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Abstract: This study describes the design of a dual-band microstrip antenna with four isolated outputs. The proposed antenna has
been optimised to operate in the ESa/ESb and E1 bands of the European satellite navigation system Galileo. Each pair of outputs
delivers the signal in only one of the operating bands; hence the antenna operates also as a diplexer. The operation principle, the
design procedure and measured results are presented and discussed. It is demonstrated by means of measured results that the
designed antenna exhibits high isolation between its output ports and that good performance in terms of radiation pattern and

polarisation purity was obtained.

1 Introduction

The number of applications that rely on satellite navigation
systems has strongly increased in the last decade. Global
navigation satellite systems (GNSS), such as GPS,
GLONASS and the future European Galileo system, find
many uses in civil and military applications. Especially for
safety-of-life (SoL) applications, GNSS receivers must
exhibit high robustness and deliver highly precise
positioning. Such a performance depends on several
parameters of the whole receiver chain. Some of the critical
issues regarding the antenna for high-precision GNSS
are phase behaviour, polarisation purity and multi-band
operation.

For good performance, phase variations introduced by the
antenna radiation pattern must be known a priori. Antenna
phase characteristics can then be taken into account during
the signal processing so that the proper compensations can
be made. Polarisation purity not only increases the overall
signal-to-noise ratio of the receiver, but also improves
immunity against reception of multi-path signals, which can
degrade the accuracy of the position estimation. Dual-band
operation increases robustness and the precision of the
positioning. For the Galileo system, two interesting bands
are ESa/E5b (1164—1215 MHz) and E1 (1559-1591 MHz).

Since GNSS signals are received normally at power levels
well below the noise, the receiver chain must exhibit high
gain, hence filtering of out-of-band interference becomes a
critical issue. There are several systems that operate near the
E5 and E1 bands. Examples of such systems are civil and
military high power pulsed radar systems and distance
measuring equipment. Mobile phone systems are also of
interest, especially those working at around 1.7 GHz.
Suppressing out-of-band interference must be considered in
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the design of robust GNSS receivers, so as to guarantee
good performance continuously. For example, in a receiver
with the topology shown in Fig. la, the only filtering
performed before the low-noise amplifier (LNA) relies on
the frequency selectivity of the antenna. If the antenna
properties are not narrow banded, the signal radiated by a
mobile phone in the vicinity of the receiver or a high power
pulsed radar may damage the LNA permanently and bring
the GNSS receiver out of operation.

Addition to the use of an antenna with selective properties,
system robustness can be further improved by separating the
bands already at the beginning of the receiver chain, in order
for them to be independent from each other already in the
analogue domain. As suggested in Fig. la, frequency split
is commonly done by using a diplexer which introduces
additional insertion loss, hence increasing the overall
receiver noise figure. Alternatively, an antenna that
separates and delivers each band of interest to different and
isolated ports is highly desirable for SoL GNSS
applications. This is the case of the receiver described in
the block diagram shown in Fig. 15 [1].

Several geometries have been proposed for the design of
GNSS antennas [1—13]. In most of the dual-band designs,
the antenna has only one output that delivers both operation
bands. The geometry described in [5], however, divides the
GPS and the satellite digital multimedia broadcasting bands
into two different ports, but the level of isolation between
the two outputs at the GPS band is around 5 dB only,
which is not suitable for many applications. Another
geometry that exhibits dual-band operation and presents two
outputs has been recently published in the literature [6],
where one single patch is fed with two pairs of slots. Each
pair is used to feed the patch at different frequencies.
Circular polarisation is obtained by means of two 90°
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Fig. 1 Two different approaches for dual-band reception

a Receiver with diplexer
b Proposed approach

hybrids that have been optimised for each band and have been
placed below the ground plane (GND) containing the slots.
The main drawback of this geometry is that it is only
feasible if the two operation bands are located far away
from each other. This limitation is not suitable for GNSS,
where all the operating bands currently in use are located
inside the L band.

In order to obtain a geometry that satisfies the requirements
for SoL systems as stated above, a novel microstrip antenna
architecture for the future European Galileo system has
been developed. In contrast to other dual-band circularly
polarised antennas described in the literature, which couple
the signals of both operating bands to only one output, the
antenna described in this paper separates the ESa/E5b and
the El bands in isolated ports. This feature has been
achieved with two stacked patches and different feeding
techniques for each frequency band. In [14], the authors
presented simulation results of such an antenna without
describing deeply the details for the antenna design.
Measurements showed that additional optimisation is
necessary from the geometry presented in [14]. In [1], the
concept of an antenna working as a diplexer was proposed,
but the design parameters of the proposed antenna were not
described in detail. In the next section, the geometry of the
proposed antenna is described and its operation principles
and main design parameters are discussed. The redesign has
been carried out by means of experimental optimisation,
which is addressed in Section 5. Finally, measured results
of the optimised antenna are presented, indicating that good
polarisation purity and high isolation between the ports
are obtained.

2 Antenna design

Owing to their low aerodynamic profile, ease of construction
and low cost especially for mass production, microstrip
antennas are very suitable for the proposed application.
Circular polarisation operation can be obtained with
microstrip antennas by means of several methods [4]. The
simplest technique is by means of exciting two orthogonal
modes in the same patch with only one feeding port and
geometry perturbation [4]. Examples are the nearly square
patch and the corner-truncated square patch. Despite their
design simplicity, such geometries are normally very

1382
© The Institution of Engineering and Technology 2012

sensitive to construction and material tolerances. Besides,
they present narrow axial ratio bandwidth and, if used to
build an antenna array, mutual coupling will degrade
polarisation purity substantially. Hence, such radiators are
not suitable for the intended application.

The proposed antenna is composed of two stacked patches
to obtain the dual-band characteristic [1, 14]. For circular
polarisation operation, two orthogonal modes are excited
with each patch. The 90° phase shift can be introduced by
using external hybrids. The stack-up of the proposed
antenna is shown in Fig. 2, where the top patch will
resonate in the upper frequency band (E1) while the bottom
patch operates at the lower frequencies (E5a/ESb). The
dielectric materials have been chosen in order to achieve
wide radiation patterns, according to the analysis performed
in [15]. The patches are fed by two different feeding
mechanisms, so that no coupling between them is needed to
achieve dual-band properties as it is necessary in the case
of conventional stacked patch arrangements. The energy of
the incoming wave in the E1 band is received by the top
patch, which is electrically connected to the feed lines by
means of two vias, whereas the energy of the ES5a/E5b
wave is received through two apertures by the bottom
patch. A schematic top view is shown in Fig. 3. One hole
for each via has been drilled in the bottom patch so that no
electric contact exists between it and the vias.

The bottom patch is fed through electromagnetic coupling
due to constructive and performance reasons. Feeding the
bottom patch with vias would demand the use of blind vias,
which are more difficult to manufacture. Moreover, the use
of vias would include a series inductance in the bottom
patch input impedance, hence reducing its bandwidth.

Circular polarisation operation is obtained by exciting two
orthogonal modes (TM,; and TM,() with each patch, so that
two feeding points are required for each frequency band.

/
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Fig. 3 Top view of the designed antenna

All dimensions are given in the text
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Right-handed circular polarisation (RHCP) is finally obtained
by introducing a 90° phase shift between the two TM modes,
which can be achieved using a 90°-hybrid optimised to work
at the centre of each desired band. For the proposed case, the
operation of the hybrids will be satisfactory, provided that
good isolation is obtained between the two ports operating
in the same band.

The input impedance of the lower patch is dependent on
several parameters. The location of the slots was chosen
off-centre to allow placing all the feed lines in the same
level of the multilayer structure. The slot positions were
chosen so as to improve isolation between ports 1 and
2. The lengths of the slots play an important role on both
the input impedance and power loss by excitation of surface
waves. The longer the slots, the larger the input resistance
and the higher is the power lost due to surface waves.
Therefore the slot lengths were optimised as a compromise
between input resistance, which should not be too low so as
to make impedance matching realisable, and loss due to
surface waves. The impedance matching is obtained by
employing open-ended stubs. Two stubs have been used to
match the impedance to 50 () at ports 1 and 2. Matching
can be achieved by adjusting the lengths of the low
frequency (LF) straight stub and LF bent stub without the
need of changing the distance between them and their
positions relative to the slots. Fig. 4 presents the variation
of the input impedance at the slots level when the lengths
of the LF bent stubs are varied and for ¢ = 0 (see Fig. 3).
One can see that the bent stub adds a series reactance in the
input impedance. Fig. 5 shows the variation of the input
impedance as a function of the length of the LF straight
stubs. The impedance is calculated at the connection of the
stub to the feed line. One can see that this stub produces a
shunt susceptance, which can be adjusted to match finally
the input admittances at ports 1 and 2.

The top patch is fed by means of vias, the distances of
which from the patch centre govern the input impedance as
in an ordinary patch antenna. However, in the present case,
the vias positions have direct impact on the isolation

5 mm
10 mm
15 mm

20 mm 5. 0_]

25 mm

s L =30 mm

-1.0j

Fig. 4 Variation of the input impedance at the slot plane for
different lengths of the bent stub

Simulations were done considering » = 6.03 mm, ¢ = 0 mm, e = 9.18 mm,
f=2.35mm, g=30mm and % = 10.55 mm (see Fig. 3)
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Fig.5 Variation of the input impedance at connection of the
straight stub to the feed line for different lengths of the straight stub

Simulations were done considering a = 7.33 mm, b = 6.03 mm, d = 14.66 mm,
e=9.18 mm, /= 2.35 mm, g = 30 mm and /# = 10.55 mm (see Fig. 3)

between all the ports. The isolation between ports 3 and 4
can be improved by placing the vias close to the patch
edges. On the other hand, the positions of the vias have
also impact on the isolation between ports 1 and 2, which is
improved by placing the vias close to the patch centre, as
shown in Fig. 6. Matching at ports 3 and 4 is achieved with
two stubs, which are named here as high frequency (HF)
matching stub and decoupling stub (see Fig. 3). The last
one is Ay/4-long, where A, is the guided wavelength at
1.189 GHz, so as to act as short circuit at the central
frequency of the E5a/E5b band at the point the stubs are
connected to the feed lines. This causes strong reflection of
the E5a/E5b band signals, hence isolating ports 3 and 4
from ports 1 and 2 in the frequency range of ESa/E5b band.
The length and the position of the HF matching stub are
adjusted to finally match the input impedance of the top patch.
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Fig. 6 Variation of the isolation between ports 1 and 2 as a
Sfunction of the vias positions from the structure geometrical centre
Simulations were done considering @ = 7.33 mm, » = 6.03 mm, ¢ = 22.49 mm,

d=14.66 mm, ¢ =9.18 mm, /= 235 mm, g =30 mm, ~ = 10.55 mm (see
Fig. 3)
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The antenna dimensions were optimised using the Ansoft
HFSS [16]. The top and the bottom patches have square
shapes and edge sizes of 52.80 and 63.10 mm, respectively.
Each slot is displaced 20.00 mm from the structure centre
and is 2.00 mm wide and 19.20 mm long. The vias
connecting the feed lines to the top patch are positioned
10.00 mm off the structure centre. The main dimensions of
the feeding system are the following (see Fig. 3):
a=833mm, b= 6.03 mm, ¢ =22.49 mm d= 14.66 mm,
e=9.18mm, f=235mm, g=30mm and 4 = 11.7 mm.
All feed lines present a characteristic impedance of 50 ()
and are 0.95 mm wide.

3 Fabrication

A prototype of the proposed antenna has been built and is
shown in Fig. 7. The comparison between the simulated
and measured input impedance for ports 3 and 4 (E1 band)
showed good agreement. However, a large discrepancy
between computed and measured results has been observed
for ports 1 and 2, as it can be seen from the reflection
coefficient curves shown in Fig. 8. All the prototype
dimensions have been checked with a microscope and the
only discrepancies lower than 25 um from the nominal
values have been verified. This deviation has been
considered acceptable for the etching process adopted to
build the prototypes and is small enough to cause only little
performance degradation at L band. The designed antenna
has been analysed using the Ansoft Designer as well, which
provided similar results than the ones obtained with HFSS.
Few parametric simulations confirmed that such fabrication
imperfections have only little influence on the prototype
performance. X-ray imaging was used to inspect the
internal parts of the prototype to assess possible
misalignment between the multiple copper layers, but no
apparent problem has been detected as well. In order to
assess whether the cause for the discrepancy observed in
Fig. 8a was due to material properties, a parametric study
has been carried out by varying the dielectric constant of

Fig. 7 Manufactured prototype

a Top view
b Bottom view
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Fig. 8 Comparison between simulated and measured reflection
coefficient

a Atport 1
b At port 3

the different substrates that compose the multilayer structure
of the proposed antenna.

4 Parametric studies

In order to assess the performance deviations due to material
tolerances, a sensitivity study was conducted regarding the
dielectric constant g, of three laminates employed in the
proposed design: RO3003 (g, =3.00 + 0.04), RO3206
(e, = 6.15 + 0.15) and RO4003C (&, = 3.55 £ 0.05). The
tolerances of &, have been taken from the datasheet
provided by the manufacturer. The dielectric constants of
the substrate materials have been swept individually, while
keeping the other two at nominal values. Simulated results
are presented in Fig. 9, where one can see that the largest
deviation is obtained when the dielectric constant of the
laminate RO 3206 is varied. However, the performance is
not changed so drastically to justify the discrepancy as
shown in Fig. 8.

According to [17], the value of the dielectric constant of
practical microwave laminates that should be considered
during the design of a microwave device, depends on
different factors, such as the substrate thickness, roughness
of the copper clad and the material anisotropy. Measuring
the dielectric constant may help designers to obtain better
agreement between the experimental results and the
numerical predictions. However, the measured value for &,
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Fig.9 Input impedance at port 1 for different values of dielectric
constants for
a RO3003

b RO3206
¢ RO4003C

depends on the test method used to characterise the laminate
[17]. For this reason, the nominal value of &,, as given in the
laminate datasheet, may not represent the dielectric constant
for the case of the designed antenna. From the parametric
analyses shown in Fig. 9, it was found that variations in the
RO3206 layer resulted in the greatest changes in the
antenna  impedance matching. Therefore additional
simulations were done by increasing the dielectric constant
up to &.= 6.60, which is considered by the substrate
manufacturer as a good value for practical designs [18]. The
results are shown in Fig. 10, where one can see that
the curve behaviour for e, = 6.40 fairly approximates the
experimental result. Another analysis was performed by
considering the nominal value of the dielectric constant of
R0O3206, but by varying the laminate thickness. This could
be the case resulting from over pressuring during the
fabrication process of the multilayer structure. The results
are shown in Fig. 11, where the experimental data could not
be accurately modelled by varying this parameter.

A second prototype was built to assess whether there were
problems during the fabrication process. However, measured
results similar to the solid curve shown in Fig. 8 have been
obtained. From the results obtained, the discrepancies could
be attributed only to some material property that was not
fully modelled by the used software, such as some degree
of anisotropy present in the laminates. Indeed, the lower
patch is fed by striplines coupled to slots in the GND.
Anisotropy will influence the antenna characteristics, since
the electric field at the striplines in regions away from the
apertures are predominantly oriented along the normal
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direction to the substrate plane, whereas the fields in the
slots are oriented parallel to the GND. Hence, the electric
fields in these two regions will be subject to different
dielectric constants if anisotropy is present. A moderate
degree of anisotropy may deteriorate the antenna
performance in comparison to the simulated isotropic
structure.

According to [17], RO3206 exhibits anisotropic behaviour
with ¢, values of 8.17 and 6.27 along the x—y plane and along
the z-axis, respectively. This may be one of the main factors
governing the performance degradation of the prototype in
comparison to the designed characteristics. As anisotropic
materials cannot be modelled in the electromagnetic
simulators used for the presented antenna design, an
experimental optimisation has been carried out and is
described next.

5 Experimental optimisation

The experimental optimisation has been done by adjusting the
length of the straight and the bent stubs used in the feeding
system for the bottom patch. This process has been carried
out step by step in order to avoid shortening the stubs
beyond the need, which could damage the prototype
permanently. The access to the feed lines was possible
because the lowest GND (Fig. 2) was made removable. The
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Table 1 Variation of the stubs during the experimental
optimisation of the antenna (Fig. 3)

Iteration ¢ (mm) d (mm) h (mm)
0 22.49 14.66 11.68
1 21.80 14.66 11.68
2 21.15 14.66 11.68
3 21.15 13.80 11.68
4 21.15 13.80 10.55

stubs have been gradually cut out according to the iterations
listed in Table 1, where the lengths of the three stubs for
impedance matching are given. A computer code has been
implemented by using the transmission line theory, which
was used to calculate the de-embedded impedance at the
plane of the straight stub (for ports 1 and 2). This allowed
estimating the new stub dimension after every iteration. The
measured results for input impedance are shown in Fig. 12.
One can observe that only few iterations were needed in the
optimisation process due to the technique employed.
Iteration 4 was necessary to produce a slight frequency shift
on the input impedance at ports 3 and 4. From Fig. 12, one
can see that a change in the HF feeding lines had nearly no
influence in the input impedance seen at ports 1 and 2 at
the ESa/E5b band, hence confirming that the E1 and ES5a/
ES5b ports are highly isolated from each other.

After the experimental optimisation, the S-parameters were
measured. The results are shown in Figs. 13 and 14. Owing to
the symmetry of the structure, only four S-parameters are
given. One can see that the reflection coefficients at the four
ports are below —10 dB in the respective operation bands.
Moreover, the isolation between ports 4 and 1, and ports 3
and 1, are larger than 23 dB in the entire L band (see dotted
and dashed curves in Fig. 14).

The measured radiation patterns are shown in Figs. 15 and
16. For the measurements, two external 90°-hybrids (part
number ZX10Q-2-19 manufactured by Mini—Circuits®) have
been used to produce the necessary phase shift between the
ports 1 and 2 and ports 3 and 4, so that the antenna

-0.2j ‘ 17-5.0j
A A Iteration 1

= =-[teration 2
— — -lteration 3
Iteration 4

Fig. 12 Experimental optimisation of the input impedance at the
LF port

1386
© The Institution of Engineering and Technology 2012

e e B

e

S-parameters (dB)
o

)
=3

{§=—El-band

1.0 1.1 1.2 13 14 15 16 1.7 1.8 19 20
Frequency (GHz)

Fig. 13  Measured reflection coefficient at the four antenna outputs

The dashed lines indicate the two operating bands: ES5a/ESb (1.164—
$1.215 GHz) and E1 (1.559-1.591 GHz)

0 A i o S |
1 | -5, --'Sn Su T S.u
-IO 1 1] 1 i
-20 /\: T e
./ "‘.\ _".( | k( ol =
. s R
304 \’ ey :
1 eabaald D R e
Lo ‘(‘l"\i"\ /-’

'é

. ! i

<t r

] I

A bl »

1 'l
“-’\ \

b e
A
\

S-parameters (dB)
IS
(=]

N
NrIE

y
i

: i

i bvl RTUT
| i!

i

]

i

]

'

i

)

i
1

ey g

1.3 14 15 16 1.7 1.8 19 20
Frequency (GHz)

b -

Fig. 14 Measured isolation between some of the output ports

Owing to the structure symmetry, only four S-parameters are shown. The
dashed lines indicate the two operating bands: ES5a/E5b (1.164—
1.215 GHz) and E1 (1.559-1.591 GHz)

0

104 330 [ 30
—_— SR
g 0 W, O e
= 300 7 _ N 60
= : . : SO
g
g -10 N i}
= B\ M
'_6 \ SRR 15 J /
=2 20270 D = WL 1 90
é I l N ¥, -
= R B
o A f_ e {
= -10+
] 3 |
E N .
) 240 —g= s meged5Y 120
4 0 e §E N ceermnge 1358

10- 210 /)15{

180

Fig. 15 Measured gain pattern at 1189 MHz for different azimuth
(¢) planes

Solid lines are RHCP and dashed lines are left-handed circular polarisation
(LHCP)

IET Microw. Antennas Propag., 2012, Vol. 6, Iss. 12, pp. 1381-1388

doi: 10.1049/iet-map.2012.0055



10+ 330 1 30
@ 0 .
= 300 A e N 60
‘-FE’ -:J'- >
2 .10
z 1 B
E | W XS ) 7 | '|I
3 204270 ¥ Sy AR I 1 90
=t \ ; /
7] Bt
g 107 >,
g - L
5 240 —¢=0° ==-4=45 120
Z 0 S - $=90° —-—-g=135°

104 210 > 150

180

Fig. 16 Measured gain pattern at 1575 MHz for different azimuth

() planes
Solid lines are RHCP and dashed lines are LHCP

operates with circular polarisation. At both mid-frequencies,
measured values of axial ratio equal to 1.7dB were
obtained. For comparison purposes, the simulated result was
1.0 dB for both mid-frequencies. The discrepancy between
measured and simulated values can be attributed to several
reasons, such as the tolerances in the fabrication process
and the properties of the dielectrics. One can also observe
that broad radiation patterns were obtained, which is an
important requirement for GNSS. Half-power beam widths
of 91° and 86°, respectively, for the E5a/E5b and the El
bands were verified and a maximum gain drop of 12 dB
from the zenith to the horizon has been obtained. The
maximum gain was 5.3 dBic for the central frequencies of
both bands. Another important feature of the radiation
properties of the designed antenna is the symmetry of the
pattern at different azimuth angles in both bands.

Finally, a frequency sweep has been performed and the
gain in the broadside direction has been measured. The
results are presented in Fig. 17. By examining the co-
polarisation curves, one can see that isolation larger than

- = -RHCP - ES-output —-—-LHCP - E5-output

RHCP - El-output - - -- LHC
e T

Gain (dBic)

Frequency (GHz)

Fig. 17 Measured gain at boresight as a function of frequency

The dashed lines indicate the two operating bands: E5a/E5b (1.164—
1.215 GHz) and E1 (1.559-1.591 GHz)
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20 dB was obtained between the output ports for ESa/ESb
and El bands. Furthermore, a gain drop larger than 10 dB
has been obtained from the mid band of El to the GSM
band above 1.7 GHz.

6 Conclusion

The design process of a novel dual-band microstrip antenna
with highly isolated outputs has been discussed in this
paper. Discrepancies between the numerical and
experimental results were verified and they could neither be
related to problems in the construction nor to the material
tolerances given in the datasheet of the employed
microwave laminates. Since the computer model could
not reproduce the measured results, an experimental
optimisation was carried out as a part of the design process.
Measurements of the optimised prototype show that very
good performance has been finally obtained. Moreover,
high isolation between the antenna outputs has been
verified. The antenna has been already used successfully for
field tests with a GNSS receiver [1].

Even though computer modelling keeps advancing fast
with the improvement of computational power, the results
shown in this paper indicate that the experimental
verification should still be part of the design process of
novel antennas. Despite the application of full-wave tools
during the initial stage of the proposed design, good
performance could not be obtained with the antenna
dimensions optimised by simulations. The experimental
optimisation that has been conducted in this work was
necessary to compensate for deviations in the material
properties, which may not appear in the datasheets of
commercial microwave laminates.
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