439

ACES JOURNAL, Vol. 38, No. 6, June 2023

Low-profile Circularly Polarized Conformal Antenna Array with Side Lobe
Suppression for Vehicular SATCOM Applications

Ebenezer Abishek!, Ramesh Subramaniam?, Parthasarathy Ramanujam?, and
Manikandan Esakkimuthu*

Department of Electronics and Communication Engineering
Vel Tech Multi Tech Dr.Rangarajan Dr.Sakunthala Engineering College, Chennai, 600062, India
ebenezerabishek @ gmail.com

ZDepartment of Electronics and Communication Engineering
SRM Valliammai Engineering College, Chennai, 603203, India

3Department of Electronics and Communication Engineering
National Institute of Technology, Tiruchirappalli, 620015, India

4Centre for Innovation and Product Development
Vellore Institute of Technology, Chennai, 600127, India

Abstract — A circularly polarized microstrip antenna
array with low side lobe levels is proposed for Vehicular
Satellite Communication. The suppression of side lobe
levels is accomplished by the non-uniform power
distribution utilized to feed the individual patch ele-
ments. Impedance matching is ensured by the incorpo-
ration of a quarter-wave transformer via a microstrip
line fed to the edge of the patch. When the pro-
posed amplitude-weighted feed is compared to the
conventional corporate feed, simulation results indicate
a reduction in side lobe levels of 8.9 dB. The proposed
antenna is constructed out of RT/DUROID 5880 mate-
rial, which is lighter, more flexible, and less expensive
than ceramic materials. The radiation characteristics of
the proposed antenna are compared when the antenna is
planar versus when it is made to conform to the roof
of the vehicle. The measured results indicate a reflec-
tion coefficient at the resonant frequency of -31.5 dB
and -27.7 dB when conformal, an impedance band-
width of 410 MHz and 180 MHz when conformal, an
axial ratio bandwidth of 140 MHz and 170 MHz when
conformal, and a peak gain of 15.719 dB and 14.335
dB when conformal. The measured results validate the
simulation results that this proposed antenna is appropri-
ate for a variety of Vehicular Satellite Communication
applications.

Index Terms — amplitude tapering ratio, circular polar-
ization, microstrip array, side lobe level, vehicular satel-
lite communication.
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L. INTRODUCTION

The vehicle-based SATCOM technology is known
as Vehicular Satellite Communication. Satellites are uti-
lized to establish and maintain communication between
moving vehicles and immobile infrastructures such as
hospitals, police stations, etc. Compared to vehicle-to-
vehicle communication, the satellite provides a larger
coverage area in vehicular satellite communication [1]].
Important issues that must be addressed in Vehicu-
lar Satellite Communication include interference with
nearby satellites [2], [3]] and the need for increased power
to provide high-quality services [4], [5]. Due to their
ability to overcome the Faraday rotation that occurs in
the ionosphere, circularly polarized antennas are pre-
ferred for Vehicular Satellite Communications [6], [[7].
The radiation characteristics of a microstrip antenna with
a single element can be enhanced by constructing an
array of that antenna.

Microstrip technology is used to develop the pro-
posed antenna as a low-profile alternative to conven-
tional SATCOM antennas. IEEE has established Wire-
less Access in Vehicular Environment as the standard
for vehicular networks [8], [9]. This standard is a part
of the IEEE 802.11p protocol for mobile ad hoc net-
works. Vehicular Satellite Communication necessitates
the installation of antennas on moving vehicles. More
than 50% of earth-orbiting satellites are used for com-
munication [10], [11]. Among these satellites there
are satellites used exclusively for Vehicular Satellite
Communication to connect moving vehicles and also to
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stationary infrastructures [[12], [13]]. There are numerous
civilian applications, including the use of laptops or
mobile devices with high-speed internet connectivity in
moving vehicles, rapid rescue of passengers in moving
vehicles in the event of an accident, tracking of thieves
travelling in moving vehicles in the event of a theft, etc.
[14]. Vehicular Satellite Communication antennas are
also required for military vehicles to maintain commu-
nication with the satellite even when traversing difficult
terrain [15], [L6]. There is a need for low-profile alterna-
tives to high-profile vehicular antennas because a greater
number of antennas must be integrated into vehicles as
the number of applications increases [[17]].

Power is a crucial factor for providing high-quality
services in moving vehicles. Therefore, it is undesirable
for the side lobes to waste energy. Various techniques
can be used to suppress side lobes [[18]. To address this
issue, it is proposed to implement a feed structure that
suppresses the side lobes, thereby reducing the battery’s
power consumption. This feed structure is incorporated
into the proposed planar antenna array alongside circu-
larly polarized patches. The radiation characteristics of
this proposed planar antenna array are examined and dis-
cussed.

II. ANTENNA DESIGN METHODOLOGY

The antenna proposed was developed in three
stages. In the initial phase of the work, a single ele-
ment microstrip antenna with circular polarization and
improved cross polarization isolation is developed. This
preliminary phase of the project has been completed and
published [19]. A proposed feed structure is designed
to suppress the side lobes in the second stage. Using
the single element circularly polarized microstrip patch
antenna developed in the first stage and the proposed
feed structure, a proposed 1*8 element antenna array
is constructed. The third stage entails adapting the pro-
posed planar antenna array to the shape of the vehicle’s
roof. The antenna’s dimensions are optimized to com-
pensate for changes in the desired performance caused
by the conformal placement of the proposed antenna on
the roof of the vehicle. The proposed antenna’s radia-
tion characteristics are analyzed using both simulated
and measured data.

The proposed feed structure uses unequal T-junction
power dividers to distribute power with tapered ampli-
tude. Taylor, Chebyshev, and Binomial arrays are
frequently employed amplitude tapered or amplitude
weighted arrays, each with their own benefits and draw-
backs. Although Binary arrays completely eliminate side
lobes, the amplitude coefficients of the array’s individ-
ual elements vary greatly. If the Taylor array achieves a
radiation pattern with complete suppression of inner side
lobes and all side lobes at the same level, directivity will
decrease. Chebyshev arrays are also used to obtain opti-
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Fig. 1. T-junction unequal power divider.
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mal main lobe and suppressed side lobe radiation pat-
terns. The T-junction used for unequal power distribution
is shown in Fig. [T}

Assuming lossless transmission, the relation
between input and output power of the T-junction power
divider for unequal power distribution can be written as

P, =P, +P, =P, 0))
where P; = V2/2Z,,
P, =V2/27, and )
Py = Vo /2Zy,. 3)
P, = aP;. 4)
Py = (1—a)P;, 5)

where a value lies between 0 and 1.
The output port impedances derived from the above
equations can be written as
Z,=7Z,/a, and 6)
Zy=70/(1—a). @)
Equation (1) describes the simplest case of unequal
power division. The impedance is varied at the output
ports because of the different widths of the feed at the
output ports. The relation between the impedance at
ports and the amount of power division is described in
equations (2) and (3). Equations (4) to (7) describe the
unequal power division and its relation to impedance.
Given that port 1 is matched, the formula for calculat-
ing the input time average power is P;=V,2/Z,, where
V, is the junction’s phasor (total) voltage. Since both
ports are assumed to be matched, the output powers
can be computed similarly and are given in equations
(2) and (3). To achieve the desired distribution of inci-
dent power between the two output ports, the character-
istic impedances of the two transmission lines are mod-
ified. The modified values of characteristic impedances
are given in equations (6) and (7). The modified char-
acteristic impedances result in unequal power divi-
sion, and the ratio of unequal power division is given
in equations (4) and (5). If output power is known,
the impedance of the T-junction output ports can be
determined. Using the above equations, the quarter wave
transformer transforms impedance in order to perform
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Fig. 2. Design of the proposed planar microstrip array.

power division and determine the physical dimensions
of the proposed feed structure [20].

The proposed 1*8 element planar array is con-
structed using this feed structure and the single element
circularly polarized patch antenna array as depicted in
Fig. 2] and the optimal physical dimensions of the pro-
posed antenna are given in Table [T]

Table 1: Physical dimensions of the proposed planar
microstrip array

Parameters Values
Lg x Wg 39.23mm x 157.83mm
Lp x Wp 8mm x 8§mm
Dc 1.2
Dx 0.69
Lf x Wf 4mm X 2mm
L1 x W1 0.4mm x 60mm
L2 x W2 1.2mm x 4.8mm
L3 x W3 2.4mm X 2mm
L4 x W4 1.1mm x 10.8mm
L5 x W5 1.7mm x 4.9mm
L6 x W6 2.5mm x 2mm
L7 x W7 0.5mm x 5.5mm
L8 x W8 1.4mm X 4.9mm
L9 x W9 7.8mm X 2mm
L10 x W10 5.6mm x 0.4mm
L11 x W11 0.15mm x 11mm
L12 x W12 0.85mm x 4.9
L13 x W13 2.4mm x 1.8mm
L15 x W15 1.6mm x 4.8mm
A 0.25mm x 1.6mm
B Imm x 1.75mm
C 0.8mm x 4.8mm
D 2mm x 0.5mm
E 2mm x 0.5mm
F 2mm x 0.5mm
G 2mm x 0.5mm
H 2mm x 0.5mm
P 45°

The unequal power distribution to the individual
patch elements is proportional to the 0.5:1:2:2:2:2:1:0.5
amplitude tapering ratio. The power divider at the T-
junction is designed for this amplitude tapering ratio.
The material chosen for antenna construction is 0.78 mm
thick RT Duroid 5880. This substrate material’s permit-
tivity measures 2.2. For the construction of the proposed
1*#8 element planar antenna array, the circularly polar-
ized single element antenna and the proposed feed struc-
ture are combined. This proposed antenna is mounted
conformally to the vehicle’s roof, as depicted in Figs. 3]
and[d] shown below.

Fig. 3. Proposed conformal microstrip antenna array—top
view.

Fig. 4. Magnified top view of conformal microstrip
antenna array.



The conformal placement of the proposed antenna
reduces its visibility to human eyes and improves its
mechanical properties, such as the reduction of aerody-
namic drag. The rise in the number of antennas mounted
on civilian vehicles makes the conformal antenna an
attractive option for vehicle manufacturers.

III. RESULTS AND DISCUSSION

A. Planar microstrip antenna array proposed for
vehicular SATCOM applications

Simulating the proposed antenna utilizes both the
HFSS and CST suite tools. The reflection coefficient ver-
sus frequency graph is depicted in Fig. [5] The impedance
bandwidth at -10 dB is measured using this graph, which
is the industry standard. At a resonant frequency of 11.2
GHz, simulation results indicate an impedance band-
width of 410 MHz, or 3.66% of the resonant frequency.
The axial ratio of practically circularly polarized anten-
nas should be less than 3. The axial ratio versus fre-
quency graph is depicted in Fig.[6] This graph is used to
evaluate the bandwidth of the axial ratio at 3 dB. Simu-
lated results reveal an axial ratio bandwidth of 150 MHz
at a resonant frequency of 11.2 GHz, which is 1.34% of
the resonant frequency.
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Fig. 5. Return loss versus frequency plot of proposed pla-
nar microstrip antenna array.
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Fig. 6. Axial ratio versus frequency plot of proposed pla-
nar microstrip antenna array.
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Figure [7] shown below depicts the linear gain ver-
sus theta relationship. The graph displays a maximum
gain of 14 dB, and the difference in gain between
co-polarization and cross-polarization is consistently
greater than 15 dB. Figure [§ depicts the polar gain ver-
sus theta plot. Maximum gain is 13.54 dB, and the differ-
ence between co-polarization and cross-polarization gain
is greater than 15 dB throughout the entire plot. Figure[9]

Gain in dBi

——— Simulated LHCP
Simulated RHCP

'60 1 ] T 1 T 1 1
-150 100 -50 0 50 100 150
Theta in degree

Fig. 7. Polarization gain versus theta linear plot of pro-
posed planar microstrip antenna array.

Fig. 8. Polar plot of polarization gain versus theta for
proposed planar microstrip antenna.
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Fig. 9. 3D gain representation of the proposed planar
microstrip antenna array.
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illustrates the 3D gain versus frequency graph. The graph
displays a maximum gain of 15.71 dB.

B. Conformal microstrip antenna array proposed for
automotive SATCOM applications

Simulating the proposed antenna utilizes both the
HFSS and CST suite tools. Figure[I0]depicts a reflection
coefficient versus frequency graph. The impedance band-
width at -10 dB is measured using this graph, which is
the industry standard. At the resonant frequency of 11.2
GHz, simulation results indicate an impedance band-
width of 180 MHz, or 1.6% of the resonant frequency.
The axial ratio of practically circularly polarized anten-
nas should be less than 3. The axial ratio versus fre-
quency graph is depicted in Fig.[IT] This graph is utilized
to assess the axial ratio bandwidth at 3 dB. Simulated
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Frequency in GHz

Fig. 10. Conformal microstrip antenna array return loss
versus frequency plot.
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Fig. 11. Conformal microstrip antenna array axial ratio
versus frequency plot.
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results reveal an axial ratio bandwidth of 180 MHz at a
resonant frequency of 11.2 GHz, which is 1.6% of the
resonant frequency. Figure [I2] depicts the graph of 3D
gain versus frequency. The graph indicates a peak gain
of 14.39 dB.
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Fig. 12. 3D pattern of proposed conformal microstrip
antenna array’s far field.

C. Reduced side lobe levels

Figures|[I3]and[T4]depict the far field directivity ver-
sus theta plot of the circularly polarized planar array with
the existing feed and the proposed feed, respectively. The
results demonstrate that the proposed feed’s side lobe
levels are 8.9 dB lower than the corporate feed.

14 = :;e:.]uem:y = 11.3' GHz ) '

ain lobe magnitude = 13.1 dBi
Main lobe direction = 0.0 deg.
12 = Angular width (3 dB) = 9.6 deg.
Side lobe level = -6.6 dB
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Fig. 13. Side lobe levels of a conventional-feed confor-
mal antenna—directivity in Cartesian plot.
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Fig. 14. Side lobe levels of conformal antenna with pro-
posed feed—directivity in Cartesian plot.

D. Fabrication and testing

Figure |15| depicts the developed planar and confor-
mal circularly polarized microstrip array antenna with a
single element. These antennas were evaluated by mea-
suring the various parameters of radiation characteristics
using a test setup comprised of a transmitting Verdant
JR12 horn antenna, Vector Network Analyzer, and ane-
choic chamber. Figure [T6] depicts the proposed antenna

E: »
Fig. 15. Single-element proposed planar microstrip

antenna array and conformal microstrip antenna array
fabrication.

Fig. 16. Testing the proposed conformal microstrip
antenna array in the anechoic chamber.
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placed in the anechoic chamber for testing. The pro-
posed antenna was measured with the transmitting Ver-
dant JR12 horn antenna positioned at 2 metres distance
apart. Figures [18] and [T9] depict simulation versus
comparison plots for the various radiation characteristic
parameters.

The proposed conformal microstrip antenna array is
compared with similar antennas in recent research and
is shown in Table [3| given above. At the resonant fre-
quency, Figs.[I8][T9] and 20 demonstrate good agreement
between the simulated and measured values. Although
the gain could not be measured directly using the test
setup, it was calculated using the Friss transmission for-
mula. Comparing the measured gain to the gain obtained
through simulation, connector losses caused a slight
decrease in gain. Table 2] provides a comparison between
the measured radiation characteristic parameters of sin-
gle element antenna, proposed planar array and proposed
conformal array.

IS14] in dB

= Simulated
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Fig. 17. Simulated versus measured return loss of pro-
posed conformal microstrip antenna array.
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Fig. 18. Radiation pattern in the far field of the proposed
conformal microstrip antenna array in the Y-Z plane (E-
Plane).
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Fig. 19. Radiation pattern in the far field of the proposed
conformal microstrip antenna array in the X-Z plane (H-
Plane).

Table 2: Comparison of the measured results of single
element antenna, proposed planar and proposed confor-
mal microstrip antenna array

Parameter Single Proposed Proposed
Element |Planar Array| Conformal
Antenna Array
Impedance 490 400 170
Bandwidth
(MHz)
Axial Ratio 170 140 160
Bandwidth
(MHz)
Gain (dB) 5.6 14 13.33

Table 3: Comparison of performance metrics of the pro-
posed antenna with recent related works

Ref. Resonant Gain Side Lobe
Frequency (dBi) Levels (dB)
(GHz)
[19] 11.2 5.6 —14.9
[21]] 13 19.4 —16
[22] 12.2 25.3 <-26.5
[23] 4.3-74 5-6.5 around —15
[24] 9.3 11.39 —-20
[25] 9.37 28 —25
This 11.2 14.335 —15.5
work

IV. CONCLUSION
The proposed microstrip conformal circularly polar-
ized antenna array has been designed, simulated, devel-
oped, tested, and measured for vehicular applications.
RT 5880 material with a thickness of 0.78 mm was uti-
lized as the substrate. The characteristics of the radia-
tion were analyzed using both simulated and measured
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data. The proposed feed structure reduces side lobe lev-
els by 8.9 dB compared to the current feed structure.
The measured results reveal 1 dB reduction in gain when
compared to the simulation findings; however, the mea-
sured values are consistent with the simulation findings.
According to the measured data, the proposed antenna
has a gain of 13.33 dB, an impedance bandwidth of
1.6%, and an axial ratio bandwidth of 1.6%. The pro-
posed antenna’s enhanced axial ratio bandwidth and
reduced side lobe levels make it the optimal low-profile
antenna for vehicular SATCOM applications.
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