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Star Shaped Fractal Conformal MIMO Antenna for WLAN,
Vehicular and Satellite Applications

Chiranjeevi Reddy Sereddy'> 3 and Usha D. Yalavarthi® *

Abstract—A compact and novel star shaped fractal microstrip patch conformal MIMO antenna
suitable for WLAN, vehicular communications (5.855-5.925 GHz), and Fixed Satellite Services (FSS)
applications is proposed in this paper. The analysis of planar and conformal single element and four
element MIMO antennas is presented. The proposed star shaped fractal MIMO antenna is prototyped
on a polyamide substrate of geometry 104 x 30 x 0.4mm?>. It achieves an impedance bandwidth
(S11 < —10dB) of 3.7 GHz operating from 4.53-7.86 GHz. Radiation patterns and surface current
distribution are investigated at 5.9 GHz and 7.3 GHz center frequencies. Peak gains of 5.42dB and
4.86 dB are obtained at 5.9 GHz and 7.3 GHz, respectively. Radiation efficiency is more than 98%, and
MIMO performance parameters are also analyzed. The proposed conformal MIMO antenna shows fine

diversity performance for WLAN, vehicular and FSS communications.

1. INTRODUCTION

In recent years, much advancement has been done in vehicular communications. Most of vehicular
communication uses Dedicated Short Range Communications (DSRC) frequency band in the range
of 5.795-5.815 GHz for some applications and 5.855-5.925 GHz for a few other applications. The
impact of bG, fractal antennas on vehicular communications is presented in detail by the authors
in [1]. Many researchers are working towards the design of flexible, fractal, and MIMO antennas for
vehicular communications. Various antenna models proposed for vehicular applications are presented
in [2-21]. A dual band antenna operating for WLAN and WAVE frequency bands is proposed in
[2]. A wheel shaped transparent antenna with flexibility is presented for vehicular communications
[3]. A multiband planar antenna with a wheel shaped structure is designed and analyzed in [4] for
vehicular applications. A circularly polarized dual band antenna is presented in [5] for WLAN and
vehicular applications. A metamaterial based conformal antenna with circular polarization is presented
on a Liquid Crystal Polymer (LCP) substrate [6] for WiIMAX, WLAN, and vehicular applications. A
multiband coplanar waveguide fed transparent antenna is presented in [7] for automotive applications.
A rectangular patch antenna with enhanced gain properties is presented [8] for automotive applications
in C-band. A dual band flexible antenna for automotive communications and the effects of vehicular
platform on it are presented and analyzed in [9]. A high gain Vivaldi antenna for 5G based Internet
of vehicle communications is proposed and analyzed [10]. A flexible circularly polarized antenna is
proposed for vehicle to everything communications in [11]. A printed monopole antenna with wideband
characteristics is presented in [12] for 5G based vehicular wireless communications. A monopole antenna
with tri-band characteristics is proposed in [13] for WiMax, WLAN, and WAVE applications. An
ultra-wideband (UWB) monopole multiple-input multiple-output (MIMO) antenna with a defected
ground structure (DGS) is designed for automotive applications [14]. A multiband array antenna for
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DSRC applications is proposed in [15]. A defected ground structure based dual band array antenna is
presented in [16] for intelligent transportation system (ITS) applications. A T-shaped MIMO antenna
with complementary split ring resonators for 5G based vehicular communications is proposed in [17].
The authors in [18] present a slot-based MIMO antenna with broadband directional characteristics
and analyze the performance of vehicular applications. A quad-element MIMO antenna with improved
isolation and wideband performance is proposed in [19] for vehicular base station. A UWB transparent
MIMO antenna is represented and analyzed for automotive communications in [20]. Flexible MIMO
antennas with polarization diversity, multiband for sub-6 GHz and 5G, WLAN applications are presented
in [21-24] for V2X communications. Various antenna models proposed and presented so far are very
specific to vehicular communications. Microstrip patch antenna suitable for various applications like
WLAN, V2X and FSS can be designed to further enhance the communication capability. MIMO
antenna can overcome the spectral scarcity and can significantly improve data rates, link reliability,
and overall communication performance. A conformal antenna integrated into the vehicle body will
not disrupt the vehicle’s aerodynamics or aesthetics. It also minimizes the impact on the vehicle’s
external appearance and functionality. Therefore, a conformal MIMO antenna operating for multiple
applications like WLAN, V2X and FSS is desirable.

This paper proposes a star shaped fractal conformal MIMO antenna for WLAN (4.9, 5 and 5.9 GHz),
vehicular communications (5.9 GHz), and Satellite applications (4-8 GHz C-band). Section 2 depicts the
proposed single element antenna with fabrication model and results. Section 3 deals with the bending
analysis of single element antenna and its performance. Section 4 describes 4-element collinear MIMO
antenna simulation, prototype models, and results obtained. Section 5 gives the performance analysis
of proposed conformal MIMO antenna wrapped onto cylindrical surface. Section 6 depicts the state-of-
art literature comparison of presented conformal MIMO antenna with other recent appropriate works.
Section 7 presents the conclusion of proposed work with significant results achieved.

2. STAR SHAPED FRACTAL ANTENNA

A microstrip patch antenna for vehicular communications is aimed to design in this section. The
initial antenna design started with a basic star shaped microstrip patch antenna with full ground plane,
and then four-star shaped elements are repeated as a fractal element to attain required operating
characteristics. Star shaped fractal antenna iterations with truncated ground plane are presented in
Figure 1. Iteration-1 is a star shaped antenna with full ground plane and truncated ground plane. The

(a) Iteration-1 (b) Iteration-2 (c) Iteration-3

~
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(d) Iteration-4

Figure 1. Star shaped antenna iterations.
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Figure 2. S1; characteristics of Iteration-1 for variations in length of ground plane L.

length of ground plane (L) affects the operating band of microstrip patch antenna. S1; characteristics
of star shaped antenna iteration-1 for variations in the length of ground plane are illustrated in Figure 2.

For L, = 10mm, the proposed star shaped antenna achieved better operating band. Four-star
shaped elements are repeated to attain a fractal structure in iteration-2. In iteration-3 stars are
etched from each element, and in iteration-4 annular rings are placed in etched slots to enhance
the operating characteristics and to achieve C-band (4-8 GHz) operating band that is suitable for
WLAN, DSRC, and FSS applications. Proposed antenna iterations operating characteristics (S11) are
represented in Figure 3 for the initial feed width of 1.55 mm. For S1; <= —10dB, iteration-1 operates
for dual bands from 4.85-6.1 GHz and 6.85-8.27 GHz; iteration-2 operates from 3.86-4.89 GHz and 5.52—
7.98 GHz; iteration-3 operates from 4.02-7.84 GHz; and iteration-4 operates from 3.95-8.09 GHz with
an impedance bandwidth of 4.14 GHz. Proposed antenna feedwidth (W) is varied, and parametric
analysis is done to obtain optimized antenna performance through S7; characteristics.
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Figure 3. 511 characteristics of proposed star

Figure 4. Parametric analysis of star shaped
shaped antenna iterations.

antenna for variations in Wy.

Figure 4 represents S11 characteristics of parametric analysis with respect to Wy. Feedwidth is
varied in the range of 1-2mm with step size of 0.25mm. It is observed that optimum operating
bandwidth is obtained for Wy = 1.5 mm. Geometrical specifications of proposed antenna in mm are
depicted in Table 1. The proposed antenna is prototyped on a flexible polyamide substrate of dimensions
26 mm x 30mm x 0.4mm to achieve conformal properties suitable for vehicular communications.
Fabricated antenna top and bottom views are illustrated in Figures 5(a) and 5(b). The prototype of
proposed antenna is fabricated using photolithographic etching process. Fabricated antenna is tested
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Table 1. Specifications of star shaped fractal antenna in mm.

Parameter Ls | Ws | Ly | Wy | Ly | dy | do | It t1
Dimensions (mm) | 30 | 26 | 10 | 1.5 | 85| 3 | 2 | 3.5 0.25

(a) Top view (b) Bottom view () Measurement in anechoic chamber

Figure 5. Fabricated star shaped fractal antenna.

=10 4

—
g
9 15
-20
— Simulated
25 = = = Veasured
3 4 5 6 7 8 9
Frequency (GHz)

Figure 6. Simulated and measured S7; characteristics.

for validation using VNA and an anechoic chamber. Simulated and measured S7; characteristics are
depicted in Figure 6, and the measured results are in good agreement with simulated ones.

Surface current distributions of the proposed star shaped antenna at 5.9 GHz and 7.3 GHz are
represented in Figures 7(a) and (b), respectively. It is noticed that most current is distributed in feed
line and star shaped fractal radiating element. Two-dimensional radiation patterns at 5.9 GHz are
illustrated in Figure 8. Figure 8(a) gives radiation patterns in E-plane (co- and cross-polarizations).
FE-plane pattern is a dipole like pattern, and cross polarization is less than co-polarization. H-plane
patterns are described in Figure 8(b). Co-polarization pattern is similar to omnidirectional patterns,
and cross-polarizations is less than co-polarization. Figure 9 represents gain and radiation efficiency vs
frequency features of star shaped fractal antenna. The antenna achieved 96% radiation efficiency and
gain of 3.3dB in operating band.

3. CONFORMAL STAR SHAPED FRACTAL ANTENNA

To validate the proposed antenna for conformal applications, bending analysis at different center bending
angles 10°, 20°, 30°, 45°, 60°, and 90° is presented in this section for single element antenna. A collinear
MIMO antenna is made conformal over a cylindrical surface, and performance parameters are analyzed.
Figure 10 represents simulated bending models of proposed single element antenna at 45°, 90° and
experimental setup for bending analysis.
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(a) 5.9 GHz (b) 7.3 GHz

Figure 7. Current distribution of star shaped fractal antenna.
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Figure 8. Far field characteristics of star shaped fractal antenna at 5.9 GHz.
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Figure 9. Gain and radiation efficiency of star shaped fractal antenna.

3.1. Analysis of Conformal Models

S11 characteristics of conformal single element antenna at different central bending angles are illustrated
in Figure 11. It is observed that all conformal models work for 5.9 GHz DSRC vehicular communication
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(a) 45° bending (b) 90° bending (c) Experimental set-up

Figure 10. Conformal models of star shaped fractal antenna.
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Figure 11. S7; characteristics of conformal models.

Table 2. Operating bands and bandwidth of conformal antenna models.

Bending Operating Bandwidth Gain Radiation
Angle Band (GHz) (GHz) (dB) Efficiency (%)
Planar 4.10-8.00 3.90 3.12 97.06

10° 4.05-7.45 3.40 3.50 96.81
20° 4.07-7.71 3.64 3.54 96.03
30° 4.09-7.40 3.31 3.66 96.43
45° 4.09-6.95 2.86 3.63 96.32
60° 4.10-7.55 3.45 3.65 95.78
90° 4.25-6.55 2.3 3.56 95.96

frequency band, and hence the proposed antenna will be suitable to integrate onto vehicular body for
communications. Respective operating bands, bandwidth, gain, and radiation efficiency at 5.9 GHz are
tabulated in Table 2.

E-plane and H-plane radiation patterns of planar and conformal antenna models at bending angles
20°, 60° and 90° are presented in Figure 12. These patterns are investigated at 5.9 GHz resonant
frequency. As the bending angle increases pattern tilting is observed in both FE-plane and H-plane
patterns. This is due to the bending of antenna and distribution of field components accordingly.
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Figure 12. Radiation patterns of conformal models at 5.9 GHz in F-plane and H-plane.

4. STAR SHAPED FRACTAL QUAD ELEMENT MIMO ANTENNA

MIMO antenna with four linear elements is proposed from a single element star shaped fractal antenna.
The distance of separation between MIMO elements is > A/2 to overcome coupling effects. To provide
isolation, a 0.5 mm ground slot is etched between successive elements by keeping the connection between
successive elements through 0.25 mm slot to avoid non-connected ground plane issues in MIMO antenna
design. The simulated model of MIMO antenna and prototyped models are presented in Figure 13.
MIMO antenna is fabricated on a polyamide substrate (104 mm x 30 mm x 0.4 mm).

Port-2 Port-3

(a) Simulated model

(c) Fabricated model bottom view

(b) Fabricated model top view

Figure 13. Four element collinear star shaped fractal MIMO antenna.

S-parameter characteristics of quad-element MIMO antenna are depicted in Figure 14 for port-
1 excitation. Figure 14 illustrates simulated and measured S-parameters for port-1 excitation. An
operating bandwidth (S11 <= —10dB) of 3.7 GHz is obtained from 4.25-7.95 GHz. The minimum
isolation between M7 and M5 is 20dB, and the isolation between M; and Mg, M7 and M, increases as
the distance of separation increases in MIMO antenna arrangement. This behavior can be observed in
Figure 14, So1, S31 and Sy characteristics. S-parameter characteristics of proposed antenna for port-2
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Figure 14. S-parameter characteristics of MIMO antenna.

v
Port-1 Port-2 Port-3 Port-4

Figure 15. Surface current distribution at 5.9 GHz for port-1 excitation.

excitation are also investigated. It operates from 4.55-7.85 GHz, and the isolations between Ms and
My, My and Ms are close as both the elements are at same distance from Ms.

Figure 15 describes the surface current distribution for port-1 excitation at 5.9 GHz. When port-1
is excited, coupling with port-2 is minute whereas coupling with port-3 and port-4 is very low. Similarly,
when port-2 is excited coupling with port-1 and port-3 is minute, and coupling with port-4 is very low.
Therefore, the proposed antenna exhibits required isolation between MIMO elements.

5. CYLINDRICAL STAR SHAPED FRACTAL QUAD ELEMENT MIMO ANTENNA

Figure 16 presents cylindrical MIMO antenna with central bending angle of 360°. Figure 14(a) is the
simulated model in HFSS, and Figure 16(b) is experimental setup of fabricated antenna. Figure 17
illustrates S-parameter features of proposed conformal cylindrical MIMO antenna for port-1 excitation.

Port-1

(a) Cylindrical MIMO antenna (b) Experimental set-up (c) Measurement in anechoic chamber

Figure 16. Conformal cylindrical star shaped fractal MIMO antenna.
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Figure 17. S-parameter curves of conformal cylindrical MIMO antenna.

It achieved operating band from 4.53-7.86 GHz with an impedance bandwidth of 3.33 GHz. Minimum
isolation of 17.5dB is achieved by the proposed antenna. Simulated and measured S7; features are in
fine agreement as depicted in Figure 17(b).

Radiation patterns of conformal MIMO antenna at 5.9 GHz and 7.3 GHz frequencies in F- and
H-planes are presented in Figure 18. Radiation patterns are directive in nature, and cross polarization
is less than co-polarization. Far-field radiation characteristics of proposed conformal MIMO antenna
are represented in Figure 19. A peak gain of 5.44dB is attained at 5.8 GHz, and radiation efficiency
is greater than 97.6% in operating band. Table 3 describes the antenna parameters of proposed star
shaped quad-element conformal MIMO antenna in comparison with planar MIMO antenna.

Table 3. Planar MIMO and conformal cylindrical MIMO antenna parameters.

Parameter Planar Collinear Conformal
MIMO cylindrical MIMO

Operating Band (GHz) 4.25-7.95 4.53-7.86
Bandwidth (GHz) 3.7 3.33
Gain (dB) at 5.9 GHz 3.98 5.42
Gain (dB) at 7.3 GHz 4.38 4.86
Radiation Efficiency (%) at 5.9 GHz 98.17 98.01
Radiation Efficiency (%) at 7.3 GHz 98.77 99.09
Isolation (dB) > 20.5 > 17

5.1. MIMO Metrics

MIMO metrics envelope correlation coefficient (ECC) and diversity gain (DG) are presented in
Figures 20 and 21 for port-1 excitation, respectively. These metrics give the analysis of diversity

performance of proposed MIMO antenna.

ECC can be calculated using Equation (1) in spherical

coordinates 2 = (6, ¢), and DG can be calculated from Equation (2) [24].

ECC =

21 ™
/ / (XPREy EjyPy + E EfyP,) dQ2
0 0

2

2 ™ 2 ™
/ / (XPREg B}y Py + E E% P,) dOX / / (XPREgE}yPy + EpnEyP,) dQ
0 0 0 0

(1)
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Figure 18. Radiation patterns of conformal cylindrical MIMO antenna.
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Figure 19. Gain and radiation efficiency of quad element conformal MIMO antenna.
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Figure 20. Envelope correlation coefficient. Figure 21. Diversity gain.

where Fyy, Epo are 0 (vertical) polarized complex radiation patterns of antenna-1 and antenna-2 of the
system, and E1, E 2 are ¢ (horizontal) polarized complex radiation patterns of antenna-1 and antenna-
2 of the system. XPR is cross-polar discrimination, defined as time-averaged vertical-to-horizontal power

DG = 10V/1 — ECC? (2)

ECC; ; and DG; j describe the diversity between port-i and port-j, where ¢ # j. Due to symmetrical
structures and uniform separation, FCC;; = ECC;; and DG;; = DGj;. ECC and DG values
for resonant frequencies 5.8 GHz, 5.9 GHz, and 7.3 GHz are given in Tables 4 and 5, respectively.
ECC < 0.05 in operating band and DG is very close to 10. Therefore, the presented conformal
cylindrical MIMO antenna exhibits good diversity performance characteristics suitable for WLAN,

DSRC, and FSS applications.

ratio.

Table 4. ECC values at different resonant frequencies.

F
FANREY N poey, | BCCys | BCCL, | ECChs | BCChy | ECCsy
(GHz)
5.8 0.008 0.021 0.007 0.0009 0.024 0.007
5.9 0.017 0.037 0.009 0.004 0.030 0.009
7.3 0.006 0.012 0.013 0.004 0.021 0.017
Table 5. DG values at different resonant frequencies.
Frequency
DGi2 | DGi13 | DG4 | DGe3 | DGas | DG34
(GHz)
5.8 9.99967 | 9.99767 | 9.99972 | 9.99999 | 9.99707 | 9.99969
5.9 9.99842 | 9.99292 | 9.99957 | 9.99990 | 9.99545 | 9.99958
7.3 9.99976 | 9.99925 | 9.99903 | 9.99990 | 9.99778 | 9.99847
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6. STATE-OF-ART COMPARISON
Table 6 gives the comparison between state-of-art literature and proposed work in this paper. Proposed

MIMO antenna is of its kind with conformability and MIMO metrics appropriate for DSRC vehicular
communications, WLAN, and FSS applications.

Table 6. Comparison of presented work with appropriate works for vehicular communications.

Antenna Operating Peak
References Dimensions Band Substrate Conformal | MIMO Gain
(mm?) (GHz) (dB)
1.8-5.0 Transparent
4 ’ .
[3] 0x55x%x3 55 6.4 PVC v X 5.9
2.15-2.64,
[5] 40 x 45 x 1.6 5 97 618 FR-4 X X NA
3.4-3.78,
[6] 275 % 23201 | "1 LCP v x NA
2.34-2.55,
[13] 24 x 28 x 1 3.39-3.69, FR-4 X X 3.7
5.5-6.0
[14] 24 x 16 x 0.8 3.1-10.9 FR-4 X v 3.5
18] 20 x 10 x 1.6 3-6.75 FR-4 x v 497
[20] 29 x 24 x 2.2 2.4-11 Glass X v 2
[22] 20 x 30 x 0.635 2.21-6 Melinex v v 0.53 dBi
Kapt
[24] 60 x 60 x 0.25 | 2.6, 3.9, 5.6 apton v v 4.1
Polyamide
Proposed | o 50 % 0.4 4.53-7.86 Polyamide v v 5.42
Work

7. CONCLUSION

A flexible star shaped fractal MIMO antenna designed for vehicular applications is presented. The
performance of single element antenna, its conformal models at different bending angles, four
element collinear MIMO antenna, and its conformal cylindrical model are analyzed and presented.
Cylindrical flexible MIMO antenna operates from 4.53-7.86 GHz suitable for WLAN, DSRC, and
satellite applications. The presented MIMO antenna achieved fine diversity performance with isolation
> 17dB, ECC < 0.05, and DG close to 10. The gain at 5.9 GHz is 5.42 dB, and radiation efficiency is
> 98%. Therefore, the proposed conformal star shaped fractal antenna is well suitable for integrating
onto vehicular body to support V2X communications. Further, the proposed conformal MIMO antenna
can be integrated into vehicular surface and tested for vehicular communications.
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