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Dual-Band Circularly Polarized Equilateral
Triangular-Patch Array Antenna for Mobile Satellite
Communications
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Abstract—The Japan Aerospace Exploration Agency will launch
the Engineering Test Satellite VIII (ETS-VIII) in 2006 to support
the next generation of mobile satellite communications covering
the area of Japan (beam coverage El = 38° to 58°). In this
paper, a satellite-tracking left-handed circularly polarized trian-
gular-patch array antenna is developed for ground applications.
The targeted minimum gain of the antenna is set to 5 dBic at
the central elevation angle (El = 48°), in the Tokyo area, for
applications using data transfer of around a hundred kbps. The
antenna is composed of three equilateral triangular patches for
both reception and transmission units operating at 2.50 and 2.65
GHz frequency bands, respectively. The antenna was simulated
by method of moments (MoM) analysis, and measurement of
the fabricated antenna was performed to confirm the simulation
results. The measurement results show that the frequency charac-
teristics and the 5-dBic gain coverage in the conical-cut plane of
the fabricated antenna satisfy the specifications for ETS-VIIL. A
prototype of the proposed antenna system is employed in outdoor
experiments using a pseudosatellite and shows good performance
from El = 38° to 58 °.

Index Terms—Circular polarization, dual band, equilateral tri-
angular-patch, mobile satellite communications, outdoor experi-
ments, pseudosatellite.

1. INTRODUCTION

HE Japan Aerospace Exploration Agency (JAXA) will

launch a geostationary satellite called Engineering Test
Satellite VIII (ETS-VIII) in 2006. ETS-VII will conduct
orbital experiments on mobile satellite communications in the
S-band frequency range. Mainly in support of the development
of a technology for the transmission and reception of multi-
media 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. In this paper, a
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Fig. 1. Japan map: elevation angle of beam direction.

low profile dual-band satellite-tracking triangular-patch array
antenna is proposed.

Fig. 1 shows the direction of ETS-VIII seen in Japan that is
illustrated by the elevation angle (E!). This figure shows that the
El of the beam of the developed antenna must cover from 38°
(Wakanai city at Hokkaido island) to 58° (Naha city at Okinawa
island) to maintain the multimedia service over all of Japan.

The targeted minimum gain of the antenna is set to 5 dBic
at the central elevation angle (Kl = 48°) in the Tokyo area
for data transfer applications of around one hundred kbps. The
antenna should be designed as thin, compact, small, and simple
as possible, to allow it to be incorporated onto a car roof [6].

II. SPECIFICATIONS AND TARGETS

Table I shows the specifications and targets desired from an
antenna for use with mobile satellite communications, in partic-

0018-926X/$20.00 © 2005 IEEE
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TABLE 1
SPECIFICATIONS ON THE ANTENNA FOR MOBILE SATELLITE COMMUNICATIONS (ETS-VIII)

SPECIFICATIONS

frequency bands

transmission (Tx)

2655.5 to 2658.0 MHz

reception (Rx)

2500.5 to 2503.0 MHz

polarization

Left-Handed Circular Polarization (LHCP) for
both transmission and reception

TARGETS
elevation angle (EI) 48° (Tokyo) + 10°
azimuth angle (4z) 0° to 360°
minimum gain 5 dBic
maximum axial ratio 3dB
maximum isolation 20 dB
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Fig. 2. Configuration of single triangular patch antenna.

ular aimed at ETS-VIII applications, that are used in this paper.
In this paper, the operating frequency of a single patch for re-
ception (Rx) and transmission (Tx) are set to 2.5025 and 2.6575
GHz, respectively, as shown in Table I. Both Rx and Tx are
considered to work in left-handed circular polarization (LHCP)
where the maximum axial ratio is 3 dB in the targeted direction
(azimuth angle Az = 0° to 360° and El = 48°).

III. ANTENNA CONFIGURATION

The antenna as single patch is discussed prior to the con-
sideration of the array configuration. Fig. 2 shows the config-
uration of a single equilateral triangular-patch with its param-
eters. The antenna is fabricated using a conventional substrate
(relative permittivity €, = 2.17 and tand = 0.00085). The
elements are fed by novel type of proximity feeds with mi-
crostrip-lines whose widths w are 3.0 mm for each patch of Rx
and Tx to obtain a thin configuration. A novel dual feed type

is proposed for the generation of left-handed circular polariza-
tion (LHCP) by using equilateral triangular-patch, where one
of the microstrip-line feeds is A/4 longer than the other intro-
ducing a 90° phase delay. In the same manner, a right-handed
circular polarization (RHCP) could be realized by swapping the
microstrip-lines. The proposed feeding technique is designed
to obtain an ideal and stable current distribution on the trian-
gular-patch surface hence improving previously developed an-
tennas [7], [8].

Several types of previous circularly polarized triangular an-
tennas have been developed [9]—-[13], but they are difficult to de-
sign and optimize, because the ratio between a and b (see Fig. 2)
affects the performance of the axial ratio with a high degree of
sensitivity. The probe feed technique is commonly applied to
generate a circularly polarized triangular patch antenna, but this
technique is more complicated than the microstrip-line or prox-
imity feed technique in the fabrication process. Additionally,
the probe feeding technique with a single feeding point, will
generate an unstable current distribution on each patch when
the patches are composed in an array configuration. Therefore,
by using a proposed microstrip-line for equilateral triangular-
patches as shown in Fig. 2, the design and fabrication of the
antennas is made easier, without the need to optimize the ratio
between a and b.

In this paper, the method of moment (MoM)(IE3D Zeland
software) was employed to simulate the model with a finite
ground plane. Consideration of the efficient thickness of the an-
tenna (see Fig. 2) allowed either the substrate thickness for the
microstrip-line or feeding line (substrate 2) and triangular patch
(substrate 1) to be defined with the other implicit (hy = hs =
0.8 mm). The lengths of microstrip-line inserted under the patch
le are 14 and 10 mm for Rx and Tx, respectively and a quarter-
wave transformer is used to obtain a matching impedance of
50 2 for Rx and Tx, respectively. The microstrip-lines are fed
using an SMA connector on the edge of the substrate. The de-
tailed parameters of the microstrip-line (see Fig. 2) for Rx and
Txarel, = 5mm, l;j = 11 mm, lj; = 4 mm, [, = 5 mm,
l;y = 2 mm, and l;; = 11 mm. The width of the input mi-
crostrip-line ws for Rx and Tx are 4.7 mm and 4.0 mm, respec-
tively. The patch lengths are independently optimized for the
specifications of either Rx or Tx by using a single patch. The
patch length parameters (for a = b) obtained are 52.5 and 49.4
mm for Rx and Tx, respectively.
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Fig. 4. Radiation pattern (reception). (a) Az = 0°. (b) Az = 90°.

Fig. 3 shows the relationship between the reflection coeffi-
cient (S11) and frequency for the simulation model and the fab-
ricated Rx antenna. The characteristic of the Tx antenna can be
simulated and fabricated in the same manner and therefore is ne-
glected in this discussion. From this Fig. 3, it can be seen that by
comparison of the measurement to the simulation there is a high
degree of agreement at the center frequency, however, they show
a 0.4% difference in —10 dB bandwidth. This bandwidth dif-
ference is due to fabrication errors (e.g., drilling error about 0.1
mm) and the influence of the measurement system (connector,
aluminum plate, etc.).

Fig. 4(a) and (b) depicts the relationship between gain (G)
and FEl at an azimuth angle Az = 0° and 90°, respectively.
From Fig. 4(a) the 5 dBic-gain beamwidth by simulation and
measurement are 60° and 52°. From this figure, the maximum
gain obtained from the measurements is 0.45 dB lower than the
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Fig. 5. Dual-band equilateral triangular-patch array antenna.

simulation results. This is due to the various losses that occur
during the measurement. This result shows that a finite ground
plane strongly affects the radiation pattern, especially the axial
ratio (Ar) characteristics. The configuration of an antenna and
the measurement system, i.e., the coaxial cable, the connector,
the hole, and the plastic screws in the substrates, etc., are also
considered to affect the current distribution on the surface of
the patches, therefore decreasing the Ar performance. From
Fig. 4(b), the 5 dBic-gain beamwidth of the simulation and mea-
surement are 60° and 52°, respectively. From the same figure,
the maximum gain obtained from the measurements is 0.45 dB
lower than that of the simulation. The same features as observed
in Fig. 4(a) occur and the same explanations can be applied.

Considering only the simulation results, the size of the Rx
patch that uses the proposed feeding type is 0.6% larger than the
previous type of patch (¢ = 52.1 mm and b = 53.0 mm) which
is fed by a probe as discussed in [11], [12] when applied to the
S-band frequency. The maximum gain of the proposed antenna
is 0.2 dB higher than the previous one. However, the 5-dBic-gain
beamwidth of the proposed antenna at azimuth angle Az = 0°
and 90° is 10.0% and 4.5% narrower than the previous antenna,
respectively. This result shows that the enlargement of the patch
size increases the maximum gain and reduces the beamwidth.
Additionally, the 3-dB-axial ratio beamwidth of the proposed
antenna at azimuth angle Az = 0° and 90° is 25.0% and 11.8%
wider than the previous type, respectively. This result shows
the proposed antenna is greatly improved in terms of axial ratio
which is a very important characteristic for circularly polarized
antennas.

Fig. 5 shows the configuration of the triangular-patch array
antenna; the Tx and Rx sections are composed of three trian-
gular elements each. This configuration is used to minimize
space usage. The fabricated triangular-patch array antenna is
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top view
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Fig. 6. Fabricated antenna.

shown in Fig. 6 from the top and side. An aluminum plate with
thickness 2 mm is used to support the substrate.

The characteristics of the antenna in this array configuration
are discussed in terms of the influence of the distance between
the patch apex and the center of the array (c), (refer to Fig. 5). In
consideration of the target size of the antenna defined in Table I,
c is varied from 2 to 20 mm. This paper offers a discussion of
the antenna’s reception only, with the transmission deducible in
the same manner.

Fig. 7(a) shows the relationship between G and Az for ¢ = 2,
10, and 20 mm at El = 48°. The simulated results shows that
the 5-dBic beamwidths for ¢ = 2, 10, and 20 mm are 120°, 130°,
and 130°, respectively. The saddle shape in the beam, shown in
Fig. 7(a), influences the antenna gain over the main beam, which
is inversely proportional to c. The saddle shape is generated by
patches that are turned-on with a large distance between them.
This figure also shows that increasing c results in an increase
in side lobe level. The beamwidth target is satisfied for all three
lengths of ¢, i.e., greater than 120°, covering the whole azimuth
angle.

Fig. 7(b) shows the relationship between Ar and Az. This
figure shows that the 3-dB axial ratio beamwidths are 110°,
140°, and 130° when ¢ = 2, 10, and 20 mm, respectively. This
result highlights that the 3-dB axial ratio beamwidth for ¢ =
10 mm provides the widest coverage. In the case of ¢ = 20 mm,
the axial ratio beamwidth is shifted in comparison to the 5-dBic
gain beamwidth that is shown in Fig. 7(a). This shifting is con-
sidered to be due to the affects of decreasing the gain in Fig. 7(a).

Based on the aforementioned results, the distance of the patch
apex to the center of the antenna (c) is selected as 10 mm. This
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means that the diameter of the model [ is set to 190 mm. The
performance of the antenna in a dual-band configuration will be
discussed next.

IV. PERFORMANCE OF THE ANTENNA

Fig. 8 shows the S-parameters obtained from the simulation
model and the measurement for element no. 1 of the Rx and Tx,
shown in Fig. 5 as Rx1 and Tx1. This figure shows that the sim-
ulation results for both Rx and Tx are shifted 0.7% and 0.5%,
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respectively, to lower frequencies from the measurement result.
It is considered that the measurement systems (i.e., cable, con-
nectors, plastic screws, etc.) affect the characteristics of the an-
tenna. This figure shows that the measurement result for each Rx
and Tx patch have sufficient bandwidth to cover the frequency
bands shown in Table I. Then the isolation of the closest patches
(e.g., Rx1 to Tx1 and Rx1 to Tx3 in Fig. 5), is higher than 15
dB. This result s less that the target due to the small distance be-
tween Rx and Tx, which generates significant coupling between
adjacent patches, which in turn affects the isolation. Fig. 9 shows
the VSWR of Rx1 and Tx1. From this graph, the measurement
result is seen to satisfy the targets set in Table I. This figure also
shows that the simulation results of Rx and Tx are shifted by
0.7% and 0.5%, respectively, lower frequencies in comparison
to the measurement.

Fig. 10 shows the input impedance characteristics of patch
Rx1 and Tx1. This figure also shows the simulation results are
shifted to lower frequencies from the measured results by 0.7%.
The real part of measurement at the Rx and Tx target frequencies
(center frequency of Rx 2.5025 GHz and Tx 2.6575 GHz) is 50
Q providing a good match.

V. BEAM—SWITCHING TECHNIQUE
A. Beam Generation

The beam of the antenna is generated by a simple mecha-
nism that consists of switching OFF one of the radiating elements
shown in Fig. 5. By considering the mutual coupling between
fed elements, their phase and distance, the beam direction can
be varied. Hence, the two fed elements theoretically generate
a beam shift of —90° in the conical-cut direction from the ele-
ment that is switched OFF, in the case of a LHCP antenna. For
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example, when Rx element 3 placed at Az = 330° is switched
OFF, the beam is theoretically directed toward the azimuth angle
Az = 240° (see Fig. 12, beam no. 3 shown as symbol #3 in
the graph). The other two beams of reception can be generated
in the same manner, switching each element OFF successively
(Rx2 and Rx3 in Fig. 5 and each beam shown as symbol #2 and
#3 in Fig. 12, respectively).

The antenna characteristics are defined by the axial ratio char-
acteristics at £l = 48° when Rx3 and Tx3 are switched OFF.
The main beams of Rx and Tx are directed to Az = 240° and
300°, respectively. The azimuth angle is chosen by considering
the direction of the main beam of the antenna, in the case where
Rx3 and Tx3 are switched OFF (see also Fig. 12). Based on the
simulation and measurement results as shown in Fig. 11, the
minimum axial ratio of Rx and Tx obtained are 0.35 and 0.54
dB at 2.4900 and 2.6400 GHz for simulation, and 0.56 and 1.52
dB at 2.5075 and 2.6525 GHz for measurement. The axial ratio
of the measurement result at frequencies of 2.5025 and 2.6575
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GHz are 1.08 and 2.8 dB, respectively. The measurement results
show that the axial ratio characteristics satisfy the targeted per-
formance of the frequency band. The simulation results shows
the minimum axial ratios of antenna are shifted to lower fre-
quencies by 0.7% and 0.5% of the measurement result. This is
considered to be due to the effect of the ground plane size, the
hole in the substrate, connector, and coaxial cables, etc. The fre-
quency of the minimum axial ratio achieved by simulation and
measurement are used to derive the antenna performance as dis-
cussed next.

B. Verification of Beam Switching

The simulation and measurement results of gain and axial
ratio characteristics of the beam switching in the conical-cut
plane are shown in Fig. 12(a) and (b) for Rx and Tx, respectively.
The figures show that the maximum gain is 5.4 dBic for both
the simulation and the measurement of Rx, and 5.9 dBic and 5.8
dBic for both the simulation and measurement of Tx. From these
results, both simulation and measurement results are better than
the targets in Table I (minimum gain 5.0 dBic) and cover the
whole azimuth angle (the 5-dBic beam coverage is more than
120°).

The minimum axial ratios obtained from the simulation and
measurement of Rx are both 3.4 dB, as shown in Fig. 12(a).
The 3-dB axial ratio coverage of the simulation and measure-
ment results cover 351° in the conical-cut plane at I = 48°.
Although this does not yet satisfy the target empirically, this an-
tenna works very well in an outdoor environment as explained
later. Then Fig. 12(b) shows that the minimum axial ratio for
the simulation and measurement of Tx are 1.7 and 2.8 dB, re-
spectively. The 3-dB axial ratio coverage of the simulation and
measurement results covers 360° in the conical-cut plane at
El = 48°.

The measurement results of Rx and Tx (Fig. 12) show a
saddle-shape scalloping occurs for both the main beam gain
and axial ratio. The scalloping in the main beam becomes more
apparent when the distance between the center of the antenna
and the apex of patch is reduced [8] or the distance decreased.
This effect is also considered to decrease the performance of the
antenna, especially its axial ratio. This is due to the influence
of the edge effect that generates an oscillation of current distri-
bution on the surface of the patch with finite ground plane and
the change in antenna characteristics as the substrate surface is
reduced, in particular the resonant frequency (see Fig. 3) and
radiation pattern [14]-[20].

Fig. 13(a) and (b) shows the radiation characteristics in the
elevation-cut for Rx and Tx, respectively. If the antenna is put
on the car roof and must cover the area of Japan (see Fig. 1),
considered to be +10° in elevation with center at £l = 48°,
the gain and axial ratio in this range must satisfy the targets
(minimum gain 5 dBic and maximum axial ratio 3 dB).

Fig. 13(a) shows that the gain of simulation result, between
El = 40° and 58° is higher than 5 dBic, and the measurement
result can cover from El = 42° to 58°. The axial ratio of both
simulation and measurement from £l = 38° to 58° are lower
than 3 dB, showing that the axial ratio of Rx satisfies the tar-
gets. At this point the gain at low elevation angles needs to be
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Fig. 14. Prototype of antenna system and pseudosatellite system.

improved by around 2° and 4° for simulation and measurement
respectively, to meet the desired targets.

Fig. 13(b) shows the gain of the simulation result, between
El = 43° and 58° is higher than 5 dBic, and the measurement
result can cover from El = 45° to 58°. The axial ratio of both
simulation and measurement from El = 38° to 58° are lower
than 3 dB, showing that the axial ratio of Tx satisfies the tar-
gets. At this point, the gain at low elevation angles needs to be
improved by around 5° and 7° for simulation and measurement
respectively, to meet the desired targets.
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TABLE 1I
FORWARD-LINK BUDGET FOR PSEUDOSATELLITE EXPERIMENT

Forward-link Forward-link
Units budget for budget for pseudo
ETS-VIII satellite (E/=48°)
Frequency GHz 2.5025 2.5025
Output power (transmission) dBW 16.99 -43.15
Feeder loss dB 1.00 17.75
Antenna gain dBi 41.00 0.16
EIRP transmission dBW 56.99 -60.74
Distance between ex.perlment km 37207.83 0.041
car and satellite
Propagation loss dB 191.8 (simuthzi'oGlfvalue)
Polarization loss dB 0.2
Fading margin dB 2.50
G/T
(measurement result at dB/K -19.41 -19.41
EI=48°)
C/N, reception dBHz 71.70 75.50

VI. ANTENNA SYSTEM PROTOTYPE AND OUTDOOR
EXPERIMENT USING A PSEUDOSATELLITE

A. Prototype of Antenna System and Pseudosatellite System

In this paper, outdoor experiments were held to investigate
the propagation characteristics of the antenna developed and a
pseudosatellite system. Fig. 14 shows the prototype of the an-
tenna system and the pseudosatellite system.

The antenna employed in the prototype antenna system is
the developed dual-band equilateral triangular-patch array an-
tenna. Due to the restricted frequency licence, only the reception
(downlink) was investigated. As shown in Fig. 14, the antenna is
connected to a bandpass filter (BPF), because the antenna oper-
ating frequency (2.5025 GHz) is close to that of wireless LANS.
It is connected serially to a low-noise amplifier (LNA) and an
attenuator (ATT). The downconverter (D/C) unit is employed to
obtain data at a frequency of 140 MHz readable by a spectrum
analyzer and a modem (288 kbps). The rubidium frequency (10
MHz) is used by the D/C unit as a reference. The data read by
the spectrum analyzer can be recorded by a DAT storage system
(DAT) or personal computer (PC). The distance pulse is used to
acquire the position of the experiment car whose data is simul-
taneously recorded by the spectrum analyzer. The output data of
the modem are displayed and recorded by the data transmission
analyzer. The prototype of the antenna system is installed on the
experiment car as shown in Fig. 15.

The pseudosatellite system, also shown in Fig. 14, is com-
posed of a data transmission analyzer and a modem (288 kbps)
with an output frequency of 140 MHz. This frequency is con-
verted to 2.5025 GHz by an upconverter (U/C) unit. The U/C
unit uses the GPS frequency (10 MHz) as a reference and the
output is connected to an attenuator (ATT) to adjust the output
intensity of a spiral antenna to be same as the output of ETS-VIII
(refer to the forward-link budget as shown in Table II).

B. Outdoor Experiments and Result

Fig. 15 shows the situation of the outdoor experiments. The
pseudosatellite system mounted on the building roof, whose
height is 33 m from the ground. The direction of the main beam

L —

lle.*system

antenna system

Fig. 15. Outdoor experiments.
of the spiral antenna is installed with an elevation angle of 48°
to the ground to simulate the beam direction of ETS-VIIIL. The
forward-link budget of the pseudosatellite is simulated to be the
same as the forward-link budget of ETS-VIII (see Table II).
The developed antenna system is mounted on the car roof on
top of an aluminum plate (40 cm X 40 cm) for support. It is then
covered by a radome to avoid the effects environmental influ-
ences (wind, dust, rain water, etc.) during the experiment. Patch
Rx1 of the installed antenna is turned OFF to generate the beam.
The car is set in three positions so that the main beam direc-
tion of the antenna is El = 38°, Fl = 48° and El = 58°
from the pseudosatellite position and the Rx radiation pattern is
recorded at a frequency of 2.5025 GHz, shown in Fig. 16 [21].
The low elevation angle (Fl = 38°) and high elevation angle
(Fl = 58°) are used to simulate the antenna performance at
Wanakai city and Naha city. The measurement results are seen
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Fig. 16. Relative received power (reception) at El = 38°, 48°,58°.

to compare well with the simulation results, where the simula-
tion results are calculated using the MoM. The scalloping in the
measurements is caused by the influence of the car roof. The
effect of the surrounding environment for example reflections
from buildings can also be considered to give rise to the occur-
rence of scalloping.
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VII. CONCLUSION

JAXA will launch ETS-VIII in 2006 to conduct orbital ex-
periments on mobile satellite communications in the S-band.
A circularly polarized satellite-tracking dual-band equilateral
triangular-patch array antenna for mobile satellite communica-
tions aimed at ETS-VIII applications has been developed in this
paper. The MoM was employed in the design of the antenna and
measurement of a fabricated antenna was performed to confirm
the simulation results.

The antenna developed is thin, small, simple, and compact
in comparison to previous antenna designs. The design offers
stable switching, able to generate beams that can cover the az-
imuth angles desired for such an antenna in both Rx and Tx.
The measurement results show that the frequency characteris-
tics and the 5-dBic gain coverage in the conical-cut plane of the
fabricated antenna satisfy the specifications of ETS-VIII at an
elevation of 48°. Outdoor experiments using the antenna and its
prototype system were conducted using a pseudosatellite. The
measured radiation patterns match well with the simulation re-
sults obtained.

Following on from this paper, the dual-band antenna will be
developed to improve its performance at low elevation angles.
Moreover the antenna will be employed in outdoor experiments
in the Tokyo area (central beam direction: Fl = 48°) using
ETS-VIII once launched.
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