Circularly polarised equilateral triangular patch array
antenna for mobile satellite communications
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Abstract: A satellite-tracking left-handed circularly polarised triangular-patch array antenna has
been developed to support the next generation of mobile satellite communications using Japanese
Engineering Test Satellite VIII. The targeted minimum gain of the antenna was set to 5 dBic at an
elevation of 48° in the Tokyo area, for applications of about a hundred kbit/s data transfer. The
antenna is composed of three equilateral triangular patches and fed by a dual-proximity feed. The
influence of the array configuration on the characteristic of this antenna is investigated using a
method of moments (MoM) approach and a simple point source model. The measurement of the
fabricated antenna was then performed to confirm the simulation results. The result showed that
the 10 mm distance between the patch apex to the centre of the array antenna satisfies the target.
The frequency characteristic of the fabricated antenna is 0.7% shifted to the higher frequency, and
the maximum gain is 0.9dB lower than the simulation results. The result also shows that the
characteristic of the patch array antenna satisfies the specification at elevation angle E/=48°,
especially the 5dBic gain coverage of the results covers the whole azimuth angle in a conical-cut

plane at El=48°.

1 Introduction

The geostationary satellite called Engineering Test Satellite
VIII (ETS-VIII) is scheduled to be launched by the Japan
Aecrospace Exploration Agency (JAXA). ETS-VIII will
conduct orbital experiments on mobile satellite commu-
nications at the S band frequency, especially to support the
development of a technology for multimedia information,
such as voice and images for land mobile systems [1]. Up to
now, various antennas have been developed for mobile
satellite communications purposes [2—5], but these antennas
have a complex composition. Hence, in this research, a
simple satellite-tracking triangular-patch array antenna is
proposed. The targeted minimum gain of the antenna is set
to 5dBic at an elevation of 48° in the Tokyo area for
applications of a hundred kbit/s data transfer. The antenna
is designed as thin, compact, small and simple as possible,
because it could be mounted on a small boat or on a car
roof [6]. In the future, this antenna will be applied to the
multimedia service (television, radio, disaster information
system etc.) inside the transportation facility, especially
a car.
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2 Antenna configuration and the mechanism of
beam switching

Table 1 shows the specifications and targets of the antenna
for mobile satellite communications aiming at ETS-VIII
applications that are used in this research. Here, a thin
miniaturised antenna designed for a hundred kbit/s data
transfer required (gain of 5dBic) is simulated using the
method of moments (MoM) (IE3D Zeland Software Inc.).
In addition, the measurements are assumed to take place in
the centre of Tokyo, as a result the targeted elevation angle
El is set to 48°. At first, the operating frequency of a single
patch is set to 2.5025 GHz (see Table 1), then the antenna is
composed in a sequential array configuration to realise a
simple switching technique to track the satellite position. It
is fabricated using a conventional substrate (relative
permittivity ¢.=2.17 and tand =0.00085) and measured
to confirm the simulation results.

Figure la shows the configuration of a single equilateral
triangular patch with its parameters. Figure 15 shows the
configuration of the triangular patch array antenna that is
composed of three triangular elements. This configuration is
used to realise a compactness. The elements are fed by
proximity feeds with microstriplines whose width w is

Table 1: Specifications and targets on the antenna for
mobile satellite communication (ETS-VIII)

Specifications

Frequency 2.5005 to 2.5030 GHz

Polarisation left-handed circular polarisation (LHCP)
Targets

Elevation angle (E/) 48° (Tokyo)

Azimuth angle (Az) 0° to 360°

Minimum gain 5dBic

Maximum axial ratio 3dB
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Fig. 1 Configuration of the antenna: an equilateral triangular
patch array antenna

a Single element

b Array configuration

3.0 mm, for each patch, to obtain a thin configuration. The
dual feed type is proposed to generate a left-handed circular
polarisation (LHCP), where one part of the microstripline is
A/4 longer than the other microstripline to induce a 90°
phase delay. In the same manner, the right-handed circular
polarisation (RHCP) can be realised by changing the
microstripline into the opposite configuration. The pro-
posed feed technique is designed to obtain a stable current
distribution on the triangular patch surface and the wide
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3 dB coverage of axial ratio, further improving the previous
developed antenna [7, §].

Several types of circularly polarised triangular antennas
have been developed [9-13], but they are difficult to design
and optimise, because the ratio between a and b (see Fig. 1),
sensitively affects the performance of the axial ratio. Then,
the pin feed technique is commonly applied to generate a
circular polarisation with a triangular antenna, but this
technique is more complicated than the microstripline or
proximity feed technique in the fabrication process.
Additionally, this pin feed technique with a single feed
point will generate an unstable current distribution on each
patch, where the patches are composed in an array
configuration. Thus, by using a microstripline as shown in
Fig. 1, for equilateral triangular patches, it is easier to design
and fabricate without any optimisation of the ratio between
a and b.

In this research, the MoM was employed to investigate
the characteristics of the model with a finite groundplane in
array configuration. The total thickness of antenna is
1.6 mm, where the substrate thicknesses for the triangular
patch (substrate 1 in Fig. la, /;) and the microstripline
(substrate 2 in Fig. la, ) are 0.8 mm. The length of the
microstripline inserted under the patch, /., is 14mm, and a
quarterwave transformer is used to obtain a matching
impedance of 50Q . Then the microstriplines are fed by an
SMA connector on the edge of the substrate. The detail
parameters of the microstripline are /,=5mm, /; = 11 mm,
Ip=4mm, [.=5mm, [,=2mm, [, =11mm and w,=
4.7mm (see Fig. la). The patch lengths are optimised by
using a single patch. Finally, the patch length parameters
(a=b) are obtained as 52.5mm.

Figures 15 and 2 show the array configuration and the
fabricated triangular-patch array antenna as top view and
side view. The beam switching of the antenna to track
the satellite position electronically is generated by a simple
mechanism that consists in switching OFF one of the

top view

side view

Fig. 2 Fuabricated antenna
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Fig. 3 Beam generation model of equilateral triangular patch
array antenna using point source model

radiating element shown in Fig. 1. By considering
the mutual coupling between fed elements, and their phase
and distance, the beam direction can be varied. The two fed
elements theoretically generate a beam shifted — 90° in the
conical-cut direction from the element, which is switched
OFF, in the case of an LHCP antenna. For example, when
element 3 (P3) is switched OFF, the beam is theoretically
directed towards the azimuth angle Az =240 (see Fig. 13,
beam number 3, shown as symbol #3 in the graph). In the
same manner, the other two beams can be generated by
successively switching OFF each element (P1 and P2 in
Fig. 1 and each beam shown as symbol #1 and #2 in
Fig. 13, respectively). The beam switching technique will be
explained theoretically by using a simple point source model
in following Section.

To simplify the mechanism of beam generation of a
circularly polarised patch array antenna, as shown in Fig. 3,
the element of patch array antenna is defined as a point
source. The point source are set with sequential angle 120°
to each other, or point sources P1, P2 and P3 are put on
Az=90°, 210° and 330°, respectively. The distance between
P1 and P2 is supposed as /. Hence, each point source has
different phase (phase error) 120° spatially to the other
elements, although the point sources are fed by the same
phase. Hence, in this paper, this turning angle can be
modelled as phase error of each point source.

In this paper, let us consider that the point sources P1
and P2 are turned ON and P3 is turned OFF. Current
mode to the generation of circular polarisation at surface P1
is assumed as M1 and M2, and at surface P2 is M1’ and
M?2'. Hence, the current mode at the surface of P2 (M1’ and
M?2') is rotated 120° compared with the current mode at the
surface of P1 (M1 and M2), respectively. When P1 and P2
are fed by the same phase, the left-handed circular
polarisation of P2 has phase error 120° compared to P1.
If a straight line is drawn from P1 to P2 (weight point of
each equilateral triangular patch), then, projecting this line
to the co-ordinate system of Fig. 3, the line with azimuth
angle 4z=240° will be found.

Let us define E,, &, ¥, r and k, as, respectively,
amplitude (P1 and P2), phase error between P2 and P1,
vector unit of P2, vector unit to the observation point
(infinite distance) and wave number in free space. Here, the
point of view of observation point, P2 is located » -/ in
front of PIl. Then, by referring to the patch array
configuration (see Fig. 3), &; is obtained as 120°. Finally,
by considering the elevation angle E/ and azimuth angle
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Az (see Fig. 3), the array factor A(r) of this model can
derived as

A(r) — Eo(l + ej(g'1+ko(lcosElcosAz))) (1)

In this paper, the targeted elevation angle E/ is set to 48°
(Tokyo area), then by considering the antenna configura-
tion in Fig. 1b, the distance / between P1 and P2 is obtained
as 0.584,, where 4, is the wavelength in free space and
f=2.5025GHz. Finally, the normalised gain of point
source model (P3 is turned OFF) against Az is acquired
as shown in Fig. 4. This Figure shows that the main beam is
generated to Az=240° and the side lobe about —6dB at
Az=060°. The normalised gain of MoM is employed to
confirm the result of point source model. Figure 5 proves
that the proposed simple point source model can describe
the mechanism of beam generation of the developed
antenna, where the main beam of this model matches well
to the MoM (¢ = 10mm and /= 2.5025 GHz). The side lobe
of this point source model is lower than the MoM.
We consider the influences of the groundplane size and the
effect of the source model as an ideal point source or
without the surface of an element. In the same manner, the
beam of turned-OFF P1 or P2 can be derived by this simple
model. Additionally, right-handed circular polarisation
(RHCP) also can be derived by considering the opposite

point source model

normalized gain G, dB

0 90 180 270 360

azimuth angle Az, deg

Fig. 4 Normalised gain of MoM against point source model
f=2.5025GHz, El=48°

c=2mm —-—c=10mm

c—-—=20mm =----- measurement (¢ = 10 mm)

reflection coefficient, dB

2.40 245 2.50 2.55 2.60
frequency f, GHz

Fig.5 Reflection coefficient against frequency

IEE Proc.-Microw. Antennas Propag., Vol. 153, No. 6, December 2006

Downloaded 11 Dec 2006 to 193.63.33.191. Redistribution subject to IET licence or copyright, see http://ietdl.org/copyright.jsp



phase error ( — 120°). The circularly polarised array antenna
with patch number more than three elements also can be
derived easily by using this point source model.

3 The antenna characteristics in array
configuration

In this study, the characteristics of the antenna in array
configuration are discussed by studying the influence of the
distance between the patch apex and the centre of the array
antenna (c¢) in Fig. 10, including the effect of ground and
substrate size. By considering the antenna configuration
that must be compact and satisfies the target, ¢ is varied
from 2mm to 20 mm (the ground and the substrate size /,
changes from 190mm to 237mm) with 2mm interval.
Then, to simplify the graph in discussion, the results of
antenna models with ¢=2mm, 10mm and 20mm only
(or diameter /i, 190 mm, 211 mm and 237 mm) are chosen.
The measurement result is appear in Figs. 5-13, where a
detailed explanation will be discussed in the following
Section.

Figure 5 shows the relationship between S parameters or
reflection coefficients (patch number 3) and the frequency
of each model when c is varied. This result shows that when
the distance ¢ or the ground and substrate size [y is
increased, the reflected coefficient increases and the isolation
between patch 1 and 3 improves. It is clearly caused by
reduction of coupling between one patch to each other.

The S parameters (S;;) or reflection coefficient of the
simulation model (¢=10mm) using MoM for element
number 3 (as shown in Fig. 15 or Rx3) is confirmed by
measurement result (c=10mm) as represented in Fig. 5.
This Figure shows that the simulation result is shifted of
0.7% to the lower frequency, from the measurement result.
It is considered that the measurement systems (i.e. cable,
connectors, plastic screws etc.) affect the characteristics of
the antenna [14-20]. Then the isolation (—.S5) of the
patches (e.g. Rx1 to Rx3 in Fig. 1b) is higher than 24 dB.
This shows that the measurement result satisfies the target
described in Table 1 and the frequency band of ETS-VIII is
covered by the proposed antenna. This Figure also shows
that the simulation results are shifted of 0.7% to the lower
frequency, from the measurement result.

The above mentioned reason could be explained for the
influence of groundplane or substrate size to the input
impedance as shown in Fig. 6, respectively. The input impe-
dance characteristic of simulation and measurement results

—-—c=10mm

------ measurement (¢ = 10 mm)

150
100

50

-50 imaginary

input impedance Zin, Q

-100

150 A 1 A 1 A 1 A ]
2.40 2.45 2.50 2.55 2.60
frequency f, GHz

Fig. 6 Input impedance against frequency
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(c=10mm) (patch number 3) is shown in this Figure. This
Figure shows that the simulation result shifts 0.7% to lower
frequency than the measurement (¢ = 10 mm). The real part
of measurement at targeted frequency (2.5025 GHz) is 50 Q
or matches well as the input impedance. The mismatch
between measured and simulated impedance is caused by
the influence of fabricating error, connector, coaxial cable,
aluminium block and plastic screws to support the substrate
to be flat. Empirically, these are very sensitive to the
performance of the antenna, especially the input impedance.

Figure 7 shows the relationship between gain and
frequency for c=2mm 10mm and 20 mm at the peak of
the beam when patch number 3 is turned off or the beam is
directed towards an azimuth angle Az=240°. Then the
elevation angle EI is set to 48° ie. it is adjusted to the
elevation angle of ETS-VIII seen in the Tokyo area. This
Figure shows that the increasing of ¢ decreases the gain in
the peak, in particular the gain of ¢=20mm is 1dB lower
than the gain of ¢=10mm.

—-—c=10mm

------ measurement (c=10 mm)

10

gain G, dBic

2.40 2.45 2.50 2.55 2.60
frequency f, GHz

Fig. 7 Guain against frequency
El=48°, Az =240°

Based on the simulation and measurement results
(¢c=10mm) as shown in Figs.7 and 10, the maximum
gain and the minimum axial ratio of the antenna obtained
are 6.6dBic and 0.5dB (f=2.4900 GHz), respectively, for
simulation, and 5.7dBic and 0.5dB, respectively, for
measurement ( f=2.5025 GHz). The measurement results
show that the gain and axial ratio characteristics are satisfy
the targeted performance of the frequency bands. However,
the simulation results show that the minimum gain of the
antenna is 0.7% to the lower frequency of the measurement
result. This is due to the effect of groundplane size, hole in
substrate, connector, coaxial cables etc. Additionally, the
maximum gain of measurement is 0.9 dB lower than the
simulation, because the loss of the measurement system, i.e.
the loss of semi-rigid, connector, power divider etc. Finally,
the frequency of minimum axial ratio is used to derive the
antenna performance as discussed in the following Section.

Figure 8 shows the relationship between gain and
azimuth angle (4z) for c=2mm, 10mm and 20mm at
EI=48°. The result shows that the 5dBic beamwidths for
c=2mm, 10mm and 20mm are 120°, 130° and 130°,
respectively. The saddle-shape beam, as shown in Fig. §
influences the gain in the main beam which decreases when
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Fig. 8 Guin against azimuth angle (EI=48°): simulation f=
2.4900 GHz and measurement f=2.5025 GHz

¢ is increased. The saddle-shape beam is generated by
patches that are turned on and have a large distance
between each other. This Figure also shows that increasing
of ¢ influences increasing of side lobe. The beams of all the
models satisfy the target and have a beam wider than 120°
for the three-patch array, hence covering the whole azimuth
angle.

The 5dBic gain beamwidths of the simulation and
measurement (¢=10mm) are 130° and 128°, respectively.
Then the relationship between axial ratio and Az is shown
in Fig.9. This Figure shows that the 3dB axial ratio
beamwidths of simulation and measurement are 140° and
148°, respectively. Figures 8 and 9 show that the 5 dBic gain
beamwidths and the 3dB axial ratio of fabricated antenna
can cover the target, and each switched beam is wider
than 120°. The beam switching of the fabricated antenna
by employing these results will be discussed in
Section 4.

The relationship between gain and elevation angle (El) is
shown in Fig. 10. This Figure shows that the increasing of ¢
sharpens the beam, or reduces the 5dBic gain beamwidth,

—-— ¢c=10mm

c=—s—c=20mm --=--- measurement (¢=10 mm)

axial ratio Ar, dB

ToTav—nr,

Vs

0 90 180 270 360
azimuth angle Az, deg

Fig.9 Axial ratio against azimuth angle (El=48°): simulation
f=2.4900 GHz and measurement f=2.5025 GHz
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Fig. 10 Guain against elevation angle (Az=240°): simulation
f=2.4900 GHz and measurement f=2.5025 GHz

and tilts the peak of the beam to the high elevation angle.
Hence, the 5dBic beamwidth covers 42°, 40° and 37° for
¢=2mm, 10 mm and 20 mm, respectively, and the peak of
the beam is directed to E/=65°, 65° and 70°, respectively.
This Figure also shows that the increasing of ¢ increases the
side lobe. This effect is considered to be due to the influence
of increasing the size of ground and substrate [14].

If the antenna is put on a car roof and the shaking of the
car is considered to be +10° in the elevation angle with
centre at E/=48°, the gain and axial ratio in this range must
satisfy the targets (minimum gain 5dBic and maximum
axial ratio 3 dB). Figures 10 and 11 show that the minimum
gains of simulation result (c=10mm) between E/=40°" to
58° are higher than 5dBic, and the measurement result
(¢c=10mm) covers E[=42° to 58°. Additionally, the
maximum axial ratios of both simulation and measurement
at E/=38° to 58° are lower than 3 dB. This Figure shows
that the axial ratio satisfies the targets, and the gain at low
elevation angle needs an improvement of 2° and 4° coverage
for simulation and measurement, respectively. The reason
discussed in the preceding paragraph can also be employed
to explain this phenomenon.

Then Fig. 12 shows the relationship between axial ratio
and frequency for ¢=2mm, 10mm and 20mm at
Az=240° and E[=48°. This Figure shows that the

—c¢=2mm —-—c¢=10mm
c—ee—c=20mm ====-== measurement (¢=10 mm)
10 -

1

R

il

1

"

H

axial ratio Ar,dB

90 60 30 0

elevation angle EI, deg

Fig. 11 Axidl ratio against elevation angle (Az=240°): simula-
tion f=2.4900 GHz and measurement f=2.5025 GHz
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c=2mm
c—-—c=20mm =------ measurement (c=10 mm)

-

axial ratio Ar, dB

2.40 2.45 2.50 2.55 2.60
frequency f, GHz

Fig. 12  Axial ratio against frequency
El=48°, Az=240°

bandwidth of 3 dB axial ratio is 0.6%, 0.7% and 0.5% for
¢=2mm, 10 mm and 20 mm, respectively. The result shows
that the patch array with ¢=10mm has the widest
bandwidth.

Figure 9 shows the relationship between axial ratio and
Az. This Figure shows that the 3 dB axial ratio beamwidth
is 110°, 140° and 130°, for ¢=2mm, 10mm and 20 mm,
respectively. This result shows that the 3dB axial ratio
beamwidth of ¢=10mm has the widest coverage. In the
case of ¢=20mm, the axial ratio beamwidth is shifted
compared to the 5dBic gain beamwidth shown in Fig. 8.
This shifting is considered due to the effects decreasing the
gain in the main beam direction (saddle-shape beam), as
shown in Fig. 8.

The relationship between axial ratio and elevation angle
El is shown in Fig. 11. The 3dB axial ratio coverage of
c=2mm, 10mm and 20mm 1is 55°, 75° and 75°,
respectively. This result shows that the closed configuration
of the patch array will generate a strong coupling inside the
antenna configuration, and it influences the characteristics
of the antenna, especially the axial ratio.

Based on these results, the distance of the patch apex to
the centre of antenna (c) is selected as 10mm, in other
words, the diameter of model / is set to 211 mm. Then the
diameter /, of substrate and groundplane for the fabricated
antenna is set to 210mm or 1mm smaller than the
simulated antenna. Confirmation of simulation and mea-
surement (both ¢=10mm) is discussed in the Section 4.

4 \Verification of beam switching

The simulation and measurement results (c=10mm) of
gain and axial ratio characteristics of the beams switching in
the conical-cut plane are shown in Fig. 13. The Figure
shows the maximum gain is 5.8dBic and 5.4dBic by
simulation and measurement, respectively. The result shows
that both simulation and measurement results are satisfied,
or these results are greater than the target (minimum gain
5.0dBic) and cover the whole azimuth angle (the 5dBic
beam coverage is wider than 120°).

The obtained minimum axial ratios for simulation and
measurement, as shown in Fig. 13, are 3.1dB and 3.4dB,
respectively. The 3 dB axial ratio coverage of simulation and
measurement results cover 354° and 351° in a conical-cut
plane at E/=48".
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— simulation =~ =====- measurement

c¢=10 mm

gain G, dBic
axial ratio Ar, dB

0 90 180 270 360
azimuth angle Az, deg

Fig. 13  Radiation characteristics in the conical-cut plane
(El=48°): simulation f=2.4900 GHz and measurement f=
2.5025 GHz

Figure 13 shows the saddle-shape beam pattern is
occurring for the main beam of gain and axial ratio. The
beam pattern in the main beam is strongly generated when
the distance between the centre of the antenna and the apex
of the patch is reduced [8] or the distance decreased. This
effect is also considered to induce a decrease in antenna
performance, especially the axial ratio. This is considered to
be due to the influence of the edge effect that generates an
oscillation of current distribution on the surface of the patch
with finite groundplane, or when the substrate surface is
reduced, therefore changing the antenna characteristics,
especially the resonant frequency (see Fig. 5) and radiation
patterns [14-20].

5 Conclusions

JAXA will launch ETS-VIII in 2006 to conduct orbital
experiments on mobile satellite communications at the S
band frequency. Hence, a circularly polarised simple satellite-
tracking dual-band triangular-patch array antenna for
mobile satellite communications aiming at ETS-VIII applica-
tions has been developed in this research. The simple point
source model was proposed to describe the beam generation,
then MoM is employed to design the antenna and investigate
the characteristics of patches in array configuration, then
measurement of the fabricated antenna was performed to
confirm the simulation results. The result of the point source
model and MoM shows a match-well switched beam.

The developed antenna with ¢=10mm is thin, small,
simple and compact compared to previous antennas, and
has stable switching able to generate beams that can cover
the azimuth angles. Moreover, the performance of the
antenna satisfies the targeted specification. This is consid-
ered to be due to the influence of edge effects and the
measurement system.

In following research, the dual-band antenna configura-
tion in the array configuration will be designed for reception
(frequency 2.5025 GHz band) and transmission (frequency
2.6575GHz band), then the optimisation of antenna
parameters by considering the edge effects in a finite
groundplane can be done. The improvement of feed type
(microstripline) for a circularly polarised triangular-patch
antenna may also be developed to enhance the isolation
between transmission and reception, then the generation of
the beam that has the main direction at low elevation angle
may also be considered in future research to improve the
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performance of the antenna that will be used at the Tokyo
area (centre direction of elevation angle El/=48°).
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