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Abstract—Satellite navigation is finding new applications in
safety critical systems such as in aviation where it is proposed
for approach and landing of aircraft. These new applications
place strict requirements regarding position accuracy and system
availability. In order to realize these requirements, it is essential
to develop robust antenna designs. In this contribution, a multi-
band antenna array suitable for safety-of-life satellite navigation
is presented. The array consists of 7 elements which are arranged
on a half sphere. The single elements are resonant at the Galileo
ESa/b and E1 frequency bands. The geometry of the array allows
it to achieve stable gain and axial ratio performance over the
whole upper hemisphere.

I. INTRODUCTION

Antennas are the interface between the incoming navigation
signal from the satellites and the receiver in a global navigation
satellite system (GNSS). This important position that the
antenna occupies lends it as a point of solution to several
of the existing and emerging threats to dependable satellite
navigation. One of such threats is multipath propagation which
can distort the computed pseudoranges of the receiver from the
satellites. This threat is particularly important when GNSS is
utilized in terrestrial domains such as approach and landing
of aircraft or for railways in mountainous terrain. To combat
multipath, antennas with good axial ratios performance are
desirable because of their ability to differentiate between the
right hand circularly polarized (RHCP) direct satellite signals
and the multipath signals which are predominantly of left hand
circular (LHC) or elliptical polarization. Since satellite signals
are very weak when they arrive at the receiver, it is also
essential for the antenna to have a good gain pattern in the
direction of the arriving signal i.e in the upper hemisphere.
Both the gain and axial ratio performance of most antennas are
not ideal at low elevations. Signal reception at low elevation is,
however, important as it results in a better geometrical dilution
of precision and can also improve the total system availability
as more satellites become useable. These advantages have
motivated research and development of antennas with wide
angular coverage in terms of gain and axial ratio [1]-[3].

Apart from the aforementioned inherent threats to reliable
satellite navigation, there are additional issues that are becom-
ing important, for instance, the threat from radio-frequency
interference (RFI) which can be accidental or intentional.
Accidental interference can arise when personal privacy de-
vices (PPDs) are active in the vicinity of the receiver. This

situation is common near airports where interference arrives
from nearby highways. In this case, the jammer has the
goal of disabling its own navigation system usually to avoid
being tracked. The interference from these devices can affect
the aircraft receiving antenna as well as the augmentation
system base station e.g. in ground-based augmentation sys-
tems (GBAS). Intentional interference is less frequent but is
becoming more common. This kind of interference can result
from the installation of jamming devices at certain locations
in order to disrupt navigation services, e.g. against unmanned
aerial vehicles (UAVs), at the particular location for security
or privacy reasons. More malicious intentional interferences
are those that seek to disrupt navigation services for criminal
reasons such as at sea.

A more sophisticated and emerging class of external threat
to satellite navigation comes from spoofers. A spoofer is an
agent that transmit signals that resemble the ones from the
satellites in order to gain control over the target’s navigation
system. Once the navigation system of the target is infiltrated,
the spoofer can then control its movement with damaging
consequences.

Recent research activities have focused on developing solu-
tions for safety critical satellite navigation for multipath sup-
pression, interference mitigation, protection against spoofers,
enhancement of signal availability and to improve the preci-
sion of the obtained receiver position [4]-[11]. At the heart
of most of the solutions is an antenna array because of the
additional degrees of freedom that they provide. In [10], for
instance, the direction of arrival of the jamming signal is
detected by means of an antenna array and beamforming
algorithms are utilized to place nulls towards the jammers and
steer the beam of the antenna towards the satellite. For these
applications, conformal arrays offer the possibility to increase
the coverage angles at lower elevation as opposed to planar
arrays whose performance degrade at lower elevation. These
antennas take advantage of the shape of the carrier which can
be naturally suited for omnidirectional coverage e.g. spherical
or cylindrical shapes [12], [13].

In this contribution, a multi-band conformal antenna array
is presented. The array consists of seven elements with one
element at the top and the remaining six, radially directed
elements, are arranged in a ring below the top element in a
spherical cap. The shape of the array allows the array gain to



be fairly constant over the whole forward hemisphere. Also, in
order to enable the reception of multiple GNSS systems such
as the upcoming European Galileo, the Russian GLONASS
and the Chinese BeiDou systems, the antenna elements are
resonant at multiple frequency bands.

II. ELEMENT DESIGN

The single element consists of two probe-fed stacked
patches. The dimensions of the patches are selected such
that the lower patch, closer to the ground plane, resonates
at the E5 frequency band and the upper patch resonates at the
El frequency band. In order to excite both the vertical and
horizontal current modes of the patches, two feeds are utilized
at the shown locations. Circular polarization is obtained by
introducing a phase shift of 90° between the feeds by means
of a commercial off-the-shelf hybrid coupler. In order to
compensate for the probe inductance, the feeds are terminated
by capacitive caps of radius 2.5 mm. The layout of the single
element antenna is shown in Fig. 1. A thicker layer of substrate
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Fig. 1. Layout of the single antenna element. The upper dielectric layer has
a thickness of 1.27mm and the remaining three layers have a thickness of
2.54 mm.

is required below the E5 resonant patch due to the larger
bandwidth requirement for the E5 (50 MHz) frequency band
compared to the L1 (32MHz) resonant patch. The antenna
utilizes a substrate with a dielectric constant of 10.20. The
dielectric layers are glued together with an adhesive material
having a dielectric constant of 3.17 in order to ensure physical
robustness of the antenna. The stack-up is then embedded in a
circular cavity so as to ensure that the radiation characteristics
of the antenna does not change drastically when it is embedded
in the metallic holder of the array. The manufactured antenna
is shown in Fig. 2. It was measured in a spherical near-
field chamber in order verify the radiation characteristics. The
realized gain at zenith against frequency is shown in Fig. 3 and
the far-field cuts are shown in Fig. 4 and Fig. 5 for the E5 and
E1 central frequencies, respectively. It can be observed that
the antenna achieves circular polarization within the desired
frequency bands with a peak separation of more than 20dB
between the RHCP and LHCP gains.

Fig. 2. Manufactured single element.

o

|
(6]

1 1
= =
ul o

Realized Gain [dBic]
N
o

-25

-30 A L
1.1 1.2 1.3 1.4 1.5 1.6 1.7
Frequency [GHz]

Fig. 3. Measured realized gain of the manufactured single element at
boresight. The antenna was measured in the metallic holder shown in Fig. 2
as ground plane.
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Fig. 4. Measured realized gain of the single antenna against theta angle at
ES central frequency of 1.189 GHz.

III. ARRAY ARCHITECTURE

Identical antenna elements are manufactured and arranged
to form an array. The geometry of the array is similar to
the simulated antenna in [5]. It consists of seven antenna
elements distributed on a half sphere with one element on top
of the sphere and the remaining six, radially directed, elements



60°

90°

120° B\ 1200 120° i -120°

150° -150° 150° -150°
180° 180°

(a) Phi = 0° (b) Phi = 90°

Fig. 5. Measured realized gain of the single antenna against theta angle at
El central frequency of 1.575 GHz.

arranged on a ring below the upper element as shown in Fig. 6.
The equatorial diameter of the aluminum cap is 238 mm. Each
antenna element is connected to a low noise amplifier and RF
filters so that adequate power can be delivered to the receiver
(Fig. 7).

Fig. 6. The manufactured antenna array.
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Fig. 7. Active antenna architecture.

IV. ARRAY CALIBRATION

To fully benefit from the possibilities that a multi—antenna
navigation receiver can offer, it must be calibrated. The
calibration should be performed for the whole signal paths
of all antenna elements, including all electronic components,
cables and analog-to—digital converters (ADC) of a digital
receiver. The calibration accuracy has considerable influence
on the achievable performance of the navigation receiver,
e. g. ability to form deep nulls in the directions of interferers.
Radiation characteristics of passive antenna elements do not
change significantly over time and it is mostly enough to
calibrate them once before putting the receiver into operation.
However, active components of the active antenna architec-
ture (Fig. 7) and front-ends can considerably change their
characteristics due to temperature changes and aging process
and therefore should be calibrated frequently. That is why a
calibration concept similar to [14] was applied. In this concept,
a calibration network is integrated into the antenna structure
and distributes a calibration signal to all antenna outputs.
This signal travels through the whole signal paths behind the
antenna to a digital receiver and enables permanent on-line
calibration. The calibration network for the conformal antenna
is shown in Fig. 8. It is based on 1:2 power dividers with

input for the
calibration signal

Fig. 8. Top view of the calibration network simulation model.

M4 impedance transformers to deliver signals of the same
amplitude and phase for each of the eight outputs. Directional
couplers at each output couple the calibration signal to the
antenna outputs. As the proposed conformal antenna has only
seven elements, one of the outputs of the calibration network is
terminated by 50 Q2. To enhance the stability of the calibration
network it was designed in stripline technology with shielding
vias. As a result very stable amplitude and phase transfer
characteristics were obtained. Measured results revealed that
amplitudes vary less than 0.15dB in each of the frequency
bands and the phases are highly linear with a difference
between the outputs of less than 4°. Fig. 9 shows the measured
phase transfer characteristics for all outputs of the calibration
network.
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Fig. 9. Phase transfer characteristics of the calibration network.

V. EMBEDDED FAR-FIELD PATTERNS

The antenna was measured in an anechoic near-field cham-
ber equipped with a spherical positioner. The embedded
pattern of each antenna was measured while the remaining
antenna ports in the array are terminated by 502 resistors.
Fig. 10 and Fig. 11 show the embedded realized gain patterns
of the antenna at 1.575 GHz and at 1.189 GHz, respectively. It
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Fig. 10. Embedded RHCP gain patterns of the antenna elements at 1.575 GHz
in dB.

is observed that, due to the geometry of the array, the antenna
is able to offer a complete coverage of the upper hemisphere
at the desired frequency bands.

VI. CONCLUSION

A spherical cap conformal antenna array was presented. The
array achieves good gain and axial ratio performance over the
upper hemisphere and is resonant at multiple GNSS frequency
bands. The array structure and its performance at low elevation
could help to mitigate interference and multipath. The antenna
can reduce the elevation mask of a GNSS receiver thereby
increasing the number of satellites that can be used for
positioning. Moreover, resonance at multiple frequency bands

Antennas RHCP
120° i 60°

-10
Antenna7 RHCP
120° comtm. 6

-10
Antennal RHCP
120° o 60°

Antenna3 RHCP
120° comiman 60°

Fig. 11. Embedded RHCP gain patterns of the antenna elements at 1.189 GHz
in dB.

can be useful for multi-constellation positioning and multi-
frequency ionospheric corrections.
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