SHORTED ANNULAR PATCH
ANTENNAS FOR MULTIPATH
REJECTION IN GPS-BASED ATTITUDE
DETERMINATION SYSTEMS

Luigi Boccia,' Giandomenico Amendola,? Giuseppe Di Massa,’
and Luisella Giulicchi?
Dipartimento di Elettronica, Informatica e Sistemistica
University of Calabria
87036 Rende, ltaly
2 European Space Agency (ESA - Estec)
Noordwijk, The Netherlands

Received 11 July 2000

ABSTRACT: In the past years, ESA has been considering the use of the
Global Positioning System (GPS) as a medium-accuracy attitude sensor
for low-earth-orbit missions. This paper describes the design of a com-
pact GPS antenna with improved multipath rejection to counteract the
effects of the spurious reflections. In particular, a shorted annular patch
that is a variant of the classical annular patch and has its inner edge
shorted by a cylindrical conducting wall is proposed. It is shown that the
radiation characteristics of the antenna offer the possibility to fulfill the
multipath rejection radiation requirements without using an array solu-
tion. © 2001 John Wiley & Sons, Inc. Microwave Opt Technol Lett
28: 47-51, 2001.
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1. INTRODUCTION

Recently, the Global Positioning System has been demon-
strated to be a very promising medium-accuracy attitude

sensor for low-earth-orbit missions [1, 2]. A GPS-based atti-
tude determination system represents a hybrid sensor that
gives a continuous pointing knowledge, completely immune
to drift phenomena, and therefore without the necessity to be
calibrated by a reference sensor. Furthermore, it gives a
reduction in size, power, and cost of the sensor hardware.

The basic measurable in GPS-based attitude determina-
tion is a differential measurement across two antennas of the
phase of the GPS signal. The largest error source on this
measurement is due to reflections or diffractions from sur-
faces around the antennas (the spacecraft body, solar panels,
etc.) that introduce differential phase distortions. This error
is normally referred to as multipath error (Fig. 1), and cur-
rently represents the limiting factor in the achievable accu-
racy of GPS-based attitude determination.

The multipath effect on differential phase measurements
and attitude estimation can be mitigated with software pro-
cessing using measurement redundancy or error predictability
[3, 4]. With such methods, a reduction of the multipath error
of about 50% can be achieved.

Nevertheless, signal processing in a GPS receiver cannot
completely satisfy the accuracy requirements of the GPS-
based attitude sensor, and a receiving antenna that can reject
multipath signals is required.

Antennas can be optimized for GPS-based attitude deter-
mination in two ways. First, they can be designed with high
rejection to left-hand circularly polarized (LHCP) signals.
This reduces the impact of multipath because the GPS signal
is right-hand circularly polarized (RHCP), while odd reflec-
tions are LHCP. Hence, using antennas with a good rejection
of LHCP signals, multipath effects arising from direct reflec-
tions can be potentially eliminated. Effects due to double
reflections remain, but they are normally much weaker.

Second, attitude measurement performance can be im-
proved by shaping the antenna gain pattern to reject low-
elevation signals. This is beneficial because reflected signals
often impinge on the antenna at low elevations. Hence, a
narrow beam minimizes their impact. Notice, however, that,
in order to perform attitude determination, at least two GPS
satellites must be tracked at all times. For this reason, the
antenna field of view must be large enough to ensure that
two or more satellites are visible throughout the satellite
orbit. In practice, this means that the antenna pattern aper-
ture must be greater than 120° (supposing that only GPS is
used, a less constraining bound can be found if simultaneous
use of Glonass is assumed).

Besides, a new antenna will be suitable for aerospace
applications only if its size is small enough to permit an easy
implementation on the spacecraft. Indeed, one essential ad-
vantage of using GPS for attitude determination is that
different sensors and their interfaces can be eliminated and,
in turn, costs, power requirements, weight, and complexity
can be reduced.
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Direct Signal
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GPS Antenna Reflected Signal

Figure 1  Origin of the multipath error
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In this paper, it will be shown that the low-multipath
requirements on a GPS antenna for spacecraft attitude deter-
mination can be fulfilled with a single radiator by considering
a shorted annular patch antenna.

In the following, the radiation characteristics of the shorted
annular patch will be resumed. In particular it will be shown
that, with a proper choice of the inner and outer radii of the
ring, a narrow radiation pattern can be obtained, suppressing,
at the same time, surface-wave emissions, thus limiting their
effects on the cross-polar and back-radiation levels.

A design of a circularly polarized shorted ring then will be
presented, and both its theoretical and measured characteris-
tics will be shown. Furthermore, in order to prove the low-
multipath performances of the proposed antenna, the results
of comparative measurements performed on the on-ground
GPS Test Facility at the European Space Agency (ESA) will
be presented and discussed.

2. ANTENNA DESIGN

The shorted annular patch antenna [5] is a derivation of the
standard circular patch. It presents the same radiating char-
acteristics, but a wider bandwidth and easier matching.

The geometrical configuration of the antenna is shown in
Figure 2, with the exclusion of the feeding network.

This antenna has several advantages with respect to the
standard circular patch. In fact, a circular disk antenna has
an input impedance that ranges from 0 ) at the center up to
200-300 Q at the edge. To get a good match, the feed should
be then inserted near the center with a small tolerance. A
shorted annular patch has an input impedance of about
100 Q at the edge; therefore, the position of the feed is
less critical, and the antenna can be fed with a coplanar
microstrip.

Furthermore, the presence of the cylindrical conductor in
the central zone of the antenna reduces the energy stored
under the patch, resulting in a lower antenna quality factor
and in a bandwidth wider than the one of a standard circular
disk.

The essential feature of the antenna is that the low-multi-
path radiation pattern requirements can be fulfilled using a
single radiator (i.e., without adopting an array solution), as
the pattern of the shorted annular patch can be easily con-
trolled by varying the antenna geometry without degrading
the radiation characteristics.

In fact, it is easy to show that [5], when working on its
dominant mode TM,;, the shorted ring has equivalent mag-
netic current distribution of a conventional disk that results
in a similar radiation pattern. As a consequence, with a
proper choice of the external and internal radii, narrower
radiation patterns that maintain the radiation characteristics
of a circular disk can be obtained. This is clearly shown in
Figure 3, where the simulated radiation patterns of three
shorted ring antennas resonating at 1.57542 GHz, with an
external radius of 45, 55.7, and 66 mm, are reported, together
with that of a circular disk antenna. The effects of a larger
ring radius are quite evident. For the ring with a larger
radius, sidelobes on the H-plane cut are observed, which
limit the range of the values admitted for the choice of the
patch size.

A further requirement for the ideal antenna is that it
should control surface-wave emissions in order to reduce
their effects on the radiation pattern, and in particular on the
cross-polar level.

As is well known [6], the surface waves can be inhibited if
a shorted annular patch with an external radius

a=— (1

is taken. In Eq. (1), which is valid for thin substrates [7], x,
are the zeros of the derivative of the first-order Bessel
function, and k is the free-space propagation constant.

An antenna design fulfilling the constraints previously
described has been realized at the GPS L2 frequency f =
1.57542 GHz. In order to obtain a narrow radiation pattern,
the first zero in Eq. (1) is taken. This choice has given an

Figure 2 Shorted annular patch geometry
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Figure 3 Radiation patterns of a circular disk with radius 34.3 mm, and of three shorted annular patch antennas having external
radius of 45, 55.7, and 66 mm, respectively. The four antennas resonate at 1.57542 GHz

external radius a of 5.57 cm for a substrate with &5 = 2.33
and 0.159 cm thick. In order to make the patch resonate on
the desired frequency, an inner radius b of 2.79 cm has been
taken. The antenna frequency has been determined with a
simple, but effective cavity model, and the whole structure
has been simulated with a finite-element package [8] to take
into account the effects of the finite substrate in order to
estimate the back-radiation level. The prototype antenna is
shown in Figure 4.

As can be seen, circular polarization is obtained with a
dual-fed solution. Two 50  feeding lines with a 90° phase
difference have been adopted. The offset feeding lines are set
inside the edges of the patch, and a quarter-wave transformer
allows the match between the parallel connection of the two
lines and the power-divider output.

To obtain a good match, the antenna has been fed with a
recessed microstrip [9]. The reactance generated in the mi-
crostrip portion internal to the patch is avoided, introducing
a gap of 1.5 mm on each side of the line. The measured S,
of the antenna is reported in Figure 5, showing a good match.

In Figure 6, the simulated copolar and cross-polar pat-
terns in the two principal planes are presented. As can be
seen, the antenna shows a good behavior in terms of both the
copolar and back-radiation level and, even if the antenna is
fed with coplanar lines, the effects of the spurious radiation
do not deteriorate the radiation patterns. Furthermore, con-
sidering the absence of sidelobes, the back-radiation level can
be further reduced by slightly enlarging the antenna ground
plane [10].

For comparison, the copolar components of the radiation
pattern measured in the compact antenna test range of the
ESA are also presented in Figure 7, together with the simu-
lated ones, showing a good agreement.

3. EXPERIMENTAL RESULTS
The effectiveness of the proposed design has been verified
through comparative measurements performed on an on-
ground GPS test facility [11] of the ESA.

The basic measurable in the GPS-based attitude determi-
nation is the differential measurement across the two anten-
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Figure 4 Top view of a shorted annular patch antenna having
external radius @ = 5.57 cm, internal radius b = 2.79 cm, and real-
ized on a substrate with g = 2.33 and 1.59 mm thick

nas of the phase of the GPS signal. In order to evaluate the
behavior of the shorted ring, 24-h tests to collect sets of
differential phase measurements have been performed, and
the results have been compared with the ones obtained using
standard GPS patch antennas.

In order to have a complete statistical evaluation of the
multipath error rejection performances, the mean, the stan-
dard deviation, and the root-mean square (rms) of the dif-
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Figure 5 Measured reflection coefficient for the antenna shown in

Figure 4

ferential phase error over all of the collecting time have been
considered.

The results obtained are reported in Table 1. They are
very promising, and demonstrate that a performance im-
provement of 50% can be achieved through specific antenna
design that is compliant with size, mass, and cost require-
ments. Furthermore, considering that the multipath error can
be mitigated with software processing, we can expect another
50% reduction of the multipath level. Therefore, by imple-
menting both the software and hardware solutions, the GPS
sensor would become very interesting and, by reaching accu-
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Figure 6 Simulated copolar and cross-polar radiation patterns (dB versus theta) of the shorted annular patch of Figure 4
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Figure 7 Measured and simulated copolar radiation pattern

TABLE 1 Experimental Results: Statistical Summary

Shorted Reference Multipath
Annular GPS Error
Multipath Error Patch Patch Reduction
Mean (deg) -1.2 54 74.5
Standard deviation 10.0 19.1 47.4
(deg)
rms (deg) 13.1 26.2 50.1

racies below the 1° (1-sigma) currently achievable, it would
comply to a wider range of mission requirements.

4. CONCLUSIONS

In this paper, the design of a shorted annular patch for
attitude determination with a high-multipath rejection has
been proposed. The antenna characteristics made possible an
effective design, fulfilling the requirements on the radiation
pattern needed to reduce multipath effects on differential
phase measurements.

The antenna has been tested by means of measurements
collected on an on-ground GPS test facility. Experimental
results indicate that the shorted annular patch antenna re-
duces the multipath error, with respect to the standard GPS
antenna, up to 50% rms. Additionally, the shorted ring,
inheriting all of the advantages of the microstrip antennas in
term of cost, weight, and easy manufacturing, is well suited
for aerospace applications.
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Abstract—A compact circularly polarized shorted annular stacked
patch antenna has been proposed for global navigation satellite system
(GNSS) in this paper. The antenna has been designed to operate for
the satellite navigation frequencies including GPS, GLONASS, Galileo
and Compass (1100 MHz-1600 MHz). In order to obtain wideband
characteristics, broadband 90° hybrids have been used as a secondary
network. The designed antenna has a 73.7% (10-dB) return loss
bandwidth from 0.9 GHz to 1.95GHz, and 60.1% 3-dB axial ratio
bandwidth from 0.96 GHz to 1.8 GHz, respectively. Shorted annular
stacked patch structure is incorporated into the antenna design helping
to obtain stable gain bandwidth, broad beamwidth characteristics and
good axial ratio at low elevation. The designed antenna occupies a
compact size of 100 mm x 100 mm X 15.5 mm.

1. INTRODUCTION

With the development of global navigation satellite system (GNSS),
the requests for multi-system navigation ability increase. To fulfill the
needs of this application, antennas should be wideband, with stable
gain bandwidth, broad beamwidth and compact size. Quadrifilar
helical antenna has exciting radiation characteristics of broad beam-
width [1,2]. However, the disadvantages of big size and narrow
bandwidth limit its applications. Microstrip patch antennas [3—
6,8-11,13-21] are often used in the applications needing circular
polarization due to their low-profile, low cost, easy fabrication and
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compatibility with integrated circuit technology. However, the general
limitations of the traditional microstrip antennas are achievable
impedance and axial-ratio (AR) bandwidths. There are many methods
to achieve broadband performance of microstrip antennas, such as
using two or more radiating structures which work at different but
contiguous resonant frequencies, using coupling feeding scheme, adding
external matching circuits and so on. Several multi-band or wideband
low-profile antennas have been proposed in the literature [7-11] for
GPS or GNSS application. However, few of them can obtain broad
beamwidth characteristics and good axial ratio at low elevation, which
are useful to suppressing multipath interferences.

In this paper, a novel proximity-coupled probe-fed shorted annular
stacked patch antenna design for GNSS application has been presented,
which can be used in all four satellite navigation services. The
presented antenna is characterized by the following features: 1) in
order to obtain wideband impedance and AR bandwidths, broadband
90° hybrids and printed L-probes coupling feeding schemes are used.
2) The ground plane and feeding network are printed on the lower
and higher side of the substrate respectively. In this case, the network
can be fed by an SMA connector from the bottom of substrate, which
is propitious to feeding the array. This structure can also make the
antenna symmetrical and have a symmetrical radiation performance.
3) The feeding network is arranged along the diagonal of the substrate,
helping to optimize the space utilization. 4) The usage of shorted
annular stacked patch as radiator instead of conventional patch, which
can provide stable gain bandwidth, broad beamwidth characteristics
and good axial ratio at low elevation.

In Section 2, the antenna configuration and design principle are
described. The simulated and measured antenna parameters are given
in Section 3, followed by a brief conclusion in Section 4.

2. ANTENNA CONFIGURATION AND DESIGN

Figure 1 presents the structure of the proposed shorted annular stacked
patch antenna. The antenna design includes five layers. The upper
annular patch is printed on the top of the first substrate layer and
the lower annular patch printed on the back. The upper and lower
patches are shorted by the metal wall. The second substrate layer acts
as the support and isolates the lower patch and L-probe. The L-probes
are proposed to achieve broadband matching. In this design, four L-
probes are placed under the radiating patch to excite the annular ring
and transform the input impedance. The L-probes are composed of
four square metal strips, printed on the top of the third substrate and



Progress In Electromagnetics Research C, Vol. 35, 2013 125

upper patch

lower patch

substrate shorting wall ds > L-probe

| d

Y

/
»

=
¥
L
! a; ! v

- feeding network

3,

~N

+115417 *—h

air gap

ground plane

Figure 1. The structure of the proposed antenna.

the posts, which go through the substrate and are connected to the
broadband 90° hybrid port. The dimensions of the probes and the
distances between strips and annular patch affect the coupling. The
fourth layer is the air layer, which can decrease the effect between the
feeding network and the substrate. The feeding network is printed
on the top of the top of the fifth substrate layer and the ground
plane is printed on its back. The feeding network is composed of one
common two-way power divider with 180° phase offset acting as the
primary network and two wideband 90° hybrids acting as the secondary
network. In this case, the feeding network can provide good 90° phase
differences between two adjacent ports which are connected to the same
wideband 90° hybrids. The structure of the feeding network is shown
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Secondary power divider

Port 5

Secondary power divider
Figure 2. Layout graph of the feeding circuit.

Table 1. Key dimensions of the structure.

L e, (all substrate layer) dy doy ds
100 mm 4.4 67mm | 60.8mm | 27 mm
h1 ho hs hg hs
3 mm 3 mm 6 mm 2.5 mm 1mm

in Figure 2. Figure 3 displays the simulated (using HFSS ver.13 [22])

and measured return loss, magnitude response and phase differences of

the feeding network. We observe that the magnitude variation is less

than 0.5 dB and the phase shift unbalance less than 5° in the band of

1.1-1.6 GHz using the proposed feeding network. It is important for the

antenna design to obtain excellent circular polarization performances.
The key dimensions of the structure are shown in Table 1.

3. RESULTS AND DISCUSSION

Figure 4 provides the graphs of the fabricated antenna. The overall
size of the antenna is 100 mm x 100 mm x 15.5 mm. Figure 5 presents
the variety of VSWR affected by the height of the third substrate (h3)
and the thickness of air gap (h4). As can be seen in the figure, when
hs > 6mm and hy > 2.5mm, VSWR < 2 in the whole band for GNSS.
The VSWR measured using Agilent E8363B network analyzer along
with the simulation data using HF'SS are presented in Figure 6. It can
be observed that the impedance bandwidth for VSWR < 2 is 73.7%,
providing the working range of 0.9 to 1.95 GHz.
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Figure 4. The photo of the proposed antenna.
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The radiation performances were measured in an anechoic
chamber. Two Archimedean spiral antennas were used to measure
right-hand circular polarization and left-hand circular polarization
radiation, respectively. From Figure 7, the 3-dB AR bandwidth of
the proposed antenna is 60.1% providing the working range of 0.96
to 1.8 GHz. It owes to applying four ports L-probes coupling feeding
schemes, which enhance the AR bandwidth extremely. As can be seen
in the figure, the impedance and AR bandwidths are sufficient to cover
GNSS frequencies. The simulated and measured AR patterns in the
X-Z and Y-Z planes at 1.2, 1.4 and 1.6 GHz are presented in Figure 8.
As seen, the elevation angles for AR < 5dB are —50°-50° at X-Z
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Figure 8. Simulated and measured AR patterns.
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Table 2. Axial ratio and gain characteristics at low elevation.

Literature Elevation angles Elevation angles
for gain > —5dBi for AR < 5dB
7 About 20° Not mentioned
8 About 20° Not mentioned
9 About 20° Not mentioned
11 About 30° Not mentioned
12 About 30° Not mentioned
13 About 30° About 28°
o About 15° expect z-z plane at
Proposed About 15 1.2 GHz and z-z plane at 1.6 GHz

plane and —80°-110° at Y-Z plane respectively at 1.2 GHz, —75°-85°
at X-Z plane and —75°-90° at Y-Z plane respectively at 1.4 GHz,
—50°-75° at X-Z plane and —85°-85° at Y-Z plane respectively at
1.6 GHz. The asymmetry of the AR patterns is mainly due to the
machine and measurement errors. Figure 9 shows the simulated and
measured radiation patterns in the X-Z and Y-Z planes at three
different frequencies 1.2, 1.4 and 1.6 GHz. Broad pattern coverage
and high gain at low elevation angles (more than —5dBi at elevation
angles > 15°) are achieved. The excellent performances of the antenna
are mainly due to the shorted annular stacked patch structure and
four ports proximity-coupled probe-fed feeding mechanism. Axial
ratio and gain characteristics at low elevation are better than other
structures reported in the literatures [7-9,11-13], which can be seen
in Table 2. It is noted that literature [13] can achieve excellent AR
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performance at low elevation angles by mounting the antenna on a
cylinder housing. However, it will increase the overall size obviously.
The simulated and measured RHCP gain of the antenna at different
frequencies is presented in Figure 10, and it is observed that the stable
gain bandwidth can be obtained for gain > 3 dBi.

4. CONCLUSION

In this paper, the results of the design for a novel compact circularly
polarized shorted annular stacked patch antenna are reported. The
antenna is fed by four ports feeding network composed of one common
Wilkinson power divider and two broadband 90° hybrids. Using the
proposed proximity-coupled probe-fed feeding scheme, the antenna
exhibits an effective bandwidth of 60.1% from 0.96 to 1.8 GHz for
VSWR < 2 and AR < 3dB. Shorted annular stacked patch structure
is incorporated into the antenna design. The proposed antenna not
only has a compact size of 100 mm x 100 mm x 15.5 mm, but also can
provide stable gain bandwidth, broad beamwidth characteristics and
good axial ratio at low elevation. Measured parameters show good
agreement with the modeling and conform that such antennas can be
successful used for GNSS applications.
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Abstract

This paper presents a review of the most important features of the Shorted Annular Paich antennas. These
radiators have several mechanical and electrical advantages with respect to other microstrip geometries. In particular,
the presence of the short in the ceniral zone of the antenna provides increased radiation flexibility which permits to
control the antenna beam aperture. In order to demonstrate the usefulness of SAP s features examples of applications in

space environment are provided.
1. INTRODUCTION

In the last decades printed antennas have been largely
studied duc to their advantages over other radiating
systems, such as light weight, reduced size, low cost,
conformability and possibility of integration with active
devices.

In this paper the most important features of an innovative
microstrip radiator, namely the Shorted Annular Patch
(SAP) antenna, will be presented and discussed.

The SAP antenna geometry is shown in Fig. 1 [1]. At
variance of a conventional disk, the inner boundary of this
patch is shorted to the ground plane. This antenna has
several advantages with respect to the standard circular
patch. In fact, a circular disk antenna has an input
impedance that ranges from 0L at the centre up to
200-300Q at the edge. To get a good match the feed

should be then inserted near the centre with a small
tolerance. A shorted annular patch has an input impedance
of about 100 2 at the edge, therefore the position of the
feed is less critical allowing for an easier matching.
Furthermore, the presence of the cylindrical conductor in
the central zone of the antenna reduces the energy stored
under the patch resulting in a lower antenna quality factor
and in a bandwidth wider than the one of a standard
circular disk. -

In terms of size, weight and cost the SAP antenna has the
same appealing characteristics of the standard microstrip
patches. ’

In the following the most important SAP antenna radiation
properties will be presented focusing the attention on their
benefits for space applications.

1 h

.-'_i. Fig. 1 — Shorted Annular Patch geometry.



190

th
17 International Conference on Applied Electromagnetics and Commurnications H@E@ m 2@@3
1 - 3 October 2003, Dubrovnik, Croatia @

2. SAP CHARACTERISTICS

SAP antennas have been extensively studied for their
property to inhibit surface wave radiation. In [2] it has
been demonstrated that an appropriate selection of the
SAP ring external radius inhibits the excitation of the TM,
surface wave mode avoiding the radiation pattern
deterioration due to the surface waves diffraction and
reducing mutual coupling in array applications [3]. The
theory has been extended to elliptical SAP, for dual band
or circularly polarized antennas, in {4].

Another essential feature of the antenna is that the SAP
pattern can be easily controlled varying the antenna
geometry without degrading the radiation characteristics.
In order to clarify this aspect, let us first consider a
conventional circular patch antenna resonating on its
dominant mode TM,;. Once the resonant frequency and
the dielectric characteristics are given, the external radius
of the disk it is uniquely determined and the antenna
radiation pattern, strictly connected to the magnetic current
distribution at the external edge of the patch, can not be
varied.

On the contrary, the shorted annular patch, which has the
same magnetic current distribution of a conventional disk,
offers much more flexibility in shaping the radiation
pattern. In fact, with a proper choice of the external and
internal radii, narrower beams that maintain the radiation
characteristics of a circular disk can be obtained.

As example, three shorted annular patch antennas
resonating at the nominal GPS L1 frequency,
1.57542GHz, with an external radius of 35, 45, and 55.7
mm, have been designed considering a substrate with
dielectric constant £ ,=2.55 and thickness of 3.2 mm. The

effect of a larger external radius is shown in Fig. 2 where
the co-polar radiation pattermns of the three SAP antennas
have been compared with the one of a conventional
circular patch tesonating at the same frequency and
designed using the same substrate. As expected, a farger
outer radius of the antenna results in a narrower beam.

—Circular patch
-==-S8AP 35mm

Fig. 2 - SAP radiation pattern flexibility.

Another important feature of the proposed antenna is that
the gain of the shorted patch is considerably higher than
other conventional microstrip antennas. For instance, the
circular patch antenna taken as reference in Fig. 2 has a
gain of 6.8dB while the SAP’s gain varics with the outer
radius of the ring following the curve reported in Fig. 3 and
attaining a maximum of 10.67dB.
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Fig. 3 - SAP gain vs. outer radius.

In addition to the radiation properties, the SAP antenna
has mechanical features highly beneficial for space
applications. In fact, even if the SAP designs proposed in
this paper have been developed using a conventional
microstrip technology, they can be easily adapted to
solutions employing suspended technology and high
performance materials. This opportunity eliminates the
problems arising from the sensitivity of the electrical
characteristics of the substrates and the distortion
generated by the diffraction of surface waves seems to be
advisable. This configuration is easily accomplished as the
central short provides a supporting element on which
single or stacked SAP’s can be build.

As a further advantage of the shorted ring with respect to
other microstrip geometries, it should be noticed that the
central short provides a path for ESD avoiding the creation
of ad-hoc circuits.

3. APPLICATIONS
So far, the SAP antenna has been successfully applied to
several aerospace applications.

High Directive Antennas

The gain increase combined with the possibility to control
the beam aperture can result highly beneficial in designing
directive antennas of small and medium satellites.
Normally for these applications where beam widths around
50degrees and a gain avound 12 dB are needed, small
array of printed antennas are employed. The same
requirements can be easily satisfied in a more efficient way
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using a single stacked SAP antenna. With this sclution the
beam aperiure can be shaped by opportunely selecting the
antenna outer radius and a parastic patch can be uscd to
further increase the antenna gain.

High precision GPS

In the last few years the Global Positioning System (GPS)
has been used in a variety of applications for which new
and more restrictive requirements for the design of the
receiving antenna have been introduced. In particular, for
high-precision GPS applications, such as differential GPS,
GPS-based spacecraft attitude determination or geodetic
surveying, a receiving antenna with superior rejection to
multipath signals is required.

At the radiator level, multipath can be essentially
controlled in two ways. Antennas with a good rejection of
LHCP signals can potentially eliminate multipath effects
arising from direct reflections. Additionally, considering
that reflections often impinge on the antenna at low
elevations, the multipath rejection performance can be
improved by shaping the antenna gain pattern to reject
low-elevation  signals  while  ensuring  adequate
hemispherical coverage. Furthermore, in order to satisfy
the demanded precision and reliability, a high-performance
GPS antenna must be capable of operation at the two GPS
frequencies (L1: 1.57542GHz, L2: 1.2276GHz).

Several low multipath GPS antennas have been proposed
in the past [5]. Unfortunately, most of the available
solutions, including arrays or choke rings, are impractical
in aerospace applications due to the operational
requirements in terms of size and weight. A more effective
design has been proposed in [6] where the shorted annular
patch antenna, has been intreduced as a possible solution
for low-multipath GPS applications.

As shown in Fig. 2 the SAP radiator offers an extended
radiation pattern flexibility which can be used to optimize
the multipath rejection performances in consideration of
the specific application constrains.

In order to demonstrate the radiation characteristics of the
shorted patches, the experimental results referred to the
SAP antenna having an external radius of 35mm are
presented. A prototype has been fabricated using a
standard milling drilling machine. An Arlon Diclad™
layer (£, =2.55; h=3.2mm) has been used to erch the
patch. The inner hole has been machined into the two
dielectrics and the short circuit has been obtained using
soldered copper foil. Adequate circular polarization purity
is attained by feeding the antenna by means of two 50£)
coaxial probes located 90 deg. apart and having 90 deg. of
phase difference. The inner radius and the feed location
are 6mm and 12Zmm respectively. The measured input

impedance of the antenna is presented in Fig. 3, in
comparison with the results of a FEM based commercial
simulator [9]. As it can be seen, the predicted result is in
excellent agreement with the experimental values.

Due to the precision of the simulator and the accuracy of
the fabrication process, it was possible to achieve a fairly
precise design that provided predictably high performance.
In fact, the antenna resonates at the nominal GPS LI
frequency and is very well matched.

The multipath rejection performances of the SAP
prototype have been evaluated considering both the
sharpness of the antenna pattern toward the horizon and
the circular potarisation purity over the whole radiation
hemisphere.

300 60
270 20/ 210 fode
u0 - T 120
207 i 150
180

— Measured RHCP
— — Measured LHCP

=« = Simulated RHCP
,,,,,,,, Simulated LHCP

Fig. 5 - Simulated and measured input impedance.
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The measured and simulated radiation patterns, reported in
Fig. 4, show that the proposed SAP antenna has, as
expected, an amplitude roll-off from boresight to horizon
of about 15dB. It is important to note that this result,
which provides a wide hemispherical coverage while
sufficiently rejecting grazing signals, has been obtained
using a 14 cm square ground plane so without increasing
the overall dimension of the antenna. In addition to the

sharpness of the radiation pattern, the SAP prototype

proposed in this paper fully satisfies the polarization purity
constrains required for high precision GPS applications. In
fact, the axial ratio stays below 2dB within the entire
coverage hemisphere. .

Other geometrical .configurations of SAP antennas have
been proposed for high precision GPS applications. In [7]
the features of the shorted annular elliptical patch antenna
(SAEP) have been shown demonstrating that an effective
low multipath design can be obtained using a single
coaxial feed. As an extension of that design a dual band
SAEP has been presented in [8]. In this latter case two
shorted elliptical rings have been arranged in a stacked
configuration to provide dual frequency operation,

SAP for Radio occultation applications

The implementation of the GPS network of satellites has
created an opportunity for active remote sounding of the
earth’s atmosphere by radio occultation. In radio
occultation, the ray path of a radio signal emitted by one
satellite and received at another satellite in low orbit
(LEQO) passes through the atmosphere when the LEO
satellite sets behind the Earth. The signals are delayed as
they travel through the atmosphere because the refractivity
varies as a function of pressure, temperature, and water
vapour pressure. These delays in the GPS signals are
measured in order to extract atmospheric properties
through an inversion process.

Active remote sounding of the earth’s atmosphere by radio
occuiltation require high performances and different modes
of operation, thus the development of suitable instruments
is needed. In particular, the antennas for a radio
occultation measurement require shaped beams to
maximize the gain along the curved limb of the earth.
Typically, the antenna the beam in the elevation and
azimuth plane must be localized between -27.8° < 8 <-10
and -53° < ¢ < 53° for both the GPS frequencies. To fulfil

the radio occultation radiation requirements a number of
stacked shorted annular patch antennas can be used to
form a linear array. In this configuration the radiation
pattern flexibility of the shorted annular patch antennas

can be highly beneficial in reducing the overall dimension
of the array. In fact, the azimuthal radiation pattern
constraints can be enforced by opportunely selecting the
cuter radii of the SAP elements while the clevation
‘shaping is controlled by the array factor. Once again, the
flexible radiation properties of the SAP antenna allows for
a space and complexity reduction with respect to other
microstrip geometries.

4. CONCLUSIONS

The Shorted Annular Patch antenna is an innovative
radiator. In addition to the features of the microstrip
technology, the shorted ring has increased radiation
flexibility and mechanical properties more suitable to
aerospace applications.
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Performance evaluation of shorted annular patch
antennas for high-precision GPS systems

L. Boccia, G. Amendola and G. Di Massa

Abstract: Even with the advances in signal processing, multipath error remains the major error
source of high-precision global positioning system (GPS) applications. One of the most valid
means to improve the accuracy of these systems is an appropriate design of the receiving
antenna. Unfortunately, in many cases, the low-multipath-radiation requirements are very difficult
to satisfy especially when physical constraints have also to be considered. As a possible solution, a
study on the multipath rejection performances of shorted annular patch (SAP) antennas is presented
here. In the first part, the SAP radiation characteristics will be deeply analysed by designing and
testing three different antennas. Then, the results of a comparative test conducted on a GPS facility
will be used to assess the on-field performances of the three prototypes. This experimental vali-
dation will show that a significant improvement of the SAP performances can be achieved when
the reduced surface wave criterion, which has been widely adopted as a design rule in previous
works, is relaxed and a trade-off between all the low-multipath-radiation requirements is con-
sidered. Moreover, comparison with two commercial GPS antennas will reveal that SAPs can be
a very attractive and useful solution in high-precision GPS systems where severe physical

constraints are imposed.

1 Introduction

High-precision measurements of the global positioning
system (GPS) carrier phase have been used in a wide
variety of applications ranging from differential GPS to
worldwide geodetic networks and aircraft control landing.
More recently, GPS-based attitude-determination tech-
niques have been developed and demonstrated for both air-
craft [1] and satellite applications [2]. The key observable
quantity in each of these systems is a differential measure-
ment across two antennas of the phase of the GPS signal
transmitted by a satellite. Most of the errors in these
measurements, such as atmospheric delays or orbital and
clock inaccuracies, are spatially correlated and are generally
cancelled through the differencing process. The major limit-
ation that reduces the accuracy of these systems is because
of the multipath reflections of the GPS signal from surfaces
around the antenna. When the length of a reflection path
exceeds that of the direct path by more than 10—20 m, the
multipath errors can then be reduced by signal process-
ing techniques at the receiver [3, 4]. Unfortunately, in
the most common case [5], the strongest reflected signal
component has an excess path length of less than 10 m
which makes the receiver unable to detect and remove the
multipath contamination.

More effectively, the accuracy of a high-precision GPS
system can be increased using an antenna capable of reject-
ing multipath interferences.

At the antenna level, a first distinction between direct and
reflected signals can be made through polarisation
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discrimination. In fact, it should be noticed that the GPS
signal is transmitted as a right-hand circularly polarised
(RHCP) wave whose ellipticity does not exceed 1.13 dB
[6]. Hence, the left-hand circularly polarised (LHCP) com-
ponents of the signal are mainly because of a polarisation
reversal caused by a first-order multipath reflection and
they can be rejected using a receiving antenna with high
co-polar (RHCP) to cross-polar (LHCP) ratio over an
extended angular range.

Although GPS system operation imposes a broad hemi-
spherical coverage to receive signals from all visible satel-
lites, for high-precision differential carrier phase
measurements, the coverage region must be reduced to
avoid severe multipath effects. In fact, signals coming
from low elevation angles are more likely to be reflections
and their amplitude can be mitigated shaping the radiation
pattern of the receiving antenna to have low gain near the
horizon. Additionally, within the coverage area the
antenna should ideally provide a uniform phase response
so that the carrier phase measurements can be made, as
much as possible, immune to the antenna—satellite
orientation.

The uniformity of the phase response and the polarisation
purity of the antenna-radiated field are difficult to realise
when the constraint of sharp slope near the horizon is
added. Attempts to simultaneously meet these requirements
have been made in several ways and various types of GPS
antenna designs have been proposed. This includes spiral
(or helix) antennas [7], patch elements placed on choke
rings [8, 9] or stealth [10] ground planes and several array
configurations [11, 12].

Even if these solutions can be designed to reduce the mul-
tipath error, they result in large and heavy structures that are
not well suited for aerospace applications. An innovative
class of compact high-precision GPS antennas has been
introduced in [13] where a shorted annular patch (SAP)
[14—16] element has been demonstrated to significantly
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reduce the multipath interferences of GPS-based attitude-
determination sensors. In general, SAP antennas satisfy
the low-multipath-radiation requirements as their beam
can be easily narrowed by opportunely choosing the inner
and outer radii of the patch. However, in spite of this
extended radiation pattern flexibility, all the low-multipath
SAP designs available in literature [13, 17—20] are based
on the reduced surface wave (RSW) principle introduced
in [21]. Following this criterion, the surface wave emissions
of an SAP antenna at a given frequency can be inhibited
when the external radius of the shorted ring is fixed to a
critical value. Even if this vinculum results in an optimal
radiation efficiency, it does not allow any further control
on the antenna beam width.

The contribution of this paper is 2-fold. In the first part of
the paper, an in-depth analysis of the SAP radiation charac-
teristics is presented. This assessment was performed by
relaxing the RSW vinculum and designing three shorted
rings with different external radii to obtain different radi-
ation patterns. The performances of these three prototypes
were then evaluated in terms of radiation diagrams, phase
centre variations and polarisation purity over all the hemi-
spherical coverage. This comparative analysis will reveal
that the multipath rejection performance evaluation
uniquely based on the radiation pattern characteristics
may be ambiguous. As a solution, in the second part of
the paper, this ambiguity will be resolved by providing a
valid means to improve the SAP’s immunity to multipath
signals. From the results of a comparative test campaign
conducted on an on-ground GPS test facility, it will be
shown that an optimal GPS antenna design can be obtained
when the reduced surface wave criterion, which has been
widely adopted as a design rule for all GPS shorted patch
antennas presented in the past, is relaxed and when a trade-
off between the beam aperture, phase response uniformity
and polarisation purity is considered. Experimental results
will finally demonstrate that, under this condition, the
SAP immunity to multipath signals can be significantly
improved with respect to previous designs, leading to per-
formances considerably higher than the ones obtained
with conventional patches. As a consequence, SAP antennas
may prove very useful in those high-precision GPS appli-
cations where restrictive physical constraints are imposed,
such as in the case of aerospace systems.

2 SAP design

The SAP antenna geometry is shown in Fig. 1. An annular
patch with external and internal radii @ and b, respectively,
is printed onto a dielectric grounded slab having relative
dielectric constant &, and height 4. Contrary to conventional
annular patches, the SAP inner border is shorted to the
ground plane, thus making the dominant cavity mode a
TM,, field variation [16]. The SAP radiation pattern is
therefore similar to that of the circular disk. However,
once the dielectric characteristics and the operating fre-
quency are fixed, the disk radius is uniquely determined
and its radiation pattern cannot be modified. Conversely,
the radiation characteristics of the shorted ring can be
easily controlled varying the antenna geometry so that
larger patches have higher amplitude roll-off near the
horizon. Thanks to this feature, SAP antennas can be in
fact optimised for high-precision GPS applications choos-
ing the outer radius to minimise the multipath interference
and adjusting the inner radius to make the patch resonate
at the desired frequency.

In what follows, the design of three different SAP anten-
nas operating in the GPS L1 band (L1: 1.57542 GHz) and
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Fig. 1 SAP geometry: top view and lateral view

printed onto an Arlon® Diclad527 substrate having dielec-
tric constant &, = 2.55, thickness # = 3.2 mm and loss
tangent 0.0022 is presented. The first SAP radiator, referred
to as SAP-G, was designed following the RSW criterion
reported in [21]. Accordingly, the patch outer radius was
selected making use of (10) in [21]

a= Kin_ (1)
Brw,

where x|, are the zeros of the derivative of the first-order
Bessel function and Bry, the propagation constant of the
TM, surface wave mode. This equation does not depend
on the dielectric permittivity, and surface wave emissions
are inhibited at the nominal L1 frequency when the ring
of magnetic current flowing at the external boundary of
the patch has a radius of 55.78 mm. Because of the over-
cutting of the machining tool, an external radius of
55.7 mm has been measured. The outer radii of the other
two shorted rings, named SAP-M and SAP-P, were taken
to be 45 and 35 mm, respectively. This choice was inspired
by the consideration that for SAP antennas with
a > 60 mm, side lobes will appear [19] and that causes a
deterioration of the radiation pattern. In contrast, an outer
radius smaller than 35 mm would lead to radiation charac-
teristics similar to that of a conventional disk whose
external radius is about 32 mm.

The circular polarisation of each antenna was obtained
adopting a dual-feed arrangement realised by two 2-mm
coaxial probes located 90° apart and driven with 90° of
phase difference. A first crude approximation of the patch
inner radii and feed locations were determined using the
cavity model presented in [16] (another implementation of
the cavity model for SAP antennas has also been presented
in [14, 15]). The values obtained with this model for the
inner radii were 29.5, 184 and 59 mm for SAP-G,
SAP-M and SAP-P antennas, respectively. Similarly, the
feed locations determined using the cavity model were
35.8, 24.4 and 11.8 mm, respectively. These values have
been then used as a starting point for extensive full-wave
finite-element method (FEM)-based simulations [22]
where the accuracy was enhanced by manually refining
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Table 1: Inner and outer radii, feed positions and
dielectric size

Antenna a, mm b, mm d, mm p, MM
SAP-G 55.7 30.08 140 36.5
SAP-M 45.0 18.83 150 25
SAP-P 35.0 6.0 160 12

the mesh for each element of the antenna thus obtaining
very reliable results as it is shown in [23]. The geometrical
parameters for all the three SAP elements are shown in
Table. 1.

Prototypes of the three SAP antennas were then fabri-
cated by machining the inner hole in the dielectric substrate
and shorting the internal boundary by means of a soldered
copper foil. This solution has been preferred to the other
equivalent techniques [17, 18] as it exactly reproduces the
simulation set-up and because it has been judged the most
mechanically stable. The reflection coefficient of each
patch was taken, connecting the two ports to a vectorial
network analyser. Results are shown in Fig. 2 and they indi-
cate that all the three prototypes resonate around the
nominal L1 frequency with reflection coefficients below
15 dB over the entire band.

In order to keep the circular polarisation characteristics of
each antenna as much as possible independent from the feed
network design, each prototype was driven by means of an
external quadrature hybrid (Pasternack PE2051) providing
90 + 0.2° of phase difference within the GPS-L1 bandwidth
and having a maximum Voltage standing wave ratio
(VSWR) equal to 1.07.

3 Radiation characteristics

In a first assessment, the radiation characteristics of the
three shorted rings were evaluated considering different
figures of merit such as the amplitude roll-off from broad-
side to the horizon, the polarisation purity over all the hemi-
spherical coverage and the phase response uniformity. All
the measurements presented in this section have been
taken at anechoic chamber of the University of Calabria
[24] using a linearly polarised probe with a co-polar to
cross-polar ratio higher than 40 dB in the broadside direc-
tion. Circular polarised patterns have been then calculated
by combining the linear response of each antenna under
test in two orthogonal planes. The co-ordinate system has
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Fig. 2 Measured reflection coefficient and axial ratio in the
broadside direction for the three antenna prototypes

Solid line: SAP-G

Dashed line: SAP-M

Dotted line: SAP-P
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Fig. 3 Measured radiation pattern of the SAP-G antenna in the
cut plane & = 45°

Solid line: RHCP
Dashed line: LHCP

been fixed at the centre of each antenna, at the ground
plane level.

3.1 Radiation pattern

The measured co-polar (RHCP) and cross-polar (LHCP)
patterns for the SAP-G antenna in the cut plane @ = 45°
are shown in Fig. 3. As can be seen, for the RHCP radiation,
the amplitude roll-off from broadside to horizon is around
25dB and the antenna is circularly polarised with an
on-axis RHCP to LHCP ratio around 24 dB. Both the
increased directivity and the optimal radiation efficiency
affect the antenna gain which is 9.85 dB on axis, a consider-
ably higher value if compared with the one of a circular disk
that is around 7 dB.

The radiation pattern of the SAP-M antenna was also
measured, and the results are provided in Fig. 4. As
expected, with respect to the SAP-G radiator, the SAP-M
shows a reduced amplitude roll-off from broadside to the
horizon that is around 20 dB. The on-axis gain is 8.97 dB,
whereas the RHCP to LHCP isolation is 23 dB.
Coherently, the SAP-P antenna provides a more uniform
hemispherical coverage with a gain at the horizon 15 dB
lower than the one on axis (Fig. 5). In the broadside direc-
tion, the gain and the RHCP to LHCP ratio are 8.06 and
26 dB, respectively.

It should be noticed that the amplitude response of the
three prototypes is not uniform. However, this amplitude
inhomogeneity is not so critical for a GPS system [7] as
the only requirement is to have a signal level sufficient for
all the coverage angles so that the receiver electronics can
maintain lock with adequate signal-to-noise ratio.

The polarisation degradation against frequency has been
estimated by evaluating the axial ratio (AR) bandwidth of
the three prototypes. The measured results are reported in

Fig. 4 Measured radiation pattern of the SAP-M antenna in the
cut plane & = 45°

Solid line: RHCP
Dashed line: LHCP
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Fig.5 Measured radiation pattern of the SAP-P antenna in the
cut plane @ = 45°:

Solid line: RHCP

Dashed line: LHCP

Fig. 2 and they show that for all the patches the polarisation
purity in the broadside direction is very satisfactory for a
wide range of frequencies. This is mainly because of the
fact that the external hybrid which has been used to polarise
each antenna provides 90° of phase difference in the range
1-2 GHz.

3.2 Phase centre

The phase response uniformity was estimated by consider-
ing the phase centre variations against the observation
angle. For each prototype, the phase centre location was
determined by positioning the antenna to be coaxial with
the positioner axes of rotation, and the RHCP phase
measurements were conducted following the procedures
and algorithms proposed in [25]. The horizontal and vertical
phase centre offsets with respect to the mechanical centres
in the cut planes @ = 0°, 45°, 90° and 135° are shown in
Figs. 68, respectively. As can be seen, for all the antennas,
both the horizontal and vertical phase centre locations
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diverge when the observation angle is taken near the
horizon. However, a fair evaluation can be obtained taking
into account only the variations achieved for observation
angles comprised between + 80°. Under this condition, the
maxima of the horizontal and vertical phase offsets calcu-
lated for the three prototypes are reported in Table 2.
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Table 2: Maximum horizontal and vertical phase centre
variations for the SAP-G, -M, and -P

Antenna Vertical, cm Horizontal, cm

SAP-G +2.24 +2.53
SAP-M +0.543 +0.812
SAP-P +0.29 +0.40

These results indicate that the larger the antenna radius, the
more distributed is the phase centre. However, this effect is
not exclusively related to shorted rings as a similar behaviour
can be observed in many other antennas such as horns [26] or
helixes [7]. In fact, the pattern cut-off near the horizon in
creases in antennas with a wide radiating surface. This is
because of a process of phase interference which in turn
deteriorates the antenna phase front and polarisation [7].

3.3 Polarisation purity

The circular polarisation purity of each antenna was
assessed by evaluating also the axial ratio within all the
hemispherical coverage. Sufficient discrimination between
RHCP and LHCP signals for proper GPS operation is
obtained when the AR stays below 3 dB for a wide
angular range. Results for the three SAP prototypes are
shown in Fig. 9. It can be observed that the SAP polarisation
purity declines near the horizon. Furthermore, for the same
rationale outlined in the previous section, this deterioration
in-creases as the outer radius increases. In particular, the
SAP-G radiator is well polarised only for angles comprised
between —60° and 60°, whereas the AR of the SAP-P
antenna stays below 2 dB within all the hemispherical
coverage.

4 On-field assessment

The results presented in the previous section indicate that
the axial ratio and the phase stability of SAPs deteriorate
as the external radius increases. Thus, although larger
SAP antennas have higher amplitude roll-off near the
horizon and therefore better immunity to grazing signals,
they lack in terms of phase uniformity and polarisation
purity. As has been noticed before, this consideration is
not limited to shorted rings, but it can be extended to
many other radiators. In fact, it is very difficult to have a
single GPS antenna that simultaneously satisfies all the
high-precision radiation requirements, especially when
physical constraints such as limited size are also considered.
As a consequence, the performance evaluation uniquely
based on the radiation characteristics can be ambiguous

Axial Ratio [dB]
N
~_|

0
Elevation angle [deg]

Fig. 9 Measured axial ratio at @ = 45° of the SAP-G, M and -P
antenna against elevation angles

—: SAP-G; — — —: SAP-M; — - —: SAP-P
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and an experimental on-field assessment is necessary to
find the optimal design.

To clearly identify the SAP design with best immunity to
the multipath error, a comparative test campaign was con-
ducted at the GEO-GPS facility, an on-ground GPS test
range of the National Research Centre (Centro Nazionale
delle Ricerche, CNR) in Rende (Cs), Italy. This facility,
normally used to test DGPS-based geodetic systems, con-
sists of two identical GPS receivers with 10 Hz reporting
capability connected to a workstation. Each receiver is
paired with a 30 dB amplifier and with an antenna
mounted atop a rigid support and aligned with True
North. The system is fixed on the rooftop of a 15-m tall
building located in a dense urban zone and with an unob-
structed view for elevations above 7°. The basic measurable
quantity of this differential GPS configuration is the base-
line separation between the two antennas which essentially
depends upon the differential path delay of the received
GPS signal. Therefore this kind of measurement provides
a valid means to assess the performances of a GPS
antenna, as it is the major error source owing to multipath
interferences. In fact, other inaccuracies such as differential
line bias can be easily cancelled correcting the baseline
reference vector through a calibration process. However,
it should be noticed that the test set-up used in these exper-
iments is not intended to be representative of the best multi-
path performances attainable with the antennas under test.
Indeed, a precise assessment would be strongly influenced
by the configuration of the environment surrounding the
receiving antennas and by the baseline distance. As a conse-
quence, a fair evaluation can be only inferred on the basis of
a comparative test campaign.

The low-multipath performances of the three SAP anten-
nas were evaluated by fabricating pairs of identical proto-
types and performing 24-h tests to collect differential
baseline displacements. This experiment duration is
optimal because it evens out daily temperature oscillations
and is equal to the repeatability period of the GPS constella-
tion as seen from the ground. Thanks to the high gain of the
SAP antennas and to the amplifier present in the receiving
chain, it was possible to lock the GPS signals coming
from all the satellites with elevations above 10°.
Furthermore, to provide an additional reference for the
evaluation of the SAP performances, two pairs of commer-
cial GPS antennas were also tested in the same facility,
namely a single feed patch (Ma-Com 1141 [27]) and a
dual-band multi-feed GPS antenna (AT2775-42AW from
AeroAntenna Technology, Inc. [28]). These radiators are
referred to as Ref-1 and Ref-2, respectively. The Ref-2
element is a high-precision antenna [29] specifically
designed for GPS-based geodetic applications and it was
tested in the GEO-GPS facility with a ground plane exten-
sion having 20 cm of external radius. Both the Ref-1 and
the Ref-2 antennas having an internal amplifier, it was poss-
ible to test these two radiators without any additional
amplifiers.

For each antenna under test, the measured data were stat-
istically evaluated considering the root mean square (RMS)
of the differential baseline displacement, whereas the
nominal baseline length was 5 m in all the experiments.
For uniformity, the data collected from satellites with
elevation lower than 10° were filtered out in all the test
cases and the Ref-2 data for the L2 band were discarded.
The experimental results are presented in Table 3,
showing that the three SAP elements have very different
performances. As expected, the accuracy achieved with all
the shorted rings is better than the one of the Ref-1 patch.
In particular, the minimum baseline displacement is
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Table 3: Experimental results, RMS of the differential baseline displacement

Antenna under test

elevation lower than 10° on the horizon, mm

RMS calculated with a mask on satellites having

RMS calculated with a mask on satellites having
elevation lower than 30° on the horizon, mm

Ref-1 2.021
SAP-G 1.697
SAP-P 1.215
Ref-2 0.979
SAP-M 0.759

1.988
1.163
1.157
0.890
0.684

obtained with the SAP-M antenna whose RMS is 0.759 mm,
whereas the SAP-G and SAP-P errors are 1.697 and
1.215 mm, respectively. Hence, the SAP-M performances
are 55% better than the ones of the SAP-G antenna and
this result might be even optimised designing and testing
other SAP prototypes and using a multi-feed arrangement.
However, this is beyond the scope of this work which
shows that the SAP accuracy can be significantly improved
when the RSW criterion is abandoned and a trade-off
between all the antenna radiation parameters is considered.
As an additional achievement, it should be noticed that
under this condition, the SAP performances are competitive
even when compared with other high-accuracy GPS anten-
nas such as the Ref-2 antenna whose measured error is
0.979 mm.

As a further result, in Table 3 are also presented the
differential baseline displacement obtained filtering out
the data collected from satellites having elevation lower
than 30°. Owing to the fact that the antenna polarisation
performances degrade near the horizon and that signals
impinging at the antenna from low elevation angles
are significantly corrupted by multipath reflections, an
improvement of the system accuracy can be observed in
all the five antennas under test. Even if this result is
useless for many high-precision GPS applications being
the hemispherical coverage limited to only 120° it is
interesting to note that the performance improvement is
not uniform for all the antennas. The most significant
improvement can be, in fact, observed in the test of the
SAP-G radiator which is the antenna most affected by
a degradation of the axial ratio at low elevation angles
(see Fig. 9).

5 Conclusions

A study on the multipath rejection capability of SAP anten-
nas has been presented. With the intent to fully explore the
SAP potential in high-precision GPS applications, three
prototypes were designed to have different radiation charac-
teristics. In a first assessment, the behaviour of these three
patches was evaluated in terms of radiation pattern, phase
centre variations and polarization purity over all the hemi-
spherical coverage. Results showed that the identification
of the best SAP design may be ambiguous even when
such an in-depth analysis of the radiation characteristics is
conducted. In fact, the amplitude roll-off near the horizon
and the uniformity of the phase response and polarisation
purity have been demonstrated to be mutually exclusive
requirements. Hence, to solve this ambiguity, an experi-
mental analysis was conducted by comparing the on-field
performances of the three shorted rings antennas with
two commercial GPS antennas. The experiments showed
that the SAP accuracy can be significantly improved
when a trade-off between all the low-multipath-radiation
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requirements is considered and the reduced surface wave
criterion, which has been widely adopted in the past, is
abandoned.

In conclusion, shorted rings revealed performances com-
parable to other high-precision GPS radiators with some
additional peculiarities. First, SAPs are planar light-weight
elements and they do not require any ground plane exten-
sion, thus keeping the overall antenna dimension very
small. Furthermore, the fabrication costs are similar to
that of conventional microstrip antennas as the inner short
can be realised using a set of vias as shown in [17, 18].
Moreover, shorted patches are well suited for aerospace
applications. In fact, the central short provides a natural
path for electrostatic discharges and it can even be used
as a supporting element to develop SAPs in suspended
technology.
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Abstract

This paper presents an overview of the multi-path phenomena
and the performance of the Shorted Annular Patch (SAP) in
suppressing unwanted multi-path signals caused by ground
reflections. It is shown that the SAP’s previously derived
multi-path suppressing optimum is in fact sub-optimal. An
improved design rule based on the Multi-Path Ratio (MPR) is
proposed.

1 Introduction

This paper discusses the multi-path caused by ground
reflections and quantifies the antenna susceptibility to this
multi-path, namely the Multi-Path Ratio (MPR). The basic
topology of the Shorted Annular Patch (SAP) is briefly
outlined. The original multi-path suppression optimum is
given. The performance of the SAP antenna is studied making
use of the MPR definition. An improved multi-path
suppression optimum is defined based on the MPR definition.
A theoretical link between the old and new multi-path
suppression optimum is established.

2 The multi-path problem in GNSS

Multi-path is a prime source of navigation errors in GNSS-
based navigation systems. Multi-path errors arise from
interference between the received direct and reflected signals
in the receiver. Multi-path mitigation algorithms have been
developed and are embedded within the digital part of most
high-end receivers. Since it is not possible to provide any
multi-path suppression in the RF part of the receiver, the
antenna remains the only possibility to provide additional
multi-path suppression. Multi-path signals arrive mainly at
low elevations, due to vertical obstacle reflections, and from
the bottom, due to ground reflections. The antenna’s
susceptibility to multi-path signals is mainly due to its
radiation properties at low elevations. This low elevation
radiation can largely be subscribed to surface wave
propagation on the ground plane. These surface waves are
scattered at the ground plane edge, giving rise to unwanted
radiation towards the back of the antenna and at low
elevations. The antenna’s multi-path performance is popularly
quantified with the Multi-Path Ratio (MPR).

The MPR for ground reflections can be straightforwardly
arrived at by inspecting figure 1 depicting the multi-path
problem caused by ground reflections. The desired GNSS
signals are Right Hand Circularly Polarized while the
undesired ground reflected signals might be Left Hand
Circular Polarized as well as RHCP.

wave

antenna

ground
Figure 1: The multi-path problem quantified.

The multi-path susceptibility of a GNSS antenna can be
quantified by the MPR defined as:

ERHCP (0)
ERHCP (1 80° - 9) + ELHCP (1 80° - 9)

MPR = ey

Where Egpcp and E; ycp are the antenna’s directivity (or gain)
at 0 or 0’s supplement angle 180°-8.
Equation 1 clearly demonstrates the importance of two
antenna characteristics, namely:
e The front-to-back ratio:
If there is no radiation sensitivity towards the
ground, the denominator becomes zero and as a
result the MPR becomes infinite. Hence, the antenna
has perfect multi-path performance for ground
reflections.
e The axial ratio:
The MPR formula has an RHCP to LHCP ratio
embedded within, which at 0° elevation, or 6 = 90°
becomes an RHCP to LHCP ratio at the same 0°



elevation. This is popularly designated as the axial
ratio of an antenna.

3 The shorted annular patch

The Shorted Annular Patch (SAP), whose topology is shown
in figure 2, was originally proposed by D.R. Jackson et al. as
a Reduced Surface Wave (RSW) patch antenna [2]. This
patch antenna was shown not to excite surface waves when a
certain RSW condition is met. Unwanted low elevation
radiation is minimized when surface wave excitation is
avoided. This leads to an increased gain roll-off towards
lower elevations. This increased gain roll-off is the reason the
SAP was given the multi-path suppression capable status [1].

— 1

Figure 2: The SAP topology.

The resonance condition of an SAP antenna as derived using
the classic cavity model and is given by [2,3]:

)Y, (X,,)—J,X )=0

2

nm nm nm nm

Jn'(éX )Yn'(éX
a a
With,
X ¢

Jom = W (©)

The variables in equation 2 and 3 are:

® Db and a are the outer and inner radius of the SAP.

e X,m is a root of equation 2 corresponding with mode
n (radial) - m (axial).

e J.() and Y,(.) are the Bessel functions of the first
and second kind of order n.

e J.() and Y’,(.) are the derivates of the Bessel
functions of the first and second kind of order n with
respect to their argument.

e f.n is the resonance frequency of the nm-mode.

e cis the velocity of light in free space.
e £, isthe dielectric constant of the SAP’s substrate.

Calculating the resonance frequency of the SAP involves
solving the transcendental equation 2 for which an iterative
procedure is required. Another simplified way for calculating
the SAP’s resonance frequency avoiding an iterative
procedure has been published in [3].

The original multi-path suppression condition, which is in
fact the RSW condition, is [2]:

J, (B, ) =0 (4)

or
B, b= x,,= 18412 (5)

The variables in equation 4 and 5 are:
e J’,(.) is the derivate of the Bessel functions of the
first kind of order 1 with respect to its argument.

. ,BTMO is the TM,, surface wave wave number. The

TM, surface wave is the only surface wave present
in a thin low permittivity dielectric slab [4].

®  Yam is aroot of equation 4 and is referred to as the
RSW figure. The MPR condition remains described
as in terms of RSW in order to keep the relation to
its original conception.

Note that only the first solution of equation 4 is considered
because this results in the smallest SAP outer radius and
excites the SAP in its fundamental TM; mode.

The surface wave root can be found using the procedure

outlined in [4]. ﬂTMO can be approximated by ko, the free

space wave number, for thin low permittivity dielectric slabs.

4 Shortcomings of the original multi-path
suppression condition

This multi-path suppression condition is in fact a reduced
surface wave condition. If the condition is met, the antenna
does not excite surface waves. These surface waves give rise
to radiation at low elevations and scattering at the substrate-
ground plane truncation. This scattering results in backward
radiation worsening the front-to-back ratio of the antenna.
However, the front-to-back ratio is not the only important
parameter. The axial ratio is very important as well;
especially a good axial ratio at low elevations is desired.
Unfortunately, blocking radiation at low elevation leads to
degraded axial ratio performance since a minimum radiation
is needed in order to ensure good circular polarization
radiation.

In order to demonstrate the axial ratio degradation when the
SAP’s outer radius meets the original RSW optimum, an SAP
on a RO4003 substrate from Rogers Corporation™™ of 1.524
mm thickness was simulated with CST Microwave Studio™™.
Fringing field compensation has been applied according to the
procedure in [3]. The substrate and ground plane radii were



taken 20 mm larger than the SAP’s outer radius. This
topology is referred to as TOPA. Figure 3 and 4 show a 2-
dimenional cross section of the RHCP and LHCP radiation
pattern for three RSW figures, namely 1.75 (-), 1.85 (x),
which is close to 1.8412 being the original RSW optimum,
and 1.95 (o).

RHCF gain [dBil
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Figure 3: RHCP gain vs. theta.
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The RHCP gain roll-off increases with increasing RSW figure
as expected, while the LHCP gain is higher as well for
increased RSW figures.
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Figure 4: RHCP gain vs. theta.
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Figure 5 displays the axial ratio for the same SAP
implementations.

Axial ratio [dB1
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Figure 5: Axial ratio vs. theta.
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Axial ratio degradation with increasing RSW figure is readily
observed. Since the axial ratio has a profound influence on
the multi-path performance, the MPR of the same SAP
implementations is plotted in figure 6.
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Figure 6: Multi-path ratio vs. theta.

48

Figure 6 clearly demonstrates the multi-path performance
degradation with increasing RSW figure including the
original RSW optimum. The MPR and axial ratio are seen to
improve for decreasing RSW figure. However, since the
radiation at low elevation increases with decreasing RSW
figure. This leads to a lower gain roll-off implying a degraded
front-to-back ratio, which is vital for proper multi-path
performance as well. An MPR optimum RSW figure is
expected from this observation.

S Improved multi-path suppression condition

In order to find a multi-path optimum RSW figure the SAP
was simulated over a wider range of RSW figures. The MPR
was plotted as a function of the RSW figure for three
elevations, namely 5°(-), 10°(x) and 15°(o) in figure 7. An
MPR optimum around an RSW figure of 1.73 is observed.
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The RHCP gain and axial ratio for the same elevations are
plotted as a function of the RSW figure in plots 8 and 9.
These figures clearly demonstrate the common
misunderstanding that a higher gain roll-off automatically
yields a higher multi-path suppression, which is definitely not
the case. The discussion clearly shows the axial ratio has an
underestimated role in multi-path suppression.
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Figure 8: RHCP gain vs. RSW figure at three elevations.
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Figure 9: Axial ratio vs. RSW figure at three elevations.

A serious axial ratio degradation for larger RSW figures is
observed in figure 9 accompanied with an increasing RHCP
gain roll-off as seen in figure 8.

In order to verify the generality of the new MPR optimum
RSW figure, the SAP was simulated on a 3.25 mm thick
RO4003 substrate with 20 mm ground plane extension
(TOPB), a 1.524 mm thick RO4003 substrate with 40 mm
ground plane extension (TOPC) and a 1.28 mm RO3006
substrate with 20 mm ground plane extension (TOPD). The
discussion is limited to the SAP’s first mode only. This limits
the dielectric constant to 8.4, the critical dielectric constant
[2]. The MPR as a function of the RSW figure for 5°(-),
10°(x) and 15°(0) elevations is shown in figures 10 to 12.
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Figure 10: MPR vs. RSW figure at three elevations of TOPB.
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Figure 11: MPR vs. RSW figure at three elevations of TOPC.
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Figure 12: MPR vs. RSW figure at three elevations of TOPD.

Figure 10 to 12 clearly demonstrate the generality of the new
optimum RSW figure equal to 1.73. This new optimum
agrees well with the intuitively expected, namely:

e The new MPR optimum value is lower than the
original one. This results in increased radiation at
lower elevations needed for good circular
polarization radiation.

®  The new MPR optimum remains close to the original
value, which minimizes gain roll-off degradation.
Hence, the front-to-back ratio of the new multi-path
optimum remains within the vicinity of the old
multi-path optimum.

6 Link with the original RSW condition
equation

The original RSW definition as given in equation 4 (-) is
plotted as a function of the RSW in figure 13 and 14.
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o
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Figure 13: Equation 4 and 6 vs. RSW figure coarse.

Figure 13 is enlarged in the vicinity of both the old and the
new optimum for clarity.
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Figure 14: Equation 4 and 6 vs. RSW figure in the vicinity of
both the old and the new MPR optimum.

Closely inspecting the curvature in figure 13 just below the
original MPR optimum reveals that the new optimum appears
to be the point where the curve has its steepest decent towards
the original RSW condition. This point can be calculated by
determining the second derivative of the original RSW
function (equation 4), which is the same as the third
derivative of the Bessel function of the first kind and order 1
with respect to its argument. The result is:

']1(3)(ﬁTM0 b)=0 (6)
or
B, b=x0)=1.732 )

The original RSW definition as given in equation 6 (o) is
plotted as a function of the RSW figure 13 and 14 as well.
The theoretical MPR optimum RSW figure corresponds very
well with the experimentally found value.



7 Conclusion

This paper showed that the original reduced surface wave
based multi-path suppression optimum is sub-optimal when it
comes to multi-path signals caused by ground reflections.

An improved multi-path suppression optimum was defined
based on the MPR definition. A theoretical link between the
old and new multi-path suppression optimum is established.
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Concept Study of a Shorted Annular Patch Antenna:
Design and Fabrication on a Conducting Cylinder
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Abstract—This paper presents the shorted annular patch (SAP)
antenna on an electrically conducting cylinder. The SAP antenna
has been credited with superior multipath suppressing properties
which makes it interesting for global navigation satellite system
(GNSS) applications. GNSS applications demand integration of fil-
ters and low noise amplifiers as close to the radiating structure as
possible. To this goal, the SAP is mounted on an electrically con-
ducting cylinder which serves as a quality shielded housing for ac-
companying electronics.

Index Terms—Global navigation satellite system (GNSS),
Shorted annular patch (SAP) antenna.

1. INTRODUCTION

HIS paper outlines the design of a shorted annular patch
T (SAP) antenna located on an electrically conducting (alu-
minum) cylinder. The SAP antenna has been considered very
useful for global navigation satellite system (GNSS) applica-
tions [2], [3] because of its good multipath suppressing prop-
erties, excellent radiation pattern symmetry and low cost be-
cause it is a single substrate patch antenna. The SAP remains
the topic of many research papers, e.g., [1], [4]-[7]. Commer-
cial GNSS antennas always contain additional circuitry such as
power dividers, low noise amplifiers and filters. It is vital that
at least part of the RF circuitry is as close to the antenna radi-
ating element as possible from a noise figure point of view. It is
also desired that this electronics is electromagnetically shielded
from the radiating structure. Amplification of the GNSS signals
combined with parasitic radiation by the circuitry results in a
feedback loop to the radiating structure. This likely results in
low noise amplifier oscillations. Until now, in literature the SAP
has always been described without the presence of such an elec-
tronics housing. In this paper, the aluminum cylinder is included
to emulate a real life GNSS antenna as closely as possible. The
SAP is being designed with maximum azimuthal symmetry in
order to minimize phase center and axial ratio variation in az-
imuth. An important issue for GNSS antennas is the phase center
(PCO). It is the electrical center of the antenna. The position of
the receiver is actually the position of the receiver antenna with
respect to its PC and not the physical center of the antenna.
The physical center of the antenna is often referred to as the
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Fig. 1. The SAP on cylinder topology.

antenna reference point (ARP). A stable and calibrated phase
center is a must when a high degree of accuracy is required.
GNSS receivers for high-end applications such as geodesy usu-
ally have azimuthally symmetric radiation patterns minimizing
phase center deviation in azimuth from the geometrical center.
Therefore, the SAP is mounted on an aluminum cylinder rather
than, e.g., a cube. Some degree of azimuthal phase center asym-
metry is always present as a result of manufacturing tolerances,
feed network inaccuracies and component spreading. There still
is a phase center variation with respect to elevation.

II. TOPOLOGY OUTLINE

The SAP on cylinder topology is depicted in Fig. 1. The struc-
ture consists of a SAP etched on a 3.25 mm FR4 substrate (¢, =
4.5 and tan = 0.01). The SAP was designed according to the
procedure described in [5]. The SAP’s inner radius was fixed
on the calculated value while the SAP’s outer radius was op-
timized for correct resonance frequency using CST Microwave
Studio [9]. This is required to compensate for fringing field edge
extension. The final SAP’s inner and outer radii are 34.53 and
53.8 mm, respectively. The shorting wall is made as a plated
through via hole. The four 1.5 mm diameter feed probes are

0018-926X/$26.00 © 2011 IEEE
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Fig. 2. SAP with and without cylinder input reflection versus frequency.
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Fig. 3. SAP broadside RHCP gain versus frequency.

located at 14 mm from the shorting wall of the SAP and are
90 degree sequentially rotated. The four feed points are con-
nected to a power divider. This power divider splits the power
into 4 equal parts with a 90 degree sequential phase shift. This
technique is a well-known circular polarization creation tech-
nique [8]. Although the technique works with 2 feed points, 4
symmetric feed points offer the advantage of a higher degree
of azimuthal symmetry in the radiation patterns. This feature
is desired since the goal is to achieve geodetic optimal perfor-
mance with respect to radiation pattern symmetry. The ground
plane and printed circuit board are 150 mm in diameter. The
SAP is placed upon a hollow aluminum cylinder and fixed with
12 plastic (nylon) screws. Note that the nylon screws have little
or no effect on the antenna behavior and therefore have been
excluded from the simulation model. The hollow cylinder con-
tains the RF circuitry; in this concept study only a feed network
is present. It should be stressed that previous studies of the SAP
exclude the presence of an RF housing. The cylinder is 150 mm
in diameter and 80 mm high. Note that the cylinder diameter is

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 59, NO. 6, JUNE 2011

SAP with and without cylinder RHCP and LHCP gain versus theta at 1.575 GHz in the 0 degree plane
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Fig. 4. SAP gain versus theta in the azimuth 0 degree plane.

the same as the substrate diameter. In real life the antenna has
a radome. Radomes can be designed to have minimum impact
on the radiation characteristics. Therefore, no radome has been
included in this concept study.

III. COMPARISON OF A SAP WITH AND WITHOUT CYLINDER

This comparison is being done with simulations only because
it is impractical to measure an SAP with feeding hardware be-
hind it without proper shielding and mounting hardware in an
anechoic chamber. At this point, the SAP has been simulated
under a perfect feed network assumption, i.e., perfect amplitude
and phase balance, and no losses.

Special attention has been paid to the meshing of the SAP.
Three mesh cells were forced along the SAP’s substrate thick-
ness. This denser mesh was extended one substrate thickness
below and above the SAP. A mesh density of 20 cells per wave-
length was taken within the SAP plane. The bounding box sur-
rounds the simulation model 1/8 wavelength at the design fre-
quency. Figs. 2 and 3 show the input reflection and RHCP gain
versus frequency, respectively.

Figs. 4-6 depict the RHCP and LHCP gain versus theta at the
center frequency for several cross sections. Figs. 7 to 9 depict
the axial ratio versus theta at the center frequency for several
Cross sections.

The following can be concluded from the simulations of an
SAP with and without a cylinder:

* The cylinder has no influence on the SAP’s resonance fre-

quency.

* The gain versus frequency in broadside is slightly (about
0.3 dB) lower for the SAP on cylinder.

e The front-to-back ratio is lightly lower (about 0.4 dB) for
the SAP on cylinder.

* The SAP on cylinder has increased co-polar (RHCP) back
lobes at around theta 135 degrees.

* The cross-polar (LHCP) side lobes shift to lower elevations
for the SAP on cylinder. Thus, the axial ratio is consider-
ably better (several dB’s) at lower elevations.

» The SAP’s radiation patterns exhibit a high degree of sym-
metry in azimuth.
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SAP with and without cylinder RHCP and LHCP gain versus theta at 1.575 GHz in the 30 degree plane
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Fig. 5. SAP gain versus theta in the azimuth 30 degree plane.

SAP with and without cylinder RHCP and LHCP gain versus theta at 1.575 GHz in the 60 degree plane
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Fig. 6. SAP gain versus theta in the azimuth 60 degree plane.

The overall conclusion is that the cylinder has a positive influ-
ence on most radiation characteristics with only a small (neg-
ligible) penalty on the front-to-back ratio and broadside gain.
Good axial ratio is more vital for GNSS applications.

The contribution of the conducting cylinder on the overall
radiation pattern can be understood as an alteration in the
scattering of the fields at the substrate truncation. Without the
cylinder, the fields are partially scattered towards the back of the
PCB. Simulations indicate that these backwards scattered fields
are more LHCP than RHCP. When mounted on the cylinder,
the fields are partially scattered towards the cylinder. Since the
cylinder is electrically conductive (PEC) the tangential electric
field component vanishes at the cylinder surface, while the
normal electric field component does not. This means that at
least part of the LHCP back scattered fields become RHCP.
The net effect is an RHCP field increase and an LHCP field
decrease due to the cylinder at low elevations.
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SAP with and without cylinder axial ratio versus theta at 1.575 GHz in the 0 degree plane
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Fig. 7. SAP axial ratio versus theta in the azimuth O degree plane.

SAP with and without cylinder axial ratio versus theta at 1.575 GHz in the 30 degree plane
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SAP with and without cylinder axial ratio versus theta at 1.575 GHz in the 60 degree plane
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SAP simulated and measured RHCP and LHCP gain versus frequency
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Fig. 11. SAP on cylinder simulated and measured RHCP and LHCP gain
versus frequency.

IV. SIMULATION AND MEASUREMENTS OF A SAP ON
CYLINDER

Fig. 10 shows the simulated and measured input reflection
of a SAP feed point versus frequency. SAP radiation pattern
measurements require the use of a four phase feed network.
The SCQ-4-1650+ of MiniCircuits with its evaluation board has
been used here [10]. Four equally long RG-316 cables connect
the four outputs of the splitter to the four SAP inputs. Simu-
lation results in this section were done with measured splitter
S-parameters.

A frequency shift can be observed for the measured input
reflection. This is due to material and manufacturing tolerances.
The substrate thickness was 3.25 mm in simulations while the
measured substrate thickness is 3.10 mm. This deviation is
normal as the required 3.25 mm is not a standard available
thickness. The relative permittivity in simulations is 4.5. Res-
imulating with the measured substrate thickness and a different
relative permittivity reveals that the latter is 4.35 instead of 4.5.
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SAP simulated and measured axial ratio versus frequency
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Fig. 12. SAP on cylinder measured broadside axial ratio versus frequency.

SAP simulated and measured RHCP and LHCP gain versus theta at 1.612 GHz in the 0 degree plane
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Fig. 13. SAP on cylinder simulated and measured RHCP and LHCP gain
versus theta in the azimuth 0 degree plane.

This 4.35 is a normal deviation of the low cost FR4 substrate
material. These two discrepancies explain the frequency shift
entirely. For correct comparison between simulations and
measurements, the retuned simulation results are used here.

Fig. 11 depicts the simulated and measured RHCP and LHCP
gain in broadside versus frequency.

Fig. 12 depicts the simulated and measured broadside axial
ratio versus frequency.

Figs. 13-15 show the simulated and measured RHCP and
LHCEP gain versus theta at 1.612 GHz in different cross sections
at azimuth 0, 30, and 60 degrees.

Figs. 16 and 18 show the simulated and measured axial ratio
versus theta at 1.612 GHz in different cross sections 0, 30, and
60 degrees. Other cross sections results are similar because of
the SAP’s symmetry.

The following can be concluded from the measurements of a
SAP on a cylinder:

* The measured front-to-back ratio is about 3 dB better com-

pared to the simulations.



MOERNAUT AND VANDENBOSCH: CONCEPT STUDY OF A SAP ANTENNA: DESIGN AND FABRICATION ON A CONDUCTING CYLINDER

SAP simulated and measured RHCP and LHCP gain versus theta at 1.612 GHz in the 30 degree plane
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Fig. 14. SAP on cylinder simulated and measured RHCP and LHCP gain
versus theta in the azimuth 30 degree plane.

SAP simulated and measured RHCP and LHCP gain versus theta at 1.612 GHz in the 60 degree plane
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Fig. 15. SAP on cylinder simulated and measured RHCP and LHCP gain
versus theta in the azimuth 60 degree plane.

* The broadside cross-polar (LHCP) component is higher in
the measurements. This leads to an increased axial ratio at
elevations around broadside. This can be blamed on feed
network inaccuracies.

¢ The measured axial ratio at low elevations is better than the
simulations.

* The co-polar (RHCP) component is quite similar for sim-
ulations and measurements.

* The SAP’s radiation patterns exhibit a high degree of sym-
metry in azimuth.

V. CONCLUSION

Commercial GNSS antennas always contain additional RF
circuitry such as power dividers, low noise amplifiers and fil-
ters which should be as close to the antenna radiating element
as possible from a noise figure point of view. It is desired that
this electronics is electromagnetically shielded from the radi-
ating structure in order to avoid low noise amplifier oscillations.
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SAP simulated and measured axial ratio versus theta at 1.612 GHz in the 0 degree plane
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Fig. 16. SAP on cylinder simulated and measured axial ratio versus theta in the
azimuth 0 degree plane.

SAP simulated and measured axial ratio versus theta at 1.612 GHz in the 30 degree plane
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Fig. 17. SAP on cylinder simulated and measured axial ratio versus theta in the
azimuth 30 degree plane.

On top of that a proper antenna mounting is required for GNSS
antennas. A cylinder shaped housing is the most logical candi-
date because it is expected to maintain the SAP’s inherent radi-
ation pattern symmetry in azimuth.

The overall conclusion of our work is that the cylinder has a
positive influence on most radiation characteristics with only a
small (negligible) penalty on the front-to-back ratio and broad-
side RHCP gain. The axial ratio at lower elevations is improved
considerably even with increased cross-polar (LHCP) radiation
in broadside due to feed network imperfections. A good axial
ratio at low elevations is vital for GNSS applications. The SAP’s
radiation patterns exhibit a high degree of symmetry in azimuth
for both co- and cross-polar radiation. This is important for
GNSS applications and proofs the SAP’s particular suitability as
a cheap alternative to expensive geodetic type GNSS antennas
when mounted on a cylindrical housing.
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SAP simulated and measured axial ratio versus theta at 1.612 GHz in the 60 degree plane
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Fig. 18. SAP on cylinder simulated and measured axial ratio versus theta in the
azimuth 60 degree plane.
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ABSTRACT

This paper presents a comprehensive study of the theory of the short circuited annular-ring patch based on the cavity
model. An analytical expression for frequency, fields, radiation pattern, efficiency and input impedance based on this
model is shown. Simulations and experimental results are given to show the resonant frequencies, illumination fields,
radiation patterns and input impedances for the 0 and 1 modes. Furthermore, it provides a simple formulation to design

this type of antennas.

Keywords: Patch antenna, cavity model, short circuited annular ring patch, input impedance.

RESUMEN

Este articulo muestra un estudio sencillo de la antena en anillo cortocircuitado en base al modelo de cavidad. Se han
extraido y mostrado en base al modelo de cavidad expresiones sencillas para la frecuencia de trabajo, campos en el
interior de la antena, diagramas de radiacion, eficiencia e impedancia de entrada. Resultados experimentales y simulaciones
de las frecuencias de resonancia, de los campos de iluminacion, de los diagramas de radiacion y de las impedancias son
mostradas para el anillo en cortocircuito trabando en modo 0 y 1.

Palabras clave: Antena impresa, parche, modelo de cavidad, anillo cortocircuitado, impedancia de entrada.

INTRODUCTION

Among the various shapes of microstrip antennas, the
rectangular and circular patches are the ones that have
been more extensively studied [1], [4]. These patch
antennas have a ring version that has been chosen as an
alternative to the standard shape. These annular
antennas are geometrically and electrically an
intermediate step between printed loops and patches.
Several interesting properties are associated with
annular ring antennas. First of all, the size of the
resonant ring is substantially smaller than that of the
corresponding patch. Secondly, using annular
topologies allows increasing the gain margin of the
patch antenna in comparison with compact (circular or
rectangular) ones.

A second alternative is the short circuited ring patch
done by incorporating a shorting rod at the center of a
circular patch; for this geometry, the resonant ring
(TM,, mode) becomes greater than the original patch
and, then, exhibits greater gain values. This makes

margin of gain extend even more than the achievable
with patches. The main drawback that this type of patch
presents is that side lobes can be important when the
size of the short circuited patch is big. Figure 1 shows a
comparison between the different circular geometries and
the margin of gains that can be obtained with each of
them. This last property makes annular topologies
particularly suitable for their integration in array
antennas, allowing the optimum the optimum combined
choice of the elementary radiator and the inter element
spacing. From the theoretical point of view, ring patch
antennas differ from traditional patch antennas by having
an additional contour condition in the inner side of patch.
This inner contour may be an open circuit or a short
circuit. The open circuited annular patch antenna has
been totally studied, so attention will be paid to the short
circuited one. Figure 2 shows the geometry of a circular
short circuited ring patch. The fundamental radiation
mode in the open circuited patch antenna is the TM,, as
in the corresponding circular patch. However there is an
important difference when working with short circuited
ring patches: the TM,;, mode (the first index corresponds

! TInstituto Tecnolégico de Zacatecas México, aspirante al grado de doctor, depto. de Ingenieria Audiovisual y Comunicaciones, E.U.LT. de
Telecomunicacion, Universidad Politécnica de Madrid - Campus Sur, Ctra. Valencia Km 7, E-28031, Madrid, Espafia. vgonzalz@diac.upm.es.
2 Depto. de Teoria de la Sefial y Comunicaciones, Escuela Politécnica Superior, Universidad Carlos III de Madrid, Avda. Universidad 30, 28911

Leganés. Madrid, Espafia.
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to the azimuth variation) presents its resonance at much
lower frequencies (depending on both radiuses) than in
the circular and open ring patches, becoming the
“fundamental” mode (lowest resonant frequency). This
mode is often called Mode 0 and behaves slightly
different from traditional circular patches since there is
no cutoff frequency. It is evident that high order indexes
in the radial variation have no sense from the practical
point of view since they lead to bigger surfaces causing
a strongly decreased efficiency. On the other hand, higher
order modes in azimuth have been used, in practice, only
for mobile applications. This means that almost all the
practical patches work in the “dipolar” mode (TM,, for
rectangular geometries and TM,, for circular ones).
However, according to the above statements concerning
the short circuited ring patch, two modes must be
considered: Mode 0 (TM,;,) that provides the lowest
resonance frequency and mode 1 (TM,,) that behaves
in a similar way to the corresponding mode in traditional
circular patches.

Although the cavity model has been applied to study the
short circuited annular-ring patch [5], [6], there are
important omissions such as the field distribution is not
analyzed and the 0 mode impedance is not considered at
all (besides, values of directivity up to 12-14 dB are
proposed which are impossible to reach in real patch
antennas). A comprehensive study of the theory and the
characteristics of the short circuited annular patch is
given.

S.C. Annular
- 4

Fig. 1 Comparison between the different circular
geometries.

SUBSTRATE b a
' SIDE VIEW
t \
GROUND SHORT Cli COAXIAL
PLANE | FEED

TOP VIEW

Fig. 2 Short Circuited Annular Ring Patch Antenna.

ANALYSIS OF THE SHORT
CIRCUITED RING PATCH

A. Resonant frequencies

The geometry of the short circuited annular ring patch
is shown in Figure 2. It has an outer radius a, an inner
radius b, and is printed on the top of a substrate of
thickness 7. The model in the figure is fed through a
coaxial probe located at a distance d from the center of
the patch.

In the simple cavity model, the region between the patch
and the ground plane is considered as a cavity bounded
by electric walls on the top, bottom and inner edge, and
a magnetic wall along the outer edge. If it is assumed
that there is only TM modes propagating in the cavity,
the resonant frequencies are determined by equation 1.
It has also been assumed that the field distribution under
the patch does not vary with the thickness of the patch
(¢) since t<<A.

k k -c
fm mn mn (1)

" 27ra~\/,uo-8 B 27ta-\/;

where the sub indexes mn represent the corresponding
TM mode, e is the permittivity of the substrate, (,, is the
vacuum permeability, ¢ is the light velocity, €, is the
substrate relative permittivity and k, are the roots of
the following characteristic equation (2).
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Analysis of short circuited ring patch operated at TM,, mode

Equation 2 comes from the boundary conditions in a ring
cavity (electric wall for the inner edge and magnetic wall
for the outer one); ¢ is the ratio b/a, J, (x) and N, (x) are
the first and second kind m'" order Bessel functions and
the prime denotes the first derivative. Figure 3 shows
the roots of equation 2 for different ratios b/a; it can be
seen that the n™ subindex of the corresponding TM,
mode has been fixed to 1 while the m™ one is varied
from 0 to 4 (modes will be generally denoted according
to the m™ subindex). It must be emphasized that the
lowest resonance frequency is the corresponding to the
0 mode.

45

" Mode3

Mode 2

Mode 1

05 L i 1 L 1
1] 025 03 035 04 045 O0F

0.;5 0.12
c=b/a
Fig. 3 Values of Roots of equation 2 for the short
circuited Ring Patch.

i L
005 041

A correction on the value of the outer radius, a, has been
proposed as a technique to find out the value of the
resonance frequency. Some authors [7] consider a
suitable approach to model the antenna as a circular
microstrip patch with radius r=a-b. This approach
behaves well for higher modes but, only in a small
variation margin of ¢, for lower ones. Schneider [8] has
proposed to use an effective permittivity to take into
account the effects of the fringing fields. Moreover a
modification in the outer radius has also been suggested

in [2], [8] resulting in the following empirical formula
3).
a'=a+(3/4)-t 3)

This expression can be considered as correct in most
cases.

B. Cavity fields

For the coaxial feeding case, the electromagnetic field
excitation is due to a density current defined as

S(r-d)

J=1(¢-9,) p

“

Where d and @, denote the position of the feeding coaxial
probe.

The fields within the cavity corresponding to the TM,
mode are given by:

EM = 4,,,| 1, ke, )N, (ky e, b) +

-J, (qusTb)Nm ] - cos me

Hm =ty [J'm(ko J&, 1IN, (kooJe, ) +
o

—J,, (e, b)N'm(kO\/zr]-cosmq)

Hm =Ly [Jm(ko\/g N, (kyNE, b)+
ou r

T (ko[E BN, (e, 7) |- sinmo
(5)

where 4, is a constant depending on the corresponding
mn mode and ¢, r and z are the coordinates in a cylindrical
system. When the patch is excited, for a general situation,
several modes can appear. Then, the fields can be
expressed as:

B = Jou1 Y, Y[ R[S ol N, G001, G e, BN, e, ) | -cosmo |

n=1 m=0

[Rmn ko, PN, (g, ) = 7, (g2, BN, (kg e, )| -cos m¢>]

(6)
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Where R, is the amplitude of each mode present in it converges very fast for m,n values lower than 5.
the patch and is related to the corresponding A = and Figures 4 and 5 represent the electrical fields inside
to the amount of energy associated to each propagating the cavity as a function of the radius and the azimuthal
mode. Where w is the diameter of the probe that angle. Figure 6 represents the current line distribution
provides a uniform current [8]. Although equation 6 and 3D Ez field in the short circuited ring patch for the
relates to a double infinite series, in most practical cases modes 0 and 1.

rwwky’e, [ Ty (ko d)Ny (kg ) = Jo (o, BYNo (o, d) |

2 Jy(ky,b) ’
[(wg) "‘Of}'[.f&ki,,a)‘l}

Bom = nky'e, sinmweos mr | J, (k,,,d)Ny(k,,.b) = 7, (k,.bIN,, (k,,d)] Ym0
! =;Vm
2 2
O R A e L o I
I (k@) wky’e,a’ mky’e, b’
@)
Amplitude
5 T T T T
45k i : I
ap
st
3t
25p
2F
15}
!
o5} Mode 0

& 8 10

1] 1 2 3 4 8. & 7
radius (mm)

Fig. 5.1 Ez versus azimuthal angle in radians.
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Analysis of short circuited ring patch operated at TM , mode

Mode 2 Mode 3

Fig. 5.2 Ez versus azimuthal angle in radians.

Current lines Current lines

§
Mode 0 Mode 1
ET" lé Llu } : : .
E P

-50

Fig. 6 Current line distribution in the patch (upper side) and 3D Ez Field for modes 0 and 1 side.
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C. Input Impedance

The input impedance allows the definition of the antenna
operation bandwidth and the analysis of the possibility
of adding resonance to increase its bandwidth.

Although the input impedance of the shorted annular
ring patch has not been calculated yet by using the cavity
model, the method of calculation is well established [1],
[2]. It involves the introduction of an effective loss
tangent to take into account for the various losses in the
cavity, namely the radiation, the dielectric, the conductor
and the surface wave losses. The last quantity is quite
small and can usually be neglected, for the case where
the ratio between the substrate thickness and the
wavelength (h/A) be lower than 0.05 (e.g.). However,
real patches have limited substrate and ground plane;
then, when the surface wave reaches these edges, it
transforms into a volume wave without decreasing the
antenna efficiency although distorting (even strongly)
the radiation pattern.

Then, the input impedance can be formulated as [1], [9]
and [10], see (8).

The first term in brackets represents the contribution
from the 0 mode while the double sum represents the

contribution from all other modes, keﬁ is the effective
wave number which is given as: ’

ke = ko€ (1= jOup) €)

where 5eﬁ,is the effective loss tangent given by [10]:

& (I, (ky N, (k, b)— J, (k, B)N, (K, 1))’

Z, =R+ jX=jouly,

n=1

a2, - k&)["“ (k0,0 _ 1}

+22( o

0 :tan5+;+
7 tjourn f
20-u-t-M
+
Tl a) (o ) [
o & Ik, o) B0 ) K

(10)
The quantity M is the following integral: see (11).

Note that the first term in the previous integral is zero
for the 0 mode. Besides the double sum in (8) mainly
affects to the upper modes so for the analysis of the TM,,,
or TM,, modes they must be discarded. It must also be
noted that the mode 0 presents, in the same way as any
other mode, an equivalent resonant RLC circuit.
However, for low frequencies this mode behaves as a
short circuit; for that reason it can be thought that at these
frequencies another RC circuit looms. This RC circuit is
composed of a resistor (with a very low value depending
on the frequency) paralleled with a capacitor whose effect
is negligible at the corresponding resonant frequency of
the TM,,. This last effect at very low frequencies (quasi
static) can be included in the overall equivalent circuit of
the TM, mode what would result in a double series
resonant circuit (an RC circuit for low frequencies and
the traditional RLC circuit for the corresponding resonant
frequency of the TM, mode). Although it could be
thought of having a dual resonant antenna for the TM,;,
mode by tuning the RC circuit with an appropriate
inductive coaxial probe, this is not so since the radiation
properties of the lower frequencies are very poor.

mn mn mn

Sm(mw)j [N, k), (k1) =], (k, )N, (k al)]2

i 2(/(:”‘—/(:‘”) Jm(kmna - m? [y m?
mh, kD KLY ko

Jé (k()ﬂa) mn mn
(®)
P 2
gm?cos20 |k, b-sin8) 7, (k,-a-sin8) J, (k,,-b)
M= -[0 ) : 5 : ) do +
k= s a
o 'sin6 I (kmn 'a)
2
J |k, -b
+[§sin0 -1, (k, - b-sin6) -, (k, -a- sine)-’”(’"”) do
Im (kmn -a) (11)
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Analysis of short circuited ring patch operated at TM , mode

Mode 0 Model Mode2

STARY 2.750000000 (kix

Fig. 7 Impedance model and prototype measured (left) with two resonances (right).
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Fig. 8 Impedance vs radii (left) and Impedance vs frequency (right) in the mode 0.

According to the previous comments the complete
equivalent circuit for the short circuited patch antenna
is shown in figure 7. Figure 7 shows the two frequencies
resonance and sc ring measured. The values for any
element in the equivalent circuit are given as a function
of the corresponding modes. By using previous
equations, the input impedances for different modes can
be easily plotted. Then figure 8 shows the input
impedance for mode 0 as a function of the outer radius
or frequency.

|— Read [T |
g [Tr)
Y]
o ]
= ]
.E. 5
H i é
£ ' !
W T —
-tom i i '
4 405 L1 415 42 15
Frequency
D. Radiated Fields

Once the internal fields and input impedance in the cavity
have been determined, the radiated fields of a short
circuited ring patch can be obtained either from the
magnetic current approach on the fictitious magnetic wall
in the outer region or the electric current distribution on
the surface of the ring.
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Pa Jkor

E,= j’"“AT[(Jm(kmna)Nm(kmnb) - Jm(kmnb)zvm(kmna)]J;n(kobsene) cos me
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e
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se

kyasen0

nmeo

send

(12)

The previous expressions represent the radiated field by
only one mode without considering the effect of the
probe. Mode 0 or 1 will be chosen according to the
application required. The other modes are less interesting
because of their smaller bandwidths and polylobed
radiation patterns. Figures 9 and 10 show the radiation
patterns simulated and measured for 0 and 1 modes.

0
dB

pE

10
154
20l
25

-30

35}

Fig. 9 Simulated and Measured radiation pattern in E (left) and H (right) plane (Mode 1).

The fundamental mode in the short circuited ring antenna
is the mode 0 that has the characteristic of having a null
in the zenith and a maximum in the azimuthal direction.
For the same radiation mode, the radiation pattern is
similar to that of a circular patch, although this antenna
presents a better performance than the one using a
circular geometry. It can be emphasized that this structure
has a bigger gain. The directivity and gain can be given
[17, [9] as: see (13).

pAr__4 (13)
Q, Me,
M is the integral shown in 11. The gain is
G=n-D (14)

where the efficiency is given approximately [10]: see

(15).
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Analysis of short circuited ring patch operated at TM,, mode

Where R . is the surface resistance.

|- = = — Measured

Simulated

-80 -60 -40 -20 0 20 40 @60 8O
Degree

Fig. 10 Simulated and measured Radiation pattern in E
and H plane (Mode 0).
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Fig. 11 Efficiency and Bandwidth versus thickness.
CP(circular patch with b=28mm ¢ =2.5) and
SCP(short circular patch with b=28mm
a=19.3mm ¢ =2.5).
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Fig. 12 Efficiency and Bandwidth versus permittivity. CP (circular patch with b=28mm h=1.58) and SCP (short circular

patch with b=28mm a=19.3mm h=1.58).

Figures 11 and 12 represent the efficiency and bandwidth
as a function of the thickness and the permittivity of
substrate by circular patch (CP) and short circular patch
(SCP).

As the radiating edge in this kind of patches is the outer
bound, its radiation pattern is very similar to the
corresponding one for the circular patch, but with a bigger
efficiency. Besides, according to figure 1, note that the

size of the short circuited patch can be modified in such a
way that can be bigger than the corresponding circular
patch. For that reason the radiating edge is bigger and its
radiating performance is better than the conventional
circular patch. It would also be possible to reduce the size
of the short circuited patch by tuning externally the mode
0. This would yield a reduction in the size of the resonant
patch what would reduce the antenna efficiency and gain
getting a resonant structure that would hardly radiate.
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Shorted annular patch with coplanar 90-degree hybrid feed for
circular polarization
G J. K. Moernaut; GA. E. Vandenbosch, Katholieke Universiteit Leuven, ESAT-Telemic, Kasteel park Arenberg

10, B-3001 Leuven, Belgium

Abstract

This paper presents the design of a circular polarized shorted annular patch (SAP). Circular polarization is real-
ized using 2 feed points fed by a coplanar 90-degree hybrid coupler. The inner space of the ring is large enough
to permit placement of a feeding network, eliminating the need for an extra feeding layer and thus reducing cost.
Simulations and measurements show a good matching and a well-behaved circular polarization radiation pattern

can be achieved.

1 I ntroduction

This paper outlines the design procedure of a circular
polarized SAP and the feeding network accompanied
with simulation and measurement results. The design
procedure for the SAP is based on cavity model analy-
sis while the hybrid is a widely known microwave
component.

2 Design procedure

The proposed configuration is displayed in figure 1
and consists of an SAP with a 90-degree hybrid placed
in the center (short circuited zone) of the antenna. By
exciting either port 1 or port 2, left hand respectively
right hand circular polarization is achieved.

Figure 1: SAP-hybrid configuration.

The resonance freguencies of a shorted annular patch
(SAP) are determined by the following formula,

3, (KDY, (ka) - 3, (ka)Y,' (kD) =0 (1)

derived using cavity model analysis[1], whereaand b
are the SAP’s inner and outer radius respectively and
Jn(.) and Y, (.) are the Bessel functions of the first and
second kind of order n respectively. Since the average
circumference of a 90-degree hybrid coupler is about
1 wavelength at the operating frequency, the inner ra-
dius of the SAP must be large enough to allow place-
ment of the coupler in the short-circuited area of the
SAP. This results in the obligation to use a relatively
thin ring as radiating element since the same substrate
material is used for both hybrid and SAP. For conven-
ience some roots X, (= knma) of equation 1 for differ-
ent ratios of the ring outer-to-inner radius b/a are pre-
sented in table 1.

Table 1. Roots of equation 1 for different ratios
b/a.

b/a 15 1.6 1.7 18 [ 1.9 2

X 261 | 215183 | 159 | 14 | 1.25

nm

Using formula

R
nm Zm\/é‘_, (2)

the inner radius of the ring can be determined. In this
formula f,, denotes the resonance frequency of the
desired mode, c is the speed of light and & is the rela-
tive permittivity of the substrate material used.

The development of the 90-degree hybrid coupler is
straightforward. A good design reference is [2]. Simu-
lations have shown that placing the hybrid in the
short-circuited zone has little effect on its performance
and that the shorting wall should be as symmetrical as
possible for polarization purity.




3 Simulations & measurements

Simulations where done with IE3D of Zeland™ using
an infinite ground plane and measurements where
done on an antenna with a ground plane of 78mm x
78mm. The RO4003 substrate of Rogers Corpora-
tion™ with ¢, of 3.38, tg  0.0027 and thickness 1.524
mm was used. A ratio b/a of about 1.7, an operating
frequency of 2.45 GHz and left hand circular polariza-
tion where chosen. Shorting pins approximate the
shorting wall. The 2 90-degree hybrid ports not con-
nected to the SAP are probe fed. By choosing one of
the 2 probe fed ports switching between right hand
and left hand circular polarization is possible.

Figure 2 shows good matching of port 1 (port 2 is
equivalent). The 2 possible feed points are well iso-
lated around 2.45 GHz according to simulations.
However, the measurement results show a frequency
shift and a degrading in isolation. This means that the
isolation iscritical and further tuning is necessary.
Despite the problem with the isolation, rather good
circular polarization behavior can be seen in figure 3
presenting the axial ratio versus frequency. The axial
ratio is expected to further improve when the isolation
problem is solved.

Input reflection of SAP (solic: ie3d, dashed: measured)
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Figure 2: Input reflection (left) of port 1 and isola-
tion (right) between port 1 and 2.

Axial ratio versus frequency of SAP (solid: ie3d, dashed: measured)
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Figure 3: Axial ratio versusfrequency.

Figure 4 displays the radiation pattern at 2.55 GHz (in
the vicinity of best measured matching and isolation)
in 2 orthogonal planes. There is good agreement be-
tween simul ations and measurements.

Radiation pattem of SAP (solid: ie3d, dashed: measured)
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4 Conclusions

Simulation and measurement results show that a circu-
lar polarized SAP can be build with the proposed to-
pology. However, measurement results also show a
problem with isolation between the 2 feed ports. This
deficiency can be solved with further tuning.
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A last comment can be made concerning the mode 0 for
the conventional circular patch where this mode is a
higher order one. In this case, the mode 0 does not present
the quasi-static and tuning performance of the
corresponding one in the short circuited patch. For that
reason, the radiation pattern of the short circuited patch
is less directive than the one for the circular patch.
Besides, the lower the resonant frequency (for instance,
by external tuning) the lower the directivity is.

CONCLUSIONS

The cavity model has been applied to analyze the short
circuited ring antenna. This model has been applied to
show the performance of the short circuited patch in front
of the dielectric constant and its physical radius.
Formulas for the resonant frequency, radiated field have
been provided; an explicit expression for the input
impedance has also been obtained and experimental
results have been obtained. The accurate expressions
for the radiation fields and an explicit formula for the
input impedance constitute, from our point of view, new
contributions to the study of short circuited patches.

One the major advantages of short circuited patch
antenna is the possibility of constructing bigger resonant
radiators than the conventional ones. For that reason,
bigger efficiency and antenna gains can be achieved by
properly choosing the resonant patch size. Other
important characteristic is the fact that the fundamental
mode is no longer TM,, (mode 1) but the TM;; which is
the one that presents the lower cut-off frequency. This
mode can be found in all the circular geometries but in
the short circuited patch presents a quasi-static behavior
that allows its tuning at a lower frequency than its natural
resonant frequency.
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ABSTRACT

An inner shorted annular micro-strip antenna was designed using Bessel function relations and then two
techniques of bandwidth enhancement has been suggested and designed and the current distribution and the radiation field

with the frequency and the feed point location has been studied.

Keywords: inner shorted annular microstrip antennas, bandwidth, stacked patches, Bessel function.

INTRODUCTION

Among the various shapes of microstrip antennas,
the rectangular and circular patches are the ones that have
been more extensively studied. The annular patch
antennas have been chosen as an alternative to the
standard shape. These anular antennas are geometrically
and electrically an intermediate step between printed loops
and patches [1].

Annular antennas have many interesting features,
first, for a given frequency, the size of annular antennas is
substantially smaller than that of the circular patch when
both operated in the lowest mode. Second, it can be easily
designed for dual band operation by using a concentric
ring structure, or by employing another circular patch [2].

One of the many types of annular antennas is the
inner shorted annular microstrip antennas (ISAMA), the
inner boundary of this patch is shorted to the ground
plane, the presence of the cylindrical conductor in the
central zone of the antenna reduces the energy stored
under the patch resulting in a lower antenna quality factor
and in a bandwidth wider than circular disk. This will lead
to a greater gain [3].

The inner shorted annular is shown in Figure-1 it
has an inner shorted (a) and an outer radius (b) and
printed on a substrate matreial of thickness (t) with a
dielectric constant (g, , The lower order modes in circular
patch antenna is T'My; while in inner shorted patch it is
TM ;; which is the fundamental mode and it is
sometimes called mode 0 ,the patch has been modeled as a
cavity where the bounded by an electric wall from top and
bottom and a magnetic wall from the outer periphery so
the frequency can be calculated by,

Xg €

(M

2m 1,"-‘_-'_,,-

Where c is the velocity of light and (xcl) is the root of the
characteristic equation

jn (x:t) . Yr:(th) -
Hl (xh} Yy {xa) =0 (2)

and £, is the dielectric constant

The input impedance of inner shorted is calculated from
transmitted power and energy stored and the losses in the
patch as [4]:

1 &
=VV
2

Zy - 3)
Fr +2 jw(Wg —wm)

Where V is the voltage in the patch, P, is the transmitted
power where:

Fe—p +P4y+P. )

And H*'; is the electric energy stored and Wm is the

magnetic energy stored and the bandwidth is dependent on
the Q-factor and the VSWR of the patch and it is:

B.W = (VSWR — 1)/Q+/VSWR 5)
And the Quality factor is computed as follows:

Q= 2w W, /P, (6)
The far field radiation with the two components of 2

and @ components are shown below:
— bor

E,—+ (D" &) 15 B, (1] cos B
ginn@ *[
b Erl.rr: {a_:l{j“_i U':u b sin B.} _I']‘l+l (ko b Sfﬂ' 9} }] (7)

gl

)%= E_ (f)] cos B

T F1

Eqp =+ G)n (
sinng@ *[b

s Foo (@) ]y (k, b sin6)—Jpsq (k, b 5in@) 3} 8)
Where i, = hE;

ANTENNA DESIGN

An inner shorted annular microstrip antennas has
been designed according to the characteristic equation:

Jn (xa) . Ya(cxg) -Th(exg). Yy (xg) =0 ©9)

Where cx, = xy
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So the characteristic equation can be written as

Jrn {xc} . Y_,';_I:Ia.‘:l - i;:q {xb}' 5’l:: {xﬂ} = O

The antenna was designed to work at mode

TM ,; which is the lower mode in the inner shorted
annular microstrip antennas, it is designed at a resonance
frequency of 800 MHz with an inner radius of 0.73 cm
and outer radius of 6.68 cm printed on a substrate of a
thickness of 0.159 c¢cm and a dielectric constant of 2.62
,the top layer was set to have the properties of air with
dielectric constant of 1 and thickness of 1 cm in order to
increase the bandwidth of the patch ,a capacitor has been
added ,this is done by printing the patch on a capacitor
strip printed on the ground plane, the thickness between
the patch and the capacitor strip and between the
capacitor strip and the ground plane was 0.02 cm and
0.96cm respectively. The third technique used to improve
bandwidth combines the two techniques of stacked
configuration and adding a capacitive element to the patch
forming a structure shown in Figure-1 this technique will
provide bandwidth by removing the reactance effect of the
long probe. it consists of two inner shorted patches the
printed one on the other ,the lower one is the radiating
patch which has an inner radius a = 0.73 ¢cm and an outer
radius b = 6.68 cm is printed on a capacitor —strip on the
top of a ground plane, the diclectric constant of the
capacitor—strip (& mp] = 2.62 have the same dielectric

constant of the radiating patch (£,,52) = 2.62 and
thickness of 1 c¢m, the other one is the parasitic patch has
the dimensions of a = 1.47 cm, b= 7.15 cm printed on a
substrate of dielectric constant of (£, ,q4) = 2.62 and
thickness of 1 c¢m, the thickness of the layers between of
the capacitor strip and the ground plane and the radiating
patch and the capacitor-strip are 0.02 cm and 1 cm,
respectively.

RESULTS

An inner shorted annular antenna designed
according to equation (1) , Figure-2 shows the return loss
of the single inner shorted patch, Figure-3 represent the
real and imaginary parts of the input impedance and
Figure-4 a and b represents the E-plane and the H-plane
respectively, the return loss shows that the bandwidth is 12
MHz and resonance frequency of 790 MHz

The technique of capacitive-fed patch is shown in
Figures (5, 6, and 7), this technique improves the
bandwidth to 75 MHz (about 10.08 % of the resonance
frequency) with shifting of the resonance frequency to 744
MHz

The second technique is shown in Figures (8, 9,
and 10); this configuration gives a bandwidth of 174 MHz

(about 22.715 % of the resonance frequency which is 766
MHz).

The above results show that the radiation field
has not been affected by the different methods of
enhancement and the matching between the probe feed
and the antenna is about 50 ohm which is a good matching
with the effect of shifting the resonance frequency from its
original location.

The effect of feed location was studied for the
three designs in which for every case the feed point was
taken at the resonance point and the edge and the center of
the patch , the radiation field for each design with three
cases is shown in Figures (11,12,13), as it is seen from the
figures that the radiation field is not affected too much
when changing the feed point from resonance point to the
edge of the patch ,on the other hand the radiation field is
affected when the feed is putted at the center of the circle
,this implies for the three designs.

Figures (14, 15, and 16) represent the current
distribution on the patch of the three designs for three
frequencies, the resonance frequency, a frequency less
than the resonance, a frequency greater than the resonance,
the figures indicates the current at the resonance frequency
has a maximum current indicated as the red distribution of
the color, for the -capacitively-fed ISAMA and
capacitively-fed stacked ISAMA the current distribution is
not affected by the frequency change. Figure-17 represents
the radiation field at the resonance for the three designs.
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Figure-1. The structure of inner shorted annular microstrip antennas.
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Figure-3. The input impedance of the inner shorted annular patch.
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Figure-10. The Radiation pattern of capacitively-fed stacked ISMA (a) E-plane (b) H-plane.

(a) (b) (©)

Figure-11. The far field of a single ISAMA when the feed is at resonance point (b) the edge (c) the center.

(a) (b) (0)

Figure-12. The far field of capacitively-fed Inner shorted annular patch (ISAMA) when the feed is at
(a) resonance point (b) the edge (c) the center.
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(a) (b) (0

Figure-13. The far field of a capacitively-fed stacked Inner shorted annular patch (ISAMA) when the feed is at
(a) resonance point (b) the edge (c) the center.

(a) (b) (©)

Figure-14. The current distribution for single ISAMA at frequency (a) 770 MHz
(b) 790 MHz (resonance frequency) (c) 810 MHz.

(@ (b)

a ©)

Figure-15. The current distribution of capacitively-fed ISAMA at frequency (a) 725 MHz
(b) 745 MHz (resonance frequency) (c) 765 MHz.
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(a) (b) (©)

Figure-16. The current distribution of capacitively-fed stacked ISAMA at frequency (a) 773 MHz
(b) at 793 MHz (resonance frequency) (c) 810 MHz.

(a) (b) (c)

Figure-17. The far field of the (a) Inner Shorted Microstrip antenna (b) capacitively-fed ISAMA
(c) capacitively-fed stacked ISMA.
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Design A High-Precision

Antenna For GPS

with advances in signal processing. However, an innovative
low-profile, lightweight antenna may offer a possible solu-

tion for reducing the multipath error in
GPS systems. As will be shown, it may
be possible to achieve high-performance
GPS requirements with the aid of a
shorted annular patch antenna.

In recent years, the number of GPS
applications requiring an augmented
accuracy is considerably increased span-
ning from geodetic surveying to air-
craft landing control and satellite atti-
tude determination. The major limitation
affecting the precision of the system is
the multipath error. Multipath interference
is generated by the reflections and
diffractions of the

lobal Positioning System (GPS) receivers (Rxs) are becoming
ubiquitous, as part of the electronics packages of new auto-
mobiles, in cellular telephones, and in compact electronic
devices. Unfortunately, multipath errors continue to plaque
the performance of discrete and embedded GPS Rxs, even do not help in solving the

problem completely under
all conditions. A more effec-
tive way to limit the delete-
rious effects of spurious reflections is by
means of an antenna with superior mul-
tipath rejection capability.

At the radiator level, multipath can
be essentially controlled in two ways.
Since GPS signals are right-hand cir-
cularly polarized (RHCP), odd reflec-
tions are left-hand circularly polarized
(LHCP). Hence, the use of antennas
with a good rejection of LHCP signals
can potentially eliminate multipath
effects arising from direct reflections.
Effects due to double reflections will
remain, but these are normally much

GPS transmitted
signal from sur-
faces around the
antenna. Since mul-
tipath effects are
dependent upon
the surrounding
environment, they
are difficult to

quantify, and avail-

able signal-pro- 1. This cross-sectional view shows the inner radius and feed
cessing techniques locations (a, b, and p) of a shorted-annular-patch (SAP) antenna.
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weaker than the direct
reflections. Additionally,
considering that reflections
often impinge on the anten-
na at low elevations, mul-
tipath rejection perfor-
mance can be improved by
shaping the antenna gain
pattern to reject low-ele-

feeding the antenna by
means of two 50-Q coax-
ial probes located 90 deg.
apart and having 90 deg. of
phase difference.

To simplify the design
process, a simple analytical
model* was used as a start-
ing point to roughly estimate

vation signals while ensur- —=l

ing adequate hemispheri-
cal coverage.

—— Circular patch
—— SAP 35 mm

—— SAP 45 mm
—— SAP 55.7 mm

the antenna resonant fre-
quency and feed location.
The design was then opti-

Several low multipath
GPS antennas have been
proposed in the past. Unfortunately,
most of the available solutions, includ-
ing arrays' or choke rings,” are imprac-
tical in aerospace applications due to
the operational requirements in terms of
size and weight. A more effective design
has been proposed in ref. 3 where a
novel compact radiator, namely the
shorted-annular-patch (SAP) antenna, has
been introduced as a possible solution
for low-multipath GPS applications. In
what follows, the main characteristics of
SAP antennas will be discussed and a
detailed review of a SAP design proce-
dure will be presented.

The SAP antenna geometry is pre-
sented in Figure 1. At variance of a con-
ventional disk the inner boundary of this
patch is shorted to the ground plane. The
presence of the conductor in the central
zone of the antenna makes this geome-
try much more flexible with respect to other
microstrip geometries allowing for a larg-
er bandwidth and easier matching.*

The essential feature of the antenna
is that the low-multipath radiation pat-
tern requirements can be fulfilled using
a single radiator, as the pattern of the
shorted annular patch can be easily
controlled varying the antenna geom-
etry without degrading the radiation
characteristics. In fact, it is easy to show
that,” when working on the TM ; mode,
the shorted ring has the same magnet-
ic current distribution of a conventional
disk and therefore a similar radiation
pattern. As a consequence, with a prop-
er choice of the external and internal radii,
narrower radiation patterns that main-
tain the radiation characteristics of a cir-
cular disk can be obtained.

2. The SAP antenna offers a great deal of radiation pattern flexibility.

To design an SAP antenna, the first
step is the selection of the patch outer
radius. As it will be shown, this param-
eter essentially controls the antenna
amplitude pattern toward the horizon
and, in case of high-precision GPS appli-
cations, its choice must be the optimal
compromise between the specific cov-
erage requirements and the low multi-
path constrains. Once the external

Inner radius and feed

locations of the three
antenna patches

a b D

35.0 mm 6.0 mm 12.0 mm
45.0 mm 18.83 mm 25.0 mm
55.7 mm 30.08 mm 36.5mm

boundary of the shorted ring has been
fixed, the inner radius has to be adjust-
ed to make the patch resonating at the
desired frequency.

As a proof of the SAP peculiarity, three
shorted annular patch antennas res-
onating at the nominal GPS L1 fre-
quency, 1.57542 GHz, with an exter-
nal radius of 35, 45, and 55.7 mm,
have been designed considering a sub-
strate with dielectric constant, eg, of 2.55
and thickness of 3.2 mm. Adequate cir-
cular polarization purity is attained by

mized through extensive
finite-element-model (FEM)
based simulations using commercial
High-Frequency Structure Simulator
(HFSS) software from Ansoft Corp.
(Pittsburgh, PA).® Accurate simulations
were obtained by manually refining the
mesh for each geometrical element of
the antenna. The inner radius and the
feed location for each of the three patch-
es are shown in the table.

The effect of a larger external radius
is shown in Fig. 2 where the copolar
radiation patterns of the three SAP
antennas have been compared with the
one of a conventional circular patch
resonating at the same frequency and
designed using the same substrate. As
expected, a larger outer radius of the
antenna results in a narrower beam.

It should be noticed that the short-
ed annular patch antenna having exter-
nal radius of 55.7 mm was designed
by considering the surface’s wave reduc-
tion principle described in ref. 5. Accord-
ing to this criterion, the outer radius of
the ring must be selected in such a way
that the TM,, surface-wave emission is
inhibited avoiding the radiation pat-
tern deterioration due to the diffrac-
tion of the waves on the dielectric trun-
cation. However, the choice of the
external radius is also influenced by

Calibration
reference plane ™ ~

/ Patch \
? " 4

SMA connector

Ground plane
Simulation
reference plane \

Microwave port

3. This diagram shows the simulation and measurement reference planes used for

comparing results.

microwaves & RF [ anuary 2003




150/

180

-150

-120

-90
— Simulation with
deembeeding

— Measurement

60

-60

— Simulation without

30 300

0 270

240

deembeeding

210

—— Measured RHCP
---- Measured LHCP

60

0dB

120

150
180
—— Simulated RHCP
-=-=- Simulated LHCP

4. This comparison shows the modeled and measured input

impedances of the SAP antenna.

other requirements such as the exten-
sion of the radiation pattern coverage
and the acceptable level of crosspolar
interference.

The characteristics of the antenna and
the reliability of the simulations were
experimentally verified fabricating a
prototype of the SAP antenna having an
external radius of 35 mm.

The simulated and measured input
impedances of the antenna were first com-
pared. A comparison between numer-
ical and experimental data often serves
as a source of errors, however, due to
false assumptions or poor estimations.
In this case, in particular, it should be
noticed that the measured input
impedance is generally taken at a ref-
erence plane arbitrarily set during the
calibration while the computer-gener-
ated data are calculated at the microwave
port defined within the simulation envi-
ronment (Fig. 3).

To avoid this phase uncertainty, the
two results presented here have been com-
pared choosing the antenna ground
plane as the common reference. The
calibration reference plane was set by
measuring and analyzing in the time
domain the reflections arising from a
short-ended SMA connector of the same
type of the one used to feed the anten-
na. The calculated input impedance
was coherently evaluated at the anten-

5. This is a comparison of the measured and modeled radiation

patterns for the SAP antenna.

na ground plane by employing the de-
embedding procedure included within
the simulation tool environment.

In Fig. 4, the measured antenna input
impedance is compared with the sim-
ulated data before and after the deem-
bedding procedure was applied. As it
can be seen, the predicted result is in excel-
lent agreement with the experimental
values but this outcome can be appre-
ciated only if a coherent de-embedding
method is used.

Due to the precision of the simula-
tor and the accuracy of the fabrication
process, it was possible to achieve a
fairly precise design that provided pre-
dictably high performance. In fact, the
antenna resonates at the nominal GPS
L1 frequency and is very well matched.
The multipath rejection performances
of the SAP prototype have been evalu-
ated considering both the sharpness of
the antenna pattern toward the horizon
and the circular polarization purity
over the whole radiation hemisphere.

The measured and simulated radia-
tion patterns (Fig. 5) show that the pro-
posed SAP antenna has, as expected, an
amplitude roll-off from boresight to
horizon of about 15 dB. It is impor-
tant to note that this result, which pro-
vides a wide hemispherical coverage
while sufficiently rejecting grazing sig-
nals, has been obtained using a 14-cm-

square ground plane so without increas-
ing the overall dimension of the anten-
na. In addition to the sharpness of the
radiation pattern, the SAP prototype pro-
posed in this paper fully satisfies the polar-
ization purity constrains required for high-
precision GPS applications. In fact, the
axial ratio stays below 2 dB within the
entire coverage hemisphere.

The final antenna design, based on an
SAP geometry, is inexpensive and light
in weight, but offers an extended radia-
tion pattern flexibility which can be used
to optimize the multipath rejection per-
formances in consideration of the specific
application constrains. The characteris-
tics of the antenna have been verified
performing both numerical and experi-
mental tests. Where properly considered,
the simulated results are in excellent
agreement with the experiments. [Ed
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