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In this paper, an elliptical microstrip array antenna with a low sidelobe level for
circularly polarized synthetic aperture radar (CP-SAR) sensor is investigated. The
low sidelobe level is obtained by implementing the Chebyshev synthesis method to
distribute the power unevenly to each element of the patch. A Method of Moment is
employed for optimizing the design and achieving a good circular polarization at the
working frequency (L-Band). The simulated axial ratio (AR) bandwidth (<3 dB) for
the five elements elliptical array antenna is around 11.2MHz (0.88%), which is con-
sistent with the measured value of 13.3MHz (1.05%). The maximum sidelobe level
of the proposed antenna is 23.3 and 21.4 dB for measured and simulated value,
respectively. The simulated and measured results considerably agree with the theoret-
ical design calculated using Chebyshev polynomial of 20 dB. The low sidelobe level
and reasonable AR values indicate that the proposed antenna satisfies the specifica-
tions of the CP-SAR sensor.

1. Introduction

Circularly polarized synthetic aperture radar (CP-SAR) sensor is currently being
developed in the microwave remote sensing laboratory (MRSL), Chiba University,
Japan.[1] This sensor is expected to reduce the effect of Faraday rotation in the
ionosphere, which is occurred in the linearly polarized synthetic aperture radar.[2,3] In
addition, this sensor gives the possibility to obtain additional information from the
retrieved data such as axial ratio (AR), ellipticity, and tilt angle. The performances of the
sensor will be verified and experimented onboard an unmanned aerial vehicle (UAV), and
subsequently will be installed in a small satellite, planned to be launched in 2014.

To realize the CP-SAR sensor, the antenna as a transmitter is expected to satisfy the
CP-SAR requirements. One of the critical parameters is the sidelobe level of the antenna
radiation pattern. The sidelobe is the radiation in undesired direction and become noises
in the SAR system. A high value sidelobe leads to resolution degradation of the SAR
images. On the other hand, for hilly areas or lofty objects under platforms, the high side-
lobe level is potential to produce the error data. This indicates that a low sidelobe level
can be closely considered to produce correct output responses and high quality of the
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SAR images.[4] The sidelobe compression can be attained through developing a low
sidelobe level of the array antenna radiation.

In our previous work [5], a 2� 6 array antenna for CP-SAR was presented. The
performance of this antenna, however, was not satisfactory in term of the sidelobe level.
Hence, in this work, a Chebychev synthesis method is implemented to distribute the
power on each element of the antenna array. The purpose of this paper is to present a
low sidelobe level circularly polarized (CP) array antenna. The excitation coefficients
are referenced in designing the weight of the power divider in the fed network leads to
provide maximum sidelobe level reduction. An elliptical patch is adopted in an array
configuration based upon the measured satisfactory results in terms of reflection coeffi-
cient, AR, and gain.[6] The description of the CP-SAR sensor is introduced in Section 2,
and the theoretical analysis and design of the proposed antenna in Section 3. The mea-
surement of the antenna performance is explained in Section 4. In Section 5, the results
and discussion are presented. The conclusions and remarks on this work will be given
in Section 6.

2. The CP-SAR sensor

SAR is an active sensor that can illuminate the target area with coherent radiation and
capture the echoes signal. A CP-SAR sensor is composed of a transmitter, a receiver,
and CP antennas (see Figure 1). The transmitter is split up to a chirp generator,
bandpass filter (BPF), a local oscillator, a power amplifier, and switches. The switches
are used to select the CP antenna to radiate microwaves. The receiver, on the other
hand, is composed of the low-noise amplifier, switch to reduce the coupling between
the transmitter and receiver antenna, a BPF, an I/Q demodulator to generate the inphase
and quadrature data (phase), an analog/digital (A/D) converter, and a digital signal
processing (DSP) unit. In the DSP unit, the range compression, corner turn, and
azimuth compressions are utilized to produce the SAR image. The antenna consists of
four panels, two panels are left handed circularly polarized (LHCP) and two other
panels are right handed circularly polarized (RHCP) as shown in Figure 1. Upon
operating these antennas, a full polarimetry experiment of the CP-SAR can be executed.

Figure 1. Design of CP-SAR sensor system.
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In general, the specification of the CP-SAR system onboard UAV and small satellite
(μSAT) are listed in Table 1.[7,8] Our CP-SAR sensor is designed to operate in the
L-band area with frequency center 1.27GHz. This frequency has been chosen since of
the ability to through the atmosphere and responding to parameters of the surface such
as soil moisture and ocean salinity.[9] In this L-band, the large antenna size is an
unavoidable and the sharp beamwidth is rather challenging to be realized. To maintain
the resolution of image data, the pulse bandwidth system is designed ranging from
61.14 to 244.69MHz and 10MHz for onboard UAV and small satellite, respectively.
The circularly polarized radiation can be achieved as long as the bandwidth requirement
is compatible with a low AR (<3 dB). For CP-SAR onboard UAV, it is rather
challenging for the AR bandwidth is to reach to 250MHz. To satisfy the matching of
the input impedance, the return loss must be smaller than 10 dB in this bandwidth
range. The sidelobe level of the antenna is set up more than 15 dB to minimize the
effect of the undesired radiation and error data from backscattering signal.

3. Analysis and design of the proposed antenna

3.1. Chebyshev array factor

The array antenna consists of five elements having elliptical patches with uniform
spacing (d = λ0/2). The Chebychev synthesis method is applied to manage the power
distribution in the corporate feed network. The power distribution in the feed network
is arranged based upon the excitation coefficients, namely; ai (i= 0, 1, 2,…) of the array
antenna for 20 dB sidelobe level. For the five elements array antenna (p= 5, N = 2), the
array factor (AF) takes the form [10]

AFðuÞ ¼ a0 þ 2a1 cos uþ 2a2 cos 2u; ð1Þ

where u= 2π (d/λ) cos h, for uniform space between the element half wavelength (d= λ/
2), u = π cos h. Upon substitution using the Chebychev polynomials in Equation (1), the
excitation coefficients are obtained with a0, a1 and a2 being 2.698, 2.247, and 1.398,
respectively. Hence, the array factor of the proposed antenna is given as:

AFðuÞ ¼ 2:698þ 2ð2:247Þ cos uþ 2ð1:398Þ cos 2u ð2Þ

Table 1. Specification of CP-SAR system.

Parameters

Specification

UAV μSAT

Frequency center (GHz) 1.27 1.27
Pulse bandwidth (MHz) 61.14 up to 244.69 10
AR (dB) 6 3 6 3
Sidelobe level (dB) 6 15 6 15
Antenna gain (dBic) 14.32 36.6
Azimuth beamwidth P6.77° P1.08
Elevation beamwidth 3.57–31.02° P2.16°
Antenna size (m) 1.5� 0.4 2� 4
Polarization (Tx/Rx) RHCP+LHCP RHCP+LHCP
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Normalizing with respect to the center element a0, the array factor of the antenna
becomes:

AFðuÞ ¼ 1þ 1:6654 cos uþ 1:038 cos 2u ð3Þ

Equation (3) can be used to calculate the radiation pattern of the array antenna. The
excitation coefficient for each element is listed in Table 2.

The power distribution is optimized using the T-junction power divider through Z1,
Z2, and Z3 (see Figure 5). Based upon the excitation coefficients, the power ratio (α) for
every T-Junction can be calculated. According to the T-junction power divider calcula-
tion,[11] the ratio of each divider is found to be α1 = 1.74, α2 = 1.35, and α3 = 1.61. The
impedance for each port can be determined and optimized using simulation software, as
appears in Table 3.

3.2. Geometry of proposed antenna

The main requirement for a patch element to generate circularly polarized radiation is
that the patch must have orthogonal (in phase and quadrature) fields of equal
amplitudes. In general, an elliptical antenna element generates elliptically polarized radi-
ation. The slightly elliptical patch has a circular polarization radiation with a single feed
when the feeding point of the antenna element is located on the radial line rotated 45°
counter clockwise (or clockwise) to the semi-major-axis of the ellipse.[12] In the pres-
ent design, the circular polarization radiation is obtained by adjusting the ratio (r) of the
length of the major axis to the minor axis of the elliptical patch. Figure 2 shows the
effect of the axis ratio of the ellipse (r) on the AR for the fixed area of the ellipse. As
shown in this graph, the best circular polarization of the antenna can be attained for a
ratio of 1.031. Hence, this ratio can be implemented to design the elliptical antenna at
different working frequencies. In Figure 3, several working frequencies of the antenna
can be designed by adjusting the ellipse area (A) while keeping the axis ratio (r). The
larger ellipse area (A1) produces a lower working frequency and vice versa for smaller
area (A5).

According to the single ellipse analysis, a design of array antenna configuration is
arranged. In executing the power distribution related to the array factor calculations, the
proximity-coupled feeding method is adopted in this feed network design.[13] The geo-
metrical design of the antenna array (see Figure 4) is optimized using the method of
moment (MoM) by assuming a finite ground model. The optimum radiation pattern of
the array antenna is affected by the distance between the patches.[14] Figure 5 displays
the radiation pattern of the array antenna at the elevation angle, for four different spaces
(d) between the elements. Clearly, at a distance (d= 0.53λ) results are slightly better
than at (d= 0.5λ). However, for reasons such as substrate size limitation and fabrication
processes, the distance (d= 0.5λ) is selected for this design. The dimensions of the
elliptical patch are a= 45.2mm, b = 46.6mm, and the distance between them d = λ0/2.
The fabricated model is implemented on two substrates (NPC-H220A), each having

Table 2. Excitation coefficients of the antenna elements.

Element number 1 2 3 4 5

Excitation coefficient 1.398 2.247 2.698 2.247 1.398

1934 M. Hussein et al.

D
ow

nl
oa

de
d 

by
 [

Y
oh

an
dr

i A
zw

ir
] 

at
 0

2:
22

 1
6 

O
ct

ob
er

 2
01

3 



thickness t = 1.6mm, conductor thickness tc= 0.035mm, relative permittivity ɛr = 2.17,
and dissipation factor = 0.0005, as well as the size of the ground Lg�Wg=
180mm� 600mm.

4. Measurement of antenna performance

A photograph of the elliptical array antenna was shown in Figure 6 and its properties
were tested in comparison with the simulation results. Careful and precise fabrication

Table 3. Impedance of each port on T-Junction power divider.

Port Z11 Z12 Z21 Z22 Z31 Z32

Calculation (Ohm) 109.61 62.98 94.03 69.61 56.77 91.26
Simulated (Ohm) 109.60 63.00 94.00 69.60 64.00 77.00
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Figure 2. Simulated AR plotted as a function of frequency for 4 values of the ellipse axis ratio (r).
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Figure 3. Simulated AR plotted as a function of frequency for a variety of antenna areas;
A1 = 3320.1mm2, A2 = 3291.5 mm2, A3 = 3271.1 mm2, A4 = 3243.5 mm2, and A5 = 3323.3 mm2.

Journal of Electromagnetic Waves and Applications 1935

D
ow

nl
oa

de
d 

by
 [

Y
oh

an
dr

i A
zw

ir
] 

at
 0

2:
22

 1
6 

O
ct

ob
er

 2
01

3 



Figure 4. The geometrical design of the low sidelobe level array antenna.

Figure 6. Photograph of the fabricated feed network and radiation path.
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Figure 5. Simulated radiation pattern of the array antenna in elevation angle (theta plane) for 4
different values of the spaces between elements (d) at f = 1.27GHz.
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processes were undertaken to insure the production radiating behavior similar to the
simulated model. The reflection coefficient and voltage standing wave ratio (VSWR)
were measured with an RF vector network analyzer (Agilent, E5062A). The antenna
gain, AR, and radiation patterns were measured inside the anechoic chamber of MRSL,
having the dimensions 4� 8.5�2.4m3.

The frequency dependence of the AR, gain, and radiation patterns are measured
assuming the conical log spiral LHCP, RHCP, and dipole antennas as the standard refer-
ences. Precise alignment between the antenna under test (AUT) and the conical log
spiral antenna is indispensable to obtain accurate measurement results.

5. Results and discussion

The comparison between the simulated and measured results is presented in Figures 7–12,
in terms of the reflection coefficient (S11), VSWR, AR, gain (G), and radiation pattern. In
Figure 7, the reflection coefficient (S11-parameter) is plotted as a function of frequency at
the center of the working frequency (1.27GHz). The measured reflection coefficient is
�21.55 dB, which is quite consistent with the simulated value of �22.2 dB. A good agree-
ment concerning the �10 dB impedance bandwidth of 60.9MHz is obtained for the mea-
sured and 55.3MHz for the simulated data. The dissimilarity in this result is suspected
due to the slight difference in the line size between simulated and fabricated model.

Simulated and measured results of the VSWR vs. frequency are displayed in
Figure 8. Apparently, the measured and simulated results are in good agreement. The
measured impedance bandwidth for VSWR6 2 is 6.45% ranging from 1.217 to
1.299GHz, while the simulation result shows a 4.57% bandwidth achieved from 1.243
to 1.301GHz. Good agreements are also observed between the simulated and the mea-
sured results throughout the whole operating bandwidth. The measured value of VSWR
at the working frequency of 1.27GHz is 1.18 and the simulated value is 1.17. Both the
simulated and measured results presented the highly acceptable matching between
antenna and feeding line at the operating frequency.

The relation between AR and frequency is shown in Figure 9. The 3 dB AR
bandwidth achieved in the direction of theta = 0° (i.e. the AUT is set perpendicular to
the standard reference antenna) is about 13.3MHz, which corresponds to 1.04% of the
operating frequency of 1.27GHz. In the simulation data, on the other hand, the value is
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Figure 7. Simulated and measured reflection coefficients plotted as a function of frequency.
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Figure 8. Simulated and measured VSWR plotted as a function of frequency.
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Figure 9. Simulated and measured AR plotted as a function of frequency.
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11.2MHz or around 0.87% of the operating frequency. The AR bandwidth of the simu-
lated and measured models has satisfied the target specification (10MHz) of CP-SAR.
The AR range is slightly shifted from the center frequency of 1.27 to 1.273GHz. This
shift is probably caused by fabrication imperfections. The minimum values of AR are
obtained to be 0.49 and 0.37 dB for simulation and measurement, respectively. A possi-
ble cause of this discrepancy is the difference in the ground plane size, which can also
lead to such a slight degradation of the 3 dB AR bandwidth. When the ground plane
size is increased, the edge-diffracted fields cause tilting of the beam in the direction of
low elevation angles, thus reducing the maximum gain and ultimately affecting the
characteristics of the AR.

The simulated and measured antenna gain as a function of frequency is shown in
Figure 10. From this figure, the simulated value of the gain is about 12.5 dBic, whereas
the measured gain is at 12 dBic. The 0.5 dBic lower value than the expected can proba-
bly be ascribed to the fabrication imperfections (such as etching processes, connector
soldering and holes with plastic screws, etc.). The substrate losses, cable losses, and the
infinite lateral extension of the substrate in the IE3D could contribute to this slight
difference.
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Figure 11. Normalized radiation patterns of the array antenna in the theta plane (negative theta
for Az= 180° and positive for Az= 0°) (x–z plane) at f= 1.273GHz.

-90 -60 -30 0 30 60 90
-30

-25

-20

-15

-10

-5

0

 2x6 Array
 1x5 Array
 Proposed antenna 

G
 -

 G
ai

n 
(d

B
)

angle (degrees)

Figure 12. Normalized radiation patterns of the proposed antenna design.
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The radiation pattern (gain vs. theta angle) in the theta plane (Az = 0° and 180°)
(x–z plane) is shown in Figure 11. In the same figure, the main beam is radiated in the
direction of Az= 0°. The first side lobes appear at h= + 35° with a peak amplitude of
�8.5 dB and at h=�36° with a peak amplitude of �6.1 dB. Hence, the differences in
amplitude between the main and side lobes are nearly 20.5 and 18 dB for h = + 35° and
h=�36°, respectively. The simulated and measured results of the proposed antenna are
in good agreement with the calculated model. The slight difference in the gain patterns
attributed to the imperfections in the measurement process, namely insignificant
variations in antenna alignment during rotation.

Figure 12 shows the performance of the proposed antenna as compared to our
previous work (2� 6 and 1� 5 array antenna).[4,15] On the 2�6 array antenna, the
differences in amplitude between the main and sidelobes are around 10.22 and 11.36 dB
for h=�24° and 23°, respectively. In case of the 1� 5 array antenna, the asymmetry
sidelobe level is obtained 21 dB for h=�61° and 16 dB for h= 34°. The best
performance is achieved in the proposed antenna with the sidelobe level of about 20
and 22 dB for h = 39° and 35°, respectively.

6. Conclusions

A low sidelobe level array antenna based on the Chebychev synthesis method with
uniform spacing (d = λ0/2) has been designed and manufactured. The measured results
are in good agreement with the simulated model and a 20 dB sidelobe level is achieved.
A satisfactory circular polarization performance is attained over a 3 dB AR bandwidth
of around 13MHz with a fairly high gain of about 12 dBic in the operating band.
Numerical analysis using the MoM can lead to a good agreement with experimental
results. Compared with our previous work, the proposed antenna using Chebychev
synthesis method shows significant improvement on sidelobe level reduction. With its
good performance, this proposed antenna is promising for CP-SAR sensor.
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