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Wide aperture circularly polarized antenna
for small telemetry satellites

M. KOUBEISSI', E. ARNAUD', M. THEVENOT, T. MONEDIERE', E. PERAGIN’ AND H. DIEZ~

This paper focuses on the design of a telemetry antenna system intended for small satellites. It provides an axial ratio (AR)
lower than 3 dB over +60° conical space angle with over 20% of bandwidth. The antenna consists of a multilayer patch
element fed by a wideband feeding circuit. The latter is an appropriate adjustment of 90° hybrid couplers and 180° ring
coupler. We show that this design provides high-quality circular polarization properties for agile small satellites without
having to suspend their mission to download their data and also without sacrificing the antenna low profile and wide band-
width. The antenna is fabricated and the experimental performance is presented and followed by a discussion.
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. INTRODUCTION

In 1997, CNES (the National French Space Centre) started the
development of a new high-performance and low-cost S-band
TT&C transceiver for small platforms. Till date, more than 40
flight models have been delivered for diverse missions such as
Rosetta, Deep Impact, and other CNES missions of the
Microsat family.

In continuation to the development of the S-band transcei-
ver, 4 years ago CNES started evaluating the potentiality of
using COTS (Commercial Off-the-Shelf) satellite control soft-
ware in X-band equipments.

The X-band transmitter under development is high-
performance equipment especially designed and optimized
for the needs and constraints of small platforms for which
small volume, low mass, low power consumption, and low
cost are important parameters.

There are currently various antenna systems (beam-
scanning antennas and mechanically switched antennas)
that allow agile satellite telemetry to download their data
during the hearing phases or photo acquisition, but these
devices are not suitable for small platforms due to their size,
complexity or costs. Usually, when a standard antenna sol-
ution is used, observation tasks have to be interrupted in
order to download telemetry data. The objective of this
system is to provide a radio frequency link between the satel-
lite and ground stations, regardless of the satellite latitude.

An innovative system which allows downloading telemetry
in the presence of pitch and rolling platform movements has
been invented by CNES [1]. The system is based on “active”
and “distributed” antenna cells installed on several satellite
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sides and properly adjusted to provide the entire earth’s cover-
age. A system of five cells allows covering + 60° pitch and roll.
Hence, the aim of our work is to provide high quality circular
polarized antenna over + 60° conical space angle around the
antenna axis without scarifying the antenna low profile and
wide bandwidth.

In fact, many articles [2-5] have concentrated on band-
width widening techniques for microstrip antennas, there
have been less concerns for optimizing their polarization
quality as they get farther away from the boresight direction.

The paper presents the antenna design which is able to fit at
best the wide aperture constraint.

It should be stressed here that the system is intended to
operate in X-band, but for design validation purposes, the
antenna is first designed for the WiFi band in order to make
realization easier. The goal was to show the validity of the
new design which is able to provide a wide aperture of circular
polarization. Even if the frequency scaling is not a linear
problem, a lower frequency design overcomes the mechanical
fabrication problems. By a scaled design, we have validated the
RF concept as well as the used technology. We now have a
good knowledge about the expected results and difficulties
that may be encountered during the fabrication process.
Indeed, the thickness of the substrate is difficult to be precisely
scaled and this task will be treated during design optimization.

Moreover, this antenna system is not limited for use in
nano-satellites but in practice could be used for a number of
communication applications. It should also be noted that
the 2.4-2.48 GHz frequency band can be used for a data
link application between nano-satellites.

I. ANTENNA DESIGN

The structure of this antenna is shown in Fig. 1. It is mainly
made up of four substrate layers which support the feeding
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Fig. 1. The multilayer assembly and the conductor layers (side view).

circuit, the main patch, the parasitic patch, and the radome.
The patches are all squares and notched (truncated) whereas
the ground plane is an 11-cm-radius disk. Patch excitations
are made thanks to metallic cylindrical vias.

In order to enhance the antenna bandwidth, a passive para-
sitic patch is added to introduce a further resonance frequency
[3, 4]. This parasitic patch is printed on the bottom side of an
RT5880 substrate (¢, = 2.2 and tan 8 = 0.0009) whereas the
metallization of the front side of the substrate is entirely
removed, thus the radome is set up. Keep in mind that the
substrates have low dielectric constants. As far as scan circular
polarization is concerned, five techniques have been used to
improve it over a wide angular scan.

- Four feed points with 9o0° sequential phase shift are used to
feed the main patch.

- A square slot is etched in the center of the main patch, so
the latter becomes a ring square patch.

- Four truncations are applied to the main and parasitic
patches in order to improve the circular polarization
quality in the operating band.

- The parasitic patch can be rotated by 45° compared with
the main one in order to give a supplementary symmetrical
structure or radiation in some cut planes. In fact, this
rotation improves AR performance in certain cut planes
but unfortunately, it decreases performance in the other
orthogonally cut planes.

- The distance between the two patches and also the radius of
the feeding probes are optimized and then the frequency
bandwidth is increased with respect to a dual fed single
patch.

- All these techniques lead to the radiating element structure
shown in Fig. 2.

The gray points on the main patch in Fig. 2 present the
feeding positions.

It should be noted that the inner and outer dimensions of
the patches influence the bandwidth and the axial ratio (AR)
quality. Hence, the dimensions must reach an agreement and
the final values are obtained due to an optimization.

1. FEEDING CIRCUIT DESIGN
The feeding circuit is made up of two (3 dB, 90°) hybrid cou-

plers and one 180° hybrid ring coupler as shown in Fig. 3.
Indeed, modified three-branch couplers are used instead of
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Fig. 2. Geometries of the main patch (a) and the parasite patch (b).
(Dimensions are in mm: a = 30, ai = 10, do = 5.5, lo = 22.2, b= 31.05,
bi = 16.5, bo = 3.5).

two-branch hybrid coupler, in order to limit magnitude
ripples and then improve the feeding circuit bandwidth. The
aim of this circuit would be producing a 9o° sequential
phase shift over the whole desired frequency band with unba-
lanced magnitudes in order to contribute to a wide bandwidth
of circular polarization.

This circuit has one 50 €} input port (1) and four 50 Q
output ports (2-5). Since each hybrid coupler has two input
ports there will then be two unused ports in the feeding
circuit (6 and 7). The two unused ports (6 and 7) of the
feeding circuit are loaded by quasi-so0 () impedance. It
should be noted that several bent lines have been added to
the circuit design in order to avoid line crossovers and to
reach a 90° sequential phase shift. As for the simulation
results of the feeding circuit, the reflection coefficient
remains below —15dB over the (2.2-2.9 GHz) frequency
bandwidth. The transmission S-parameters are shown in
Fig. 4, where less than 0.5 dB magnitude balance is observed
over (2.2-2.65 GHz) or 18% of frequency bandwidth.

Fig. 5 shows the phase shift between two adjacent output
ports. Phase balances are about +2° over 18% of frequency
bandwidth.

The S-parameters of the feeding circuit are attractive and
they lead to a wide frequency bandwidth. The feeding
circuit is mounted below the ground plane of the antenna
thanks to a bonding film in order to avoid parasitic radiations.

These simulation results cannot be verified by measure-
ments due to feeding circuit design and the termination line
location is away from the ground plane edges.

Moreover, we note that the circuit is chosen to be made up
of different kind of couplers in order to obtain very good
weightings at outputs. This is the reason why the feeding

S

Fig. 3. Layout of the feeding circuit with the numbered ports.
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Fig. 4. Transmission S-parameters magnitude of the feeding circuit.

circuit is wide. It should be noted that the feeding circuits have
naturally a wider operating bandwidth than the patch and
then this later outweighs the whole design bandwidth.

The feeding circuit can be reduced by using a two-branch
line instead of three-branch line hybrid coupler and a T
power divider instead of ring coupler.

V. ANTENNA PERFORMANCE

A) Design and fabrication procedure

The 3D antenna model has been simulated thanks to CST
Microwave studio. As for the design, the feeding circuit and
the main patch are printed on their substrates and assembled
in a multilayer circuit thanks to 4450F bounding film. Next,
the parasitic patch is printed on the bottom side of the
RT5880 substrate where the demetallized front side is con-
sidered as radome. Hence, the antenna was realized by litho-
graphy procedure and was mounted on an aluminum support
allowing the soldering of connectors and also structural rigid-
ity. SMA connectors were welded to ports 1, 6, and 7. Finally,
the multilayer (4003C-RT6002), Rohacell 71HF, and the
RT5880 were manually assembled and tested. Pictures of the
realized antenna are shown in Fig. 6. During the measurement
series, 50 () loads are plugged to ports 6 and 7. The experi-
mental results are given in sections B, C and D.

B) Electrical performance

The antenna’s reflection coefficient is shown in Fig. 7. The
simulated and measured — 10 dB impedance definition band-
width are about 8oo MHz and 300 MHz, respectively. Even
though there is a shape discrepancy between the simulated
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95

Phase shift (deg)

22 23 24 25 26 27 28 29
Frequency (GHz)

Fig. 5. Phase shift at the output ports of the feeding circuit.
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(c) (d)

Fig. 6. Photography of the realized antenna. (a) RT6002 front view: main
patch, (b) RT5880 bottom view: parasite patch, (c) 4003 C bottom view:
feeding circuit, (d) antenna side view showing the metal holding structure
and 2 SMA connectors.

and realized reflection coefficient, the antenna remains
matched over 300 MHz. It should be noted that patches reson-
ances cannot be observed on the reflection coefficient plot. In
fact, the feeding circuit masks the impedance bandwidth of the
two patches.

C) Axial ratio

The boresight AR of the antenna is measured based on the fre-
quency and is shown in Fig. 8.

It can be seen from Fig. 8 that the measured broadside
AR remains below 3 dB over 300 MHz of frequency band-
width, which means a correct circular polarization (CP).
Unfortunately, the experimental CP bandwidth is lower com-
pared with the simulated one (40%). Several refined simu-
lations have been carried out and they prove that the air gap
around the two sides of the Rohacell 71HF layer and the cur-
vature of the RT5880 layer lead to performance deterioration
and frequency shift. Indeed, acting on the distance between
the main patch and the parasitic patch affects the resonance
frequency of each one and thus the operating bandwidth.

Moreover, uncertainly substrates permittivities create inap-
propriate weightings at the output feeding circuit. A difference
between the simulated and experimental results of
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Fig. 7. Simulated and measured reflection coefficient of the antenna.
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Fig. 8. Simulated and measured boresight AR.

S-parameters exists which also leads to the observed discre-
pancy in Fig. 8. It should be noted that it is unable to do a
probe test for the feeding circuit due to the inconsistency
between the probe pads and the circuit lines. A probe circuit
test can verify the correct weightings at the output feeding
circuit when the whole antenna is assembled.

The AR at 2.7 GHz in two cut planes is shown in Fig. 9. It
can be seen that the AR is lower than 3 dB in the + 55° conical
space region. The antenna has a wide angle scan leading to an
important isolation between left and right polarization.

Slight symmetry with respect to the broadside axis of the
antenna is observed on the AR. It should be stressed that
the feeding cable is plugged into port 1 and two 50 () loads
are also plugged into ports 6 and 7. The feeding cable and
loads are in the azimuth plane. Moreover, a metallic maintain-
ing ring (holding structure) is placed behind the feeding
circuit and is used as a transition between the antenna and
the rotor in the anechoic chamber. All these leads to a parasitic
radiation and goes to asymmetry, even ripples, on the AR
radiation patterns. We note that the metallic maintaining
structure is not considered in the simulations.

It would be useful to consider the AR s at three frequencies
as shown in Fig. 10.

It is undoubtedly true that the circular polarization aper-
ture is wide and exceeds +55° at these three frequencies
where the experimental |AR| is below 3 dB. This leads to at
least 6% of frequency bandwidth with wide angle circular
polarization.

m—leasured AR_phi =0

= = =Simulated AR_phi=0°
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Fig. 10. Measured AR at three frequencies in yz plane (¢ = 90°).

D) Gain and radiation patterns

The measured radiation patterns of the antenna in the xz
plane at two frequencies are illustrated in Fig. 11.

The radiation patterns remain almost unchanged over the
entire frequency band. The beamwidth angle of the left hand
circular polarization (LHCP) radiation patterns decreases
slightly as the frequency increases. The isolation between the
left and the right components remains lower than —13 dB
in the +60° conical space region. Ripples appear also in the
radiation patterns due to the scattering fields on the feeding
cable, matched loads and the metallic maintaining ring.

As regards the antenna gain and from Fig. 12, the measured
directivity remains above 8 dBic and similar to the simulated
one. The directivity is calculated by triple integration of the
measured radiation patterns in sufficient number of cutting
planes [6].

The measured realized gain of the left polarization com-
ponent remains higher than 2 dBic over (2.52-2.87 GHz) fre-
quency band where the simulated realized gain bandwidth is
wider. It should be remembered that a gain of 2 dBic is
required to establish the link budget between the satellite
and the ground base station. The realized gain takes into
account all kinds of losses in the antenna and even the orthog-
onal circular polarization and radome losses.

Experimental results (i.e. radiation patterns, gain, and AR)
improve as the capabilities of the multilayer (four and more)
fabrication procedure become easier and cheaper. However, it
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Fig. 9. Measured AR at 2.7 GHz in ¢ = 0” and ¢ = 45° cut planes.
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Fig. 11. Measured radiation patterns in xz plane at two frequencies.
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Fig. 12. Measured broadside directivity and IEEE gain versus frequency.

should be also noted that the aluminum support also contrib-
uted toward disrupting the radiation patterns.

From all this and despite the air gap present around the two
faces of the Rohacell layer and its curvature, it follows that this
antenna design provides high quality circular-polarization
properties over a wide frequency bandwidth and even far
away from the broadside direction.

V. CONCLUSION

A telemetry antenna system intended for agile small satellites
is presented and the results are shown and discussed. It pro-
vides a simulated AR lower than 3 dB over =+ 60° conical
space angle and 20% of bandwidth versus +55°and 6%,
respectively for the measured results. There is an experimental
operating bandwidth decrease compared with the simulated
one due to uncertainly permittivities and faulty assembly
leading to an air gap. Therefore, this design provides suitable
quality circular-polarization properties for small satellites
without having to suspend their mission to download their
data and also without sacrificing the antenna’s low profile
and wide bandwidth. It should be noted that the backward
radiation is about —25 dB which will delimit the surface cur-
rents on the satellite surfaces.
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