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Abstract
This paper presents the design, manufacturing and experimental characterization of a X-band Antenna (XBA)
dedicated to Payload Data Transmission (PDT) for new Satellite platforms that will form constellations for Earth
observation applications. The antenna is characterized by a reduced profile and minimized mass in order to fulfill
stringent accommodation constraints, typical of Low Earth Orbit (LEO) medium-small platforms. Proposed design is
based on a planar array of patch antennas implemented on a sandwich made of composite materials integrating
also the antenna Beam Forming Network (BFN). Conducted and radiated measurements are carried out at different
steps of an extensive space qualification campaign on first antenna model. The results demonstrate excellent RF
performance fully in line with full-wave analysis. Furthermore, proposed technology is potentially attractive for a wide
spectrum of LEO applications at different frequencies (e.g. GNSS, Inter-Satellite Links).
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1. Introduction

Earth observation Satellites play a fundamental role for many ap-
plications, such as Environmental monitoring, Weather forecast
and Terrain mapping. In recent years, the development of LEO
platforms for such applications enables the launch of a higher
number of satellites forming large Constellations. Advantages
from this approach are multiple. It is possible to introduce di-
versity in the embarked main instrument (SAR, Optic Payloads).
A significant reduction of revisit time is possible, enabling an
increased accuracy of measurements and, at the same time, en-
abling new applications [1]-[3].
In this frame, a new antenna working at X-band frequencies for
Payload Data Handling and Transmission (PDHT) Sub-System
is proposed. Its function is to allow the transmission of data
collected by the satellite payload (e.g. radar images collected
by embarked SAR antenna) to Earth stations. The antenna is
a key element of this Satellite sub-system and its performance
affect directly the transmission data rate [4]. The most adopted
antenna architecture for such application is based on corrugated
apertures fed by circular feeds [5]-[8]. They are characterized

by an isoflux radiation pattern that provides higher gain at low
elevation angles, compensating the increased path loss from
atmospheric propagation. This kind of antenna is however char-
acterized by a volume/weight that are not compatible with small
LEO platforms and are destined to higher altitude satellites
(MEO/GEO platforms).
Pencil-beam antennas are more compact but needs dedicated
pointing mechanism to maintain link with Earth station. Where
possible, this mechanism is entrusted directly to spacecraft
attitude systems, including propulsion and control moment gy-
roscopes (CMG).
To implement a single medium gain pencil beam at these fre-
quencies, a horn antenna would represent the simplest solution
[9]-[11]. The RF chain shall include a spline and/or stepped
profile horn, chokes, polarizers for circular polarization gener-
ation and, eventually, a filter. Such a solution is characterized
by excellent RF performance and manufacturing repeatability.
The overall envelope and mass, however, are often not compli-
ant with stringent small-platforms accommodation constraints.
Reflector-based solutions that can be designed with different
geometries (e.g. offset, dual onset, ring focus, etc.) and offer
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additional degrees for fine tuning and optimization suffer for
similar issues [12].
Antenna architectures in planar technology assure a minimiza-
tion of occupied volume, making them the most attractive solu-
tion on Satellite small platforms. Slot-based ([13]) and patch-
based ([14]) array antennas are the most adopted solutions.
In this paper, we propose a planar array solution based on
Printed Circuit Board (PCB) technology combined with layers
made of composite materials that allows obtaining a lightweight
low-profile design compatible with LEO satellites for Earth
observation applications. The solution is based on an array of
patch antennas and integrates a full corporate BFN. The design
has been validated by a proper set of full-wave simulations and
verified with a multi-step full space qualification campaign with
realistic vibration and thermal loads. A prototype has been man-
ufactured, assembled at tested at Thales Alenia Space facilities
located in Rome and L’Aquila, Italy.
The paper is organized as follows. Section 2 provides a detailed
description of the antenna architecture, starting from the key
requirements considered as drivers for the preliminary trade-off
to detailed analyses. Section 3 describes the phases needed for
the manufacturing of the proposed Antenna. The experimental
results obtained during the qualification campaign are reported
in Section 4. Finally, some conclusions are drawn in Section 5.

2. Design Description
2.1. Requirements
In order to fulfill the satellite down-link communication at X-
band frequency, the antenna needs to meet stringent require-
ments within an extended frequency band, taking into account
thermal effects. The accommodation of the unit is critical and it
has been selected taking into account EMC aspects at platform
level [15]. The allocated volume is 22 × 22 × 3 cm3 with a mass
of 500 gr. maximum. These are the most stringent requirements
that have driven the antenna technology selection, as discussed
in the previous section. It shall work in circular polarization
(RHCP) between 8.05 and 8.35 GHz. This bandwidth has been
already extended to take into account thermal effects. The XPD

Table 1: XBA Antenna Requirements.

Parameter Requirement

Envelope 22 × 22 × 3 cm3

Mass < 500 gr.
Frequency Band 275 MHz at 8.2 GHz
Reflection Coefficient < -18 dB
Polarization RHCP Single Pol.
XPD > 25 dB within FoV
Satellite Platform BPE ±0.2°
Field of View (FoV) 1.0° Full-Cone w/o BPE
Minimum Gain > 24 dBi within FoV
Max Gain variation 0.5 dB Peak-to-peak
Group Delay Variation 0.5 ns within Band
RF Interface Coaxial SMA (Female)
Temperature Range -65°C/+97°C
Random Vibration Levels 27.6 GRMS Max

Figure 1: Sketch of the Radiating Element (RE) model
developed for the XBA design: exploded view, feeding circuit
layer and ground plane detailed views.

shall be higher than 25 dB. This requirement is not particularly
demanding in general. However, considering the planar solution
required, it should be carefully taken into account in the design
process. In fact, polarization purity is a limit for such antennas
and proper design strategy should be taken to assure the lowest
cross polar levels. A Return Loss better than 18 dB is also
requested.
The device should survive to harsh launch and operative space
environments. In particular, a quite large temperature ranges
between -65°C and +97°C is required with vibration levels of
27.6 GRMS (maximum value on z axis, orthogonal to antenna
plane). The design should be also ESD (Electrostatic Discharge)
free. Proper selection of material and surface coatings should
be put in place.
The antenna pointing to Earth Stations is handled at platform
level during the downlink operative mode. Therefore, a pencil
beam with minimum directivity of 24 dBi is specified within
a Field of View (FoV) of 1°, excluding Beam Pointing Error
(BPE). Budgets at Satellite Platform level provide additional
0.2° to be considered for BPE. Therefore, the FoV considered
equal 1.4° (±0.7°) All the key requirements considered for the
design are summarized in Table 1.

2.2. Radiating Element (RE) Design
The antenna can be divided in the following blocks, from the
functional point of view:

• RE, based on patch technology.
• BFN circuitry, implemented in microstrip technology.

The proposed antenna configuration is based on an array of
64 Radiating Elements (RE) arranged in a regular 8 × 8 lat-
tice in planar technology. The selected RE is composed by
patch antennas in stacked configuration, as depicted in Fig. 1.
The two patches, both with a circular shape, are excited by
coupling through two “H”-shaped slots orthogonally placed on
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(a)

(b)

(c)

Figure 2: (2a) Sketch of the Quadruplet Antenna building
block with back view showing BFN routing layout
implemented in microstrip technology. (2b) Simulated
Transmission Phases (S-parameters) calculated with full-wave
FEM model. Refer to Fig. (2a) for port notation and location.
(2c) Radiation patterns (Directivity) of Quadruplet sub-array
obtained by exciting IN Port and removing the OUT ports (2a)
calculated at the centre frequency (8.2 GHz) in the three
principal planes

the ground plane. They are manufactured with high-precision
PCB technology on two low-loss laminates sandwiched be-
tween a layer made of composite material. This stacking allows
obtaining a minimization of RF losses and, at the same time,
providing a significant reduction on mass. Furthermore, the
resulting panel is characterized by high mechanical stiffness,
which is compatible with harsh launch environmental condi-
tions reflected in the high vibration loads.
Selected RE is compatible with double linear polarization and,
by proper signal recombination, with circular polarization op-

eration. Two open-ended stubs in microstrip lines are foreseen
for slot feeding. Their width has been selected to maximize RF
coupling with patches. This feeding circuitry is implemented
on a third dedicated PCB on a low-loss high-frequency lami-
nate substrate. All dielectric materials involved in the design
are produced by Rogers Corp. [16]. A reactive splitter with
balanced amplitudes and unbalanced phase outputs forms the
feeding circuit ensuring quadrature-phase excitation of the two
orthogonal linear polarizations (Fig. 1). Impedance output has
been properly selected assuring sufficient room BFN routing of
the whole array.

2.3. 2 × 2 Sub-Array Design
The described unit cell is integrated in a 2 × 2 sub-array, that will
form the whole array building block (Fig. 2a). A rotation at step
of 90° is applied between the four REs of the sub-array in order
to apply sequential rotation technique [17]-[19]. Main benefit
of this approach is the radiation performance improvement in
terms of cross-polar discrimination. In fact, radiation pattern of
single RE element described in the previous section is affected
by the intrinsic asymmetry of the two orthogonally-placed slots.
However, this choice allows to obtain a simple, compact and
wide-band excitation of the fundamental modes of the patch.
A proper feeding RF network has been therefore designed for
equal-amplitude, quadrature phase excitation of the four RE.
Circuit topology is based on a cascade of three reactive split-
ters, with impedance transformer sections and quadrature-phase
differential line paths (Fig. 2a). Starting from the preliminary
design of the single RE, the sub-array configuration has been
optimized maintaining a full-wave approach. This choice allows
to into account RF coupling between the RE elements and the
microstrip BFN routing that implements the sequential rotation
scheme.
The S-parameter transmission phases of the standalone circuit
are shown in Fig. 2b. Obtained radiated performance demon-
strate that cross polar component has been efficiently minimized
(Fig. 2c). The obtained peak directivity spans from 14.0 to 14.7
dBi between 8.05 and 8.35 GHz, corresponding to an aper-
ture efficiency larger than 90%. The cross polar discrimination
(XPD) within FoV at boresight is better than 30 dB and Side
Lobe Level (SLL) is better than -15.0 dB.

2.4. 8 × 8 Array Design
The optimized 2 × 2 sub-array described in the previous section
has been arranged in an 8 × 8 regular lattice (Fig. 3a) with a
spacing of 55 mm, corresponding to a RE inter-element spac-
ing of 0.75 λ0 at 8.2 GHz (27.5 mm). This spacing has been
selected to fit the antenna allocated volume and the other key
antenna requirements at sub-system level. The BFN needed to
complete the design has been developed and implemented in
microstrip technology on the same substrate that accommodate
the RE excitations (Fig. 3a).
Additional steps of sequential rotations have been applied to
further improve the radiation performance and reducing cross-
polar levels. The result is the complete corporate distribution
network shown in Fig. 3a. Starting from the input 50-Ohm
microstrip line that can be interfaced with a standard coaxial
connector [20], the developed layout is formed by a first bal-
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(a) (b)

(c) (d)

Figure 3: Sketch of the proposed X-band PDHT Antenna: (3a) front, side and with a back view showing BFN routing layout
implemented in microstrip technology. (3b) Reflection coefficient at the antenna input (without coaxial connector) for nominal
design and considering a Monte Carlo analysis on key manufacturing aspects: alignments of layer, etching precision and results are
reported with for a confidence level of 3σ . Critical microstrip etched edges and alignment between the different layers have been
considered in the sensitivity analysis. (3c, 3d) Calculated Radiation Pattern (Directivity) at 8.05 GHz with and without Scattering
contribution from Spacecraft (3D model is reported in the inset of Fig. 3c).

anced four-way splitter with equal power division ratio and
quadrature phase outputs. The four output lines have been con-
nected to four division stages equal to the first one to reach each
of the RE quadruplets forming the 64-element antenna layout.
Similarly as already done for RE and 2 × 2 sub-arrays, all the
circuit elements are taken into account in the modeling phase.
Therefore, mutual coupling between closely spaced lines of
the BFN, cross-coupling between lines and slots feeding the
REs sections and coupling among circular patches of neighbor
REs have been accurately taken into account in the calculations.
Obtained reflection coefficient at the input microstrip line of
the entire BFN circuit is better than 19.9 dB on the extended
frequency band (Fig. 3b). SMA connector is not included in the
full-wave calculations to save computational cost. On the other
hand, matching of the connector is better than 30 dB at the XBA
frequency range and its impact can be considered negligible. A
dedicated sensitivity analyses are performed to assess the valid-
ity of the proposed solution considering involved manufacturing
technologies. In particular, two key aspects are considered: the
precision of the sizes of the critical elements from RF point of
view and the misalignment between the different antenna layers.
While the first aspect depends only by PCB etching precision,
the second one depends on both PCB etching and implemented
bonding process. The analyses are carried out considering full-

wave simulation results applying a Monte Carlo Analysis with
a standard deviation of 300 µm (layer misalignment) and 20
µm (PCB etching precision). Numerical results demonstrate
that proposed solution is quite robust, assuring an Input Return
Loss better than -19.0 dB (worst in-band value, 3-σ confidence
level), as shown in (Fig. 3b).
A detailed full-wave model has been developed to predict the
complete antenna performance. It includes all the antenna fea-
tures, including mechanical frame, fixing screws and bushing.
A proper set of full-wave simulations has been performed by
means of state-of-the-art commercial EM software [21].
Radiation patterns are reported in Figs. 3c ,3d at the centre fre-
quency (8.2 GHz) in the two principal planes (φ = 0°, 90°). The
achieved peak directivity equals 26 dBi, corresponding to an
aperture efficiency of about 90%, with Half Power Beamwidth
(HPBW) of 8.4°. Side lobes are below -12.5 dB. Within FoV
(1.4°), the directivity drops by a factor of 0.2 dB. The XPD is
better than 30 dB within the same angular range. Estimated
losses are lower than 1 dB. No significant variation is obtained
at the extreme frequencies within the band.
Further full-wave analyses are carried out to assess the impact
of a Spacecraft on the radiation pattern. Due to large electrical
sizes of the whole structure, the FEM model of the XBA has
been combined with an integral equation solver optimizing the
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computational costs. As shown in Figs. 3c, 3d, only a slight
variation of SLL can be observed. No significant changes affect
the pattern especially within targeted FoV at boresight.

2.5. Mechanical and Thermal Design Aspects
The proposed antenna RF design has been developed taking into
account several mechanical constraints that are derived from
unit requirements. In particular, a detailed FEM model has
been developed to design and optimize the antenna supporting
frame and its mechanical interfaces. The main challenge has
been assuring that the antenna will survive to harsh conditions
typical of satellite platform launching sequence respecting all
other constraints (e.g. mass) and preserving the performance
from functional point of view.
This fine optimization process leads to a robust and lightweight
design with a first Eigen frequency of about 400 Hz fulfilling
the vibration loads reported in the requirements. First main
vibration mode-shapes calculated for the antenna installed on
the supporting frame are shown in Fig. 4.
From thermal point of view, the Antenna has been analyzed
considering a detailed model of the antenna taking into account
all the thermo-physical properties of the involved materials. A
realistic LEO orbit scenario at 7000 km. Proper protection
will be provided with sunshield layer installed on the radiating
aperture and by MLI blankets on the sides and rear parts of
the Antenna Unit. The resulting temperature range seen at
antenna level spans from -65°C to +97°C. All the materials and
processes involved in the manufacturing are qualified to work
in this temperature range.

3. EQM Manufacturing Process
An Engineering Qualification Model (EQM) has been manufac-
tured (Fig. 5a) following the process described in this section.
Patch layers and the BFN circuitry are RF-sensitive sub-parts,
especially from dimensional point-of-view. They are all man-
ufactured with high-precision etching process of PCB tech-
nologies on high-frequency laminates [16]. Selected material,

Figure 4: First vibration mode shapes and corresponding Eigen
frequencies of the XBA Antenna unit installed on its
supporting frame.

(a)

(b)

Figure 5: (5a) Photograph of Manufactured XBA EQM model.
(5b) Photograph of XBA Antenna during qualification test
campaign: Radiation Pattern setup in Anechoic Chamber, XBA
mounted on shaker for Vibration Test and placed in Thermal
Vacuum Chamber for cycling

processes and supplier are all space qualified. Manufacturing
sequence and PCB finishing are chosen to meet the stringent
RF requirements, especially in terms of Ohmic losses.
The obtained PCB are then assembled with composite layers by
proper bonding process at controlled pressure and temperature
with an in-house space qualified process.
Resulting PCB/composite sandwich is fixed on an ad-hoc frame
by means of proper internal interfaces (bushings and pins). This
frame, where external mechanical interfaces are foreseen (see
Fig. 2), is manufactured with glass fiber by means of high-
precision CNC machining. Finally, input coaxial connector is
soldered on the antenna (Fig. 2).
The resulting panel is characterized by a very low density (about
5 Kg/m2), allowing to meet the requirement on mass and assur-
ing, at the same time, required stiffness.

4. Experimental Results and Qualification
Campaign

The manufactured EQM model (Fig. 5a) has been fully verified
with a space qualification campaign following the test matrix
reported in Table 2. The Antenna has been mounted in the Near
Field Test Rang (NFTR) for RF Tests, on a shaker for Vibration
Test and in a Thermal Vacuum Chamber for cycling (Fig. 5b).
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6: (6a) Measured S parameters (Input Return Loss) fo the XBA Antenna at the initial and final stages of the Qualification
Campaign (see Table 2). Measurement data includes SMA connector. Simulated and Measured Radiation Patterns (Normalized
Directivity) at (6b, 6c) 8.05 GHz, (6d, 6e) 8.20 GHz and (6f, 6g) 8.35 GHz in the horizontal (6b, 6d, 6f) and vertical planes (6c, 6e,
6g). (6h) Measured Radiation Patterns (Normalized Directivity) at 8.20 GHz in the horizontal plane at initial and final step phases
of the test campaign (see Table 2).
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Table 2: XBA Antenna Test Matrix.

Test EQM FM

Visual Inspection • •
Mass, Dimensional Check • •
Grounding Check • •
Return Loss (Initial) • •
Patterns and Gain (Initial) • •
Resonance Search 3 axes 1 axisa

Random vibration 3 axes 1 axisa

Visual Inspection • •
Return Loss (Intermediate) • •
Thermal Vacuum (four cycles) • •a

Return Loss (Final) • •
Patterns and Gain (Final) • •
a Test carried out considering Acceptance Levels.

After preliminary dimensional and mass checks, the antenna has
been tested from RF point-of-view to verify initial conducted
and radiated performance. At this stage, Reflection coefficient
measurement demonstrate an excellent behavior with a maxi-
mum in-band value of -20 dB (Fig. 6a). Directivity patterns in
circular polarization measured at center and side frequencies
within the band are shown in Fig. 6b-6g. An excellent agree-
ment between simulated and measured data can be observed
on both co- and cross-polar components at all the frequencies.
Excellent results are then obtained in terms of cross polar dis-
crimination.
After successful completion of this phase, random vibrations
test on three axes has been performed with in-plane/out-of-plane
levels of 27.6 and 25.7 GRMS, respectively. Thermal vacuum
test (four cycles) has been performed between -65 °C and +97
°C. A comparison of measured Reflection Coefficients and Ra-
diation Patterns before and after these environmental tests are
reported in Figs. 6a, 6h. The curves are almost overlapped
for all the frequencies and across the entire angular range. Fi-
nally, a complete inspection has been performed and no physical
damages have been found. This excellent results validate the
proposed design and confirms its mechanical stiffness.
A summary of the measured RF performance are summarized in
Table 3. A minimum Directivity of 25.8 dBi has been verified
experimentally at boresight. Gain measurements performed
in Anechoic Chamber with substitution method confirms the
full-wave predictions. It spans between 24.6 dBi and 24.8 dBi
within the extended frequency band (8.05 – 8.35 GHz). The
HPBW is 8.3° with a variation of 0.2° maximum. The cross
polar discrimination is excellent (below -30 dB) within FoV,
corresponding to an Axial Ratio better than 0.5 dB. Side Lobe
Level are under -12.5 dB at all the frequencies in both princi-
pal planes. Finally, losses equal 1 dB maximum, confirming
numerical predictions and design budget at sub-system level.

5. Conclusions
A low profile lightweight X-band Antenna for PDHT subsys-
tems of LEO satellites for Earth Observation constellations has
been introduced. It consists of an array of stacked patch anten-

Table 3: XBA Antenna RF Performance Summary.

Parameter Achieved Value Remarks

Bandwidth 300 MHz extended
Refl. Coeff. < -19.9 dB Including SMA
Min. Dir. > 25.8 dB Within FoV
HPBW 8.3° +/− 0.2° Across band
XPD > 30 dB Within FoV
SLL < -12.5 dB Both planes
Losses 1 dB Ohmic, Mismatch

nas arranged in an 8 × 8 lattice, manufactured on a composite
sandwich of PCBs. A full corporate feeding network based on
sequential rotations has been developed in low-loss microstrip
technology. The antenna meets the stringent requirements de-
rived by the Subsystem for the envisaged satellite application,
with focus on volume and mass savings, maintaining at the same
time excellent RF performance within an extended thermal fre-
quency band.
A full space qualification campaign representative of launch
and orbit operations harsh environment has been successfully
completed confirming predicted RF performance and validating
the design. Proposed architecture can be also easily scaled to
fit 1-U, 6-U 12-U CubeSat platforms for X-band communica-
tion and it can be easily adjusted in frequency to cover more
small-platform satellite needs (e.g. Inter Satellite Links).
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