their computation for different 3D array geometries is explained.



Electronics 2024, 13, 310 4 of 16

3. Mathematical Formulation

In the following, the mathematical formulation is provided to the reader. For com-
puting the directivity and axial ratio of the 3D array, a flowchart of the methodology is
depicted in Figure 2. In the following, the different blocks listed here are presented:

• Geometry Definition: A specific 3D geometry is first created by defining the (x, y, z)n

positions for each antenna element. Moreover, rotation angles (θr, φr)
n are computed

for each element.
• Coordinate Transformation: The element pattern Ẽc

(
θ̃, φ̃

)
computed through full-

wave simulation is rotated for each element according to the rotation angles and
positions computed in the previous step.

• Array Performance Calculation: Directivity and axial ratio for the array at specific
steering angle (θs, φs) are computed.

Geometry
Definition

Coordinate
Transformation

Element Pattern

Steering Direction

Array Performance 
Calculation

Element Radiated Power

Figure 2. Flowchart of the directivity computation for a 3D array.

3.1. Geometry Definition

Given a specific 3D array aperture, the first step is to calculate positions (x, y, z)n

where n = 1, . . . , N represents the element index and N is the number of elements in
the aperture. Additionally, since we are not dealing with isotropic sources, the element
pattern must be rotated according to its position. To achieve this, rotation angles (θr, φr)

n,
respectively, in elevation and azimuth, are defined. A sketch of the coordinate system is
represented in Figure 3.

Figure 3. Sketch of the spherical coordinate system.

3.2. Coordinate Transformation

As previously mentioned, when dealing with non-isotropic and asymmetrical radia-
tion sources, the stand-alone element pattern Ẽc

(
θ̃, φ̃

)
=

{
Ẽx, Ẽy, Ẽz

}
∈ C must be rotated

according to its position under the rotation angles (θr, φr)
n. The complex far-field element

pattern Ẽc
(
θ̃, φ̃

)
is computed through a full-wave analysis in Ansys Electronics Desktop HFSS
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2022. For this analysis, a patch antenna radiator working in receive mode in the Ka-band is
designed and simulated. Element pattern and rotation formulation are presented next.

3.2.1. Single Element

An antenna designed for Ka-band satcom applications is presented [31] and is used as
reference in the next. As an example, the receiver band (17.7–20.2 GHz) [32] is chosen. It is
worth mentioning that this single element does not represent the final antenna solution but
acts as a quasi-real scenario (e.g., realistic simulated pattern). This scenario accounts for
the non-ideal hemispherical radiation of common patch radiators. Other types of antennas
may be investigated, particularly solutions integrating the TX and RX parts. Additionally,
mutual coupling and the integration of the antenna into an array are not considered in
this work.

The HFSS model of the patch antenna is shown in Figure 4. The antenna has 2 con-
nectors to stimulate double circular polarization, left-hand and right-hand (LHCP, RHCP),
which is typical in satellite communications. The respective far field used for array calcula-
tions is depicted in Figure 5 for both polarizations. In the numerical results, only one CP
polarization is considered for the sake of brevity, as both polarizations radiate a similar
far field.

LHCP

RHCP

Figure 4. HFSS model of the patch antenna working in the receive Ka frequency band and used as
element pattern for the array computation.
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Figure 5. Realized gain of the patch antenna for both LHCP and RHCP at φ = 0◦ (red and blue lines)
and φ = 90◦ (green and magenta lines).
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Indeed, it is worth mentioning that the patch exhibits asymmetrical radiation, deviat-
ing from the ideal hemispherical/isotropic radiation and its maximum value is 6.2 dBiC.
When compared with an ideal cosine distribution, the quasi-real radiation diverges sig-
nificantly. To compensate for the asymmetrical radiation, the element is rotated by 180◦

to ensure symmetrical steering along both axes. For rotation and array far-field computa-
tion, cartesian electric field Ẽc

(
θ̃, φ̃

)
=

{
Ẽx, Ẽy, Ẽz

}
is exported by HFSS. In this scenario,

Ẽc
(
θ̃, φ̃

)
corresponds to the non-rotated field (e.g., the antenna is looking at zenith), where(

θ̃, φ̃
)

are the spherical coordinates in the non-rotated coordinate system. It is worth em-
phasizing that the electric field has no information on impedance mismatch and radiation
efficiency. These losses are omitted in consideration of the fact that normalized directivity
is used as Figure of Merit (FoM) for FoV calculation.

3.2.2. Rotation

Considering Ẽn=1,...,N
c

(
θ̃, φ̃

)
= Ẽc

(
θ̃, φ̃

)
the same for all the elements (e.g., mutual

coupling is not considered), the element pattern is first sampled in cartesian coordinates as

x̃ = sin θ̃ cos φ̃ (1)

ỹ = sin θ̃ sin φ̃ (2)

z̃ = cos θ̃. (3)

The rotated far field is then computed for each antenna position as [33]

En
c (x, y, z) =

cos θn
r cos φn

r − sin φn
r sin θn

r cos φn
r

cos θn
r sin φn

r cos φn
r sin θn

r sin φn
r

− sin θn
r 0 cos θn

r

Ẽx(x̃, ỹ, z̃)
Ẽy(x̃, ỹ, z̃)
Ẽz(x̃, ỹ, z̃)

 (4)

and

(x, y, z) =

cos θn
r cos φn

r − sin φn
r sin θn

r cos φn
r

cos θn
r sin φn

r cos φn
r sin θn

r sin φn
r

− sin θn
r 0 cos θn

r

(x̃, ỹ, z̃)
(x̃, ỹ, z̃)
(x̃, ỹ, z̃)

, (5)

where (θr, φr)
n are the rotation angles for the nth element. The rotated electric field can be

converted back into spherical components and coordinates En
sph =

{
Eθ , Eφ

}n ∈ C as

En
sph(θ, φ) =

[
cos θ cos φ cos θ sin φ − sin θ
− sin φ cos φ 0

]Ex(x, y, z)
Ey(x, y, z)
Ez(x, y, z)

n

, (6)

where (θ, φ) are computed accordingly to

θ =
π

2
− atan2

(
z,
√

x2 + y2
)

(7)

φ = atan2(y, x). (8)

Electric field En =
{

En
LHCP, En

RHCP
}
∈ C can be expressed in LHCP, RHCP components

as [34]

En
LHCP(θ, φ) =

1√
2

(
En

θ − jEn
φ

)
, (9)

En
RHCP(θ, φ) =

1√
2

(
En

θ + jEn
φ

)
, (10)

which are sampled in a non-uniform grid and must be interpolated.
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3.3. Array Far-Field Calculation

The array far field is then analyzed by computing the array factor as [35]

AF(θ, φ) =
N

∑
n=1

wnejk{xn û+yn v̂+znŵ}En(θ, φ), (11)

where wn = αnejβn is the complex excitation for the nth element located in (x, y, z)n,
k = 2π/λ is the wavenumber defined at wavelength λ and (û = sin θ cos φ,
v̂ = sin θ sin φ, ŵ = cos θ) is the direction cosine.

As previously mentioned, since the two antenna connectors radiate similarly, the
LHCP case was chosen as an example for array calculations. Similar results can be achieved
by considering the RHCP case. In this scenario, the LHCPs correspond to the co-polarized
and the RHCP to the cross-polarized fields.

3.3.1. Array Excitations

Complex array excitations w = {wn}n=1,...,N ∈ C are computed with a uniform
amplitude αn=1,...,N = 1. Only a cluster of elements is used, while some elements are
electronically deactivated (e.g., amplitude zero). This occurs when the steering angle
deviates by more than 90◦ from the element’s broadside. The concept is illustrated in
Figure 6.

ON ON OFF

(a) (b)

Figure 6. Example representing the cluster of elements activated while the array is steering: (a) all
the elements are activated, (b) only a cluster of elements is turned on.

The phases of array βn are instead defined analytically as

βn = −k(xn sin θs cos φs + yn sin θs sin φs + zn cos θs)− ψn, (12)

where (θ, φ)s are the steering angles, respectively, in elevation and azimuth, and ψn is
the azimuthal rotation of the element, performed to ensure symmetrical steering along
both axes. For example, a linear array is depicted in Figure 7, showing how the antennas
are rotated to compensate for the asymmetry of the element pattern when dealing with
non-ideal sources.
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Figure 7. Rotation of the antennas for compensating the asymmetry of the non-ideal element pattern
in a linear array.

3.3.2. Directivity and Axial Ratio

As last, directivity and axial ratio of the 3D array are considered as the main FoMs to
evaluate FoV enhancement. Directivity D(θ, φ) = {DLHCP, DRHCP} is computed as [36]

D(θ, φ) =
4π

2η
· |AF(θ, φ)|2

Prad
, (13)

where η ≈ 377 Ω is the free space wave impedance and Prad is the array radiated power
which can be computed by using the full-wave calculation for the single element Pelem

rad
multiplied for the number of active antennas Non as

Prad = Pelem
rad · Non, (14)

which is valid only when amplitude tapering is not considered.
From directivity, axial ratio is computed as [34]

AR(θ, φ) = −1 + XPD
1 − XPD

, (15)

where XPD is the linear cross-polarization discrimination defined as

XPD =
√

DLHCP/DRHCP. (16)

Moreover, due to the 3D arrangement of the array elements, not all the radiators are
contributing to the overall radiation or they contribute in a limited way (e.g., the tilted
element contributes less in the array radiation due to the gain roll-off of the stand-alone
element). Therefore, directivity loss Γ is considered as further parameter and it is defined as

Γ =
max

{
Dre f erence

}
θs

max {Dx}θs

, (17)

where Dre f erence is the directivity computed for the reference array and the maximum value
is taken among all the steering angles θs. Instead, Dx is the directivity for the specific
geometry under test.
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4. The 3D Array: Methodology and Numerical Results

Next, the directivity computed in (13) and axial ratio in (15) are considered for the
total FoV computation. The directivity is normalized with respect to its maximum along
the different steering angles, θs ∈ [−90◦, 90◦], with a resolution of 1◦.

First, linear faceted arrays are investigated, and only at the end, the best architecture
satisfying the requirements are used as building block for the final 3D array.

4.1. The Faceted Linear Array

A trade-off study on a linear faceted array is conducted on different geometries
depicted in Figure 8. Starting from a linear array (N f = 1), Figure 8a, the number of facets
N f incrementally increases by reaching the full conformal aperture in Figure 8e (N f = ∞).
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Figure 8. Geometries of the different faceted arrays considered in this analysis. The geometries
are listed for number of facets N f starting by the (a) linear case N f = 1, (b) triangular N f = 2,
(c) trapezoidal N f = 3, (d) 4 segment N f = 4 and ending with the (e) fully conformal scenario
N f = ∞.

In Figure 8, the elements are represented in red when a rotation of 180◦ is applied for
symmetrical steering, compensating for the non-ideal far field of the element pattern. All
the geometries involve N = 60 elements, which is the simplification of the 60× 60 reference
planar array presented in Figure 9a.
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Figure 9. (a) Geometry and (b) directivity of the reference 60 × 60 planar array for the boresight case.
The different colors in (a) represent the different azimuth orientations of the elements.

The evaluated performances are depicted in Figure 10a,b, respectively, for the direc-
tivity and axial ratio FoV. Directivity and axial ratio are depicted at the steering direction,
D(θ = θs, φ = 0) and AR(θ = θs, φ = 0). In Table 2, a complete list of the main values is pre-
sented. It is worth mentioning that for Nf = 1 (the linear case), the steering is equivalent to the
element pattern which is limiting the FoV to ±42◦. An axial ratio, AR(θ = θs, φ = 0) ≤ 3.5 dB,
is achieved within the FoV ±33◦. Beyond this range, degraded performance would signifi-
cantly impact the partial directivity of the array (e.g., LHCP/RHCP components).
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Figure 10. Summary of the array performance for the different 1D faceted arrays considered: (a) Direc-
tivity vs. steering and (b) axial ratio vs. steering.

Table 2. Summary of the array performance for the faceted linear case.

Geometry N f
Field of View (deg)

Directivity Loss, Γ (dB)
Directivity Axial Ratio Total

Linear 1 ±42 ±33 ±33 0
Triangular 2 ±48 ±64 ±48 2.39

Trapezoidal 3 ±81 ±90 ±81 3.92
4-Segment 4 ±90 ±88 ±88 3.98
Conformal ∞ ±90 ±87 ±87 4.51
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As the number of facets is increased (N f > 1), jumps in the normalized directivity
during steering occur. These jumps result from clusters of elements being turned on when
the condition for steering direction, explained in Section 3.3.1, is met. However, directivity
FoV significantly improves already at N f = 2 (the triangular case) with ±48◦ and axial
ratio FoV ±64◦. Due to the tilted position of the elements, a directivity loss of Γ = 2.39 dB
is recorded with respect to the linear array (the reference case).

At Nf = 3, a trapezoidal geometry is considered, expanding directivity FoV to ±81◦ and
axial ratio FoV to ±90◦. The overall directivity loss, compared to the linear case, is equivalent
to Γ = 3.92 dB. In the case of a four-segment array at Nf = 4, the simulated directivity FoV
is equivalent to ±99◦ which is more than the required ±90◦. However, since the array is
considered installed on a ground metal platform (e.g., the aircraft fuselage), scan range above
±90◦ is not here considered. Additionally, axial ratio FoV is ±88◦, and a directivity loss of
Γ = 3.98 dB is observed. Indeed, increasing the conformity of the structure (e.g., increasing
Nf ) keeps the radiated beam constant over a larger angular range, leading to a clear reduction
in the maximum achievable value. As proof, in the conformal scenario Nf = ∞, directivity
FoV is again above the ±90◦ range, the axial ratio FoV is ±87◦, and the maximum achievable
directivity is reduced to Γ = 4.51 dB.

Regarding the decrement in the axial ratio FoV for N f = 4 and N f = ∞, this is easily
explained by Figure 10b. By looking at N f = 3 (blue line), N f = 4 (magenta line) and
N f = ∞ (cyan line), the conformal geometry is the one exhibiting a better uniformity along
the elevation steering range. The axial ratio starts to diverge only close to the horizon level
(θs = 90◦) as expected.

Concluding, in Figure 11, directivity and axial ratio FoV (on the left y-axis in red)
are depicted vs. the number of facets N f (x-axis). On the right y-axis in blue, directivity
loss Γ is shown. The best architecture is the one which satisfies the multiple objectives:
maximization of directivity and axial ratio FoV, minimization of the number of facets N f
(which is translated in manufacturing complexity) and minimization of directivity loss
Γ. Among all the possible solutions, trapezoidal geometry (N f = 3) is selected for the
expansion to the 3D case by weighting the different objectives considered.
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Figure 11. Directivity FoV, axial ratio FoV and directivity loss Γ vs. the number of facets N f . In red
on the left y-axis, the directivity and axial ratio FoV is depicted, while in blue on the right y-axis, the
directivity loss Γ is depicted.

4.2. The 3D Array

In Figure 9a, the reference planar array is shown. As previously mentioned in Section 2,
it is composed of 60 × 60 elements spaced at λ/2 and it achieves a directivity of 42.3 dBiC
(LHCP), depicted in Figure 9b. The elements of the array are properly rotated for symmetry
in the scan range and the phase is then compensated through the ψn term in (12).
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The selected trapezoidal geometry in Figure 8c is expanded to the 3D case to enable 2D
steering, similarly to [37]. The total number of facets is therefore increased to Nf = 5. In the
following, two different geometries, shown in Figure 12, are analyzed. Indeed, for the 3D
case, the number of elements for each facets is adapted and this can be obtained either by
keeping the number of elements similar to the planar case (configuration T1 in Figure 12a) or
by fully using the available footprint of the planar array (configuration T2 in Figure 12b). For
T1 configuration, the 3D array is created by a 3× 24 linear array and resulting in 3936 elements
in the aperture. If considered the 3 × 20 linear array, as for the linear case, the overall number
of elements would be much smaller than 3600. When the footprint of the planar reference
array is considered (configuration T2), a linear array with 3× 30 elements is considered for
the expansion to the 3D case. In this case, the total number of elements in the aperture is 6180.
This solution will be latter investigated to compensate for any directivity losses with respect
to the planar case.

Also in this scenario, the array elements are opportunely rotated for symmetry in the
scanning. In Figure 12, the colors of array elements represent the respective rotation which
is compensated by the ψn term in the phase computation in (12). It is worth to mention
that both the geometries, T1 and T2, fit into the footprints foreseen in commercial aircraft
fuselages as in [38].
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Figure 12. Three-dimensional faceted array based on the trapezoidal geometry for (a) T1 and (b) T2
configurations.

The N f = 5 planar PCBs can conveniently host the required amount of beamformer
ICs for controlling in amplitude and phase all the elements of the array face. A 5:1 power
combiner can be implemented at the bottom of the structure.

The steering performance is evaluated once again with an elevation steering resolution
of 1◦ in the upper hemisphere θs ∈ [0◦, 90◦]. Regarding the azimuth steering, in Figure 13,
the cases for φs = {0◦, 22.5◦, 45◦} are shown. Other azimuth angles for φs > 45◦ would be
symmetrical for the rotation of the elements. In Table 3, a summary of performances for the
3D arrays (configuration T1 and T2) vs. the reference planar array are listed.

Table 3. Summary of performances for the 2 configurations of 3D array vs. the reference planar array.

Geometry N f N
Scan Range (deg)

Directivity Loss, Γ (dB) Max Directivity (dBiC)
Directivity Axial Ratio Total

Planar ∞ 3600 ±24 ±31 ±24 0 42.3
3D T1 5 3936 ±70 ±76 ±70 4.75 37.55
3D T2 5 6180 ±70 ±76 ±70 2.79 39.51
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Figure 13. (a) Directivity and (b) axial ratio FoV for θs ∈ [0◦, 90◦] and φ = {0◦, 22.5◦, 90◦}.

As expected, looking at directivity FoV in Figure 13a for the planar reference case,
symmetrical steering limited to the element pattern is achieved (red, green and blue lines).
At φ = 45◦, the worst performances are recorded, limiting directivity FoV to ±24◦. Axial
ratio FoV in Figure 13b performs slightly better in the ±31◦ range. As previously stated,
the maximum LHCP directivity among all the steering angles is 42.3 dBiC. It is used as
reference value for computing directivity loss Γ for the 3D array.

For the 3D array, only T1 is shown in Figure 13, since T2 is a scaled version of T1 and
the same performances were simulated. Overall, the array has directivity FoV of ±70◦ in
the worst case for φs = 0◦ (violet line). Directivity FoV for the best case when φs = 45◦ is
±77◦. The reduction in directivity FoV with respect to the linear case (±81◦) is explained by
the fact that the 3D array is not conformal in the azimuth. Although not exactly matching
the performance obtained in the linear case, configuration T1 still shows a remarkable
improvement from the planar case, considerably extending the directivity and total field of
view of ±46◦. Moreover, axial ratio FoV is also strongly improved from ±31◦ of the planar
array to ±76◦.

Analyzing directivity loss Γ, T1 has a maximum directivity of 37.55 dBiC which is
translated in a loss of Γ = 4.75 dB. Discussing these results, the planar reference array has
higher directivity at zenith but also higher scan losses through the scan range. From a
link budget perspective, the maximum throughput is higher for the reference case, but it
is reduced strongly as soon as the steering angle diverges from zenith, causing a drop in
performances. On the other hand, the presented 3D architecture has a lower throughput
due to the loss in the directivity but constant performance in the extended FoV region. A
bigger array, T2, in Figure 12b is therefore built by considering the footprint of the planar
array. As previously mentioned, the number of elements is increased to N = 6180. Same
performances are found for the T2 case with directivity loss reduced to 2.79 dB and a
maximum directivity of 39.51 dBiC, which is very close to the original requirements of
40 dBiC.

As last, in Figure 14, the FoV map for both directivity (Figure 14a,c) and axial ratio
(Figure 14b,d) is shown. The contour highlights the requirements of −3 dB for the directivity
scan loss and 3.5 dB for the axial ratio. The achieved total FoV for both the architectures is
depicted through the red rectangle, ±24◦ for the planar and ±70◦ for the 3D array.

In Figure 15, it can be clearly noticed how the achieved FoV is strongly broadened for
the 3D array. As an example, spherical directivity LHCP at θs = 70◦ and φs = 45◦ is shown
for the planar and 3D array in T2 configuration. In the zoom area, the spherical directivity
is normalized with respect to its maximum among all the steering angles (42.3 dBiC for
the planar array and 39.51 dBiC for the 3D T2 array). Contour lines are depicted every
−3,−10,−20 dB to highlight the directivity roll-off. Even if in the 3D architecture the
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pointing angle is not fully centered in the −3 dB region, the beam shape is still well
symmetric. On the other hand, in the planar array the beam is strongly wider and not
anymore in the desirable −3 dB region.

(a) (b)

(c) (d)

Figure 14. (a,c) Directivity and (b,d) axial ratio map vs. steering in elevation and azimuth for the
(a,b) planar array and for the (c,d) 3D array T2. The contour highlights the requirement −3 dB for the
directivity and 3.5 dB for axial ratio. The red square highlights the achieved FoV.

(a) (b)

Figure 15. Spherical directivity at θs = 70◦ and φs = 45◦ for (a) planar array and (b) 3D array for T2
configuration. The zoom is normalized with respect to its maximum along all the steering angles.

5. Conclusions

In this paper, a 3D array for enhancing the FoV of phased arrays for mobility applica-
tions is presented. FoV is computed by considering both directivity and axial ratio with a
requirement of 3 dB of scan loss and maximum axial ratio of 3.5 dB.
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Conformal array are an easy and efficient solution for improving the FoV. While the
ideal conformal shape is challenging to manufacture, faceted solutions are investigated
with the goal to enhance the FoV while keeping minimized the number of facets. An
analysis on different linear faceted arrays permits to find the best candidate for improving
FoV. The case for N f = 3 is chosen for building a 3D array.

The proposed 3D solution permits to improve the directivity and total FoV from ±24◦

to ±70◦ with a reduced number of facets (N f = 5). Also, axial ratio FoV is significantly
improved from ±31◦ of the planar reference case to ±76◦ of the 3D array. Overall, the
total FoV is increased by ±46◦. The solution can be manufactured through planar PCBs
avoiding complex and costly dedicated manufacturing.

As proof-of-concept, the 3D array is demonstrated for the Ka-band in receive mode,
but analogous solutions can be achieved in other frequency bands. Specially, multi-band an-
tennas able to support both the transmitter and receive part would be beneficial for avoiding
shadow between the arrays and maximally exploiting the benefits of the 3D arrangement.
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