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Design and Parametric Analysis of Hexagonal Shaped MIMO Patch
Antenna for S-Band, WLAN, UWB and X-Band Applications

Tathababu Addepalli®» * and Vaddinuri R. Anitha?

Abstract—In this paper, a hexagonal-shaped multiple-input multiple-output (MIMO) patch antenna
is presented. It covers the S band (2-4 GHz), WLAN (2400-2480 MHz & 5150-5350/5725-5875 MHz),
UWB (3.1-10.6 GHz), and X band (8-12 GHz) applications. The proposed structure is simulated and
fabricated on an FR4 substrate with overall dimensions of 0.186\g x 0.373)\g and separation of two
patches with a distance of 0.053)\¢ (where )\ is the wavelength at 2 GHz). The single UWB patch is
antenna derived from the triangular-shaped edge cuttings in the bottom of the rectangular patch antenna
with a partial and defected ground. The proposed MIMO structure produces simulated results from
2 GHz to 13.3 GHz and measured results from 2.1 GHz to 12.9 GHz, with good agreement. The proposed
structure resonates at 3.4 GHz, 5.8 GHz, 10.2 GHz, and 11.8 GHz. The isolation is improved to above
20dB by placing an E-shaped tree structure and parasitic element in most of the band. The radiation
efficiency and peak gain values are 78-94% and 1.4-6.6 dB, respectively. Diversity performance of the
proposed structure is verified with low envelope correlation coefficient (ECC < 0.04), high diversity gain
(DG > 9.985), and acceptable total active reflection coefficient (TARC < —10dB) values.

1. INTRODUCTION

Nowadays, ultra-wideband (UWB) technology plays an indispensable role in wireless communications
because of its data transmission at high speeds, high security, low cost, and low power consumption. For
commercial applications of UWB systems and to avoid interference between the other bands, Federal
Communications Commission (FCC) officially assigned an unlicensed band from 3.1 GHz to 10.6 GHz
with —41.3 dBm/MHz radiated power [1,2]. However due to signal fading in the multipath environment,
the performance of UWB systems is degraded which leads to lesser efficiency in signal transmission and
low-quality transmission.

The problem of UWB systems can be overcome by using MIMO technology. Transmitter and
receiver use multiple antennas to improve the quality of transmission, system capacity, high data rate,
and reliability [3,4]. Thus, the problem of multipath fading in UWB systems can be overcome by
MIMO technology. The combination of a UWB system and MIMO technology plays a very significant
role in the present wireless communication systems due to the large bandwidth of 7.5 GHz. In MIMO
technology, antenna elements are arranged side by side with less distance. Due to the low space between
antenna elements, there would be a chance of coupling between them. This coupling arises mainly due
to radiation in free space, surface currents on metals, and surface waves in the dielectric medium [5].
Consequently, mutual coupling affects signal transmission and eventually degrades the overall system
performance. A variety of techniques are in practice to reduce the effect of mutual coupling like
polarization diversity, defected ground structure (DGS), electromagnetic bandgap structure (EBG),
metamaterials, neutralization lines, and by placing parasitic elements between antenna elements.
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In the literature, some of the MIMO antennas for UWB applications have been proposed. To achieve
high isolation (S21 > 15dB) between two elements, they are arranged in an orthogonal manner and
placed two stubs [6]. A 47 x 93 mm? size circular-shaped antenna is separated by 0.35\¢ with improved
isolation, and it operated from 3.1 to 10.6 GHz [7]. The elements are arranged in an orthogonal manner
of size 58 x 58 mm? with improved isolation using a T-shaped stub to 14dB and operated from 2.8-
11 GHz [8]. Good isolation is achieved in UWB-MIMO antennas of size 32 x 32mm? with a defected
ground structure and long thin narrow slot in the bottom plane to suppress the surface waves, with
operating frequency from 3.1 to 10.6 GHz [9]. Fractal EBG structures are used to reduce the coupling
between elements and discussed [10]. Coupling is reduced between the two-port antenna by making C
and inverted C shaped slots in the ground plane [11]. S-shaped EBG structures are placed between
two elements of a MIMO antenna for coupling reduction [12]. A rectangle-shaped MIMO antenna with
bending feed and isolation is enhanced by placing ground strips [13].

Radiating elements of a two-element antenna of size 48 x 48 mm* are placed in orthogonal to
each other for isolation enhancement up to 15dB [14]. Isolation enhancement of a printed UWB
MIMO antenna of size 48 x 110 mm? is 20dB [15]. Isolation is improved between two circular shaped
antennas using resistive loading, which is above 25dB [16]. Meandering lines are placed between two
PIFA antennas for coupling reduction, and it gives isolation above 15dB [17]. A two-port Vivaldi
antenna has the isolation above 16 dB for the entire band using T shaped slot in the ground plane [18].
The antiparallel arrangement of a half-circular-shaped MIMO antenna is of size 35 x 50 mm? with
isolation enhancement using a fence type decoupling structure [19]. A 0.31\g x 0.41\g size printed
UWB antenna with reduction of coupling using decoupling network, and it operates from 3.1 to
10.6 GHz [20]. An inverted T-shaped slot is introduced between closely spaced UWB slot-antennas
for isolation improvement of size 40 x 60 mm? [21]. A 40 x 40 mm? size dual-polarized MIMO antenna
with isolation improvement uses DGS for ultra-wideband applications [22]. A U-shaped slotted fractal
MIMO antenna has the isolation of 22dB [23]. An anti-parallel arrangement of two hexagon-shaped
UWRB antennas with CPW-feed operate with a bandwidth of 3-12 GHz [24]. All the decoupling networks
and orthogonal arrangement antenna elements give isolation of 15 dB or more for quality of transmission.

In this paper, a MIMO patch antenna with isolation is presented. The overall size of proposed
structure is 0.186\g x 0.373)\ (28 x 56 mm?), and it is simulated and fabricated on a widely available
FR4 substrate of dielectric constant 4.4 and loss tangent 0.02. The two antenna elements are separated
by a distance of 0.053)\¢ (8 mm). The top layer of the proposed structure is fed by two 50 2 microstrip
lines. The isolation between the two elements is below 14 dB. To enhance the isolation, an E-shaped tree
structure and s parasitic element are placed between them. It is improved to higher than 20 dB (90%) in
most of the band, except 2-3.2 GHz (17 dB). The remaining paper is organized as follows. In Section 2,
design procedure and analysis of the proposed structure are presented. In Section 3, simulated and
measured results are discussed. In Section 4, diversity performance parameters ECC, DG, and TARC
values are discussed. Section 5 provides comparison table and discussions, and conclusion is drawn in
Section 6.

2

2. PROPOSED STRUCTURE AND ANALYSIS

2.1. Antenna Design

The proposed structure design and parameters are illustrated in Figure 1. The proposed structure
consists of two hexagon-shaped patch antennas that are separated by a distance of 8 mm with a partial
ground plane and DGS. By placing an E-shaped tree structure and a parasitic element between the
antenna elements, isolation is improved to 17.5dB from 12dB in a lower band (2-3.2 GHz) and 20dB
from 14dB in remaining band. The proposed structure is designed and simulated by using Ansoft
HFSS simulation software. The S-parameter results are verified by an Agilent N5230A vector network
analyzer. The optimized values of the proposed structure are listed in Table 1.

2.2. Step by Step Evolution Process

The evolution process of the proposed structure consists of eight stages as shown in Figure 2. In the first
stage, antenna #1 is designed using rectangular patch antenna equations [25]. According to equations
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Figure 1. (a) Geometry of proposed structure with ground; (b) Dimensions of E-Shaped tree structure
and parasitic element.

Table 1. Proposed structure dimensions.

Ls Ws |Lp | Wp | Lg
28 58 16 | 24 | 10.5

Lpl | Wpl | Lf | Wf | S
8 3.75 | 12 | 3.5 8

with respect to patch dimensions, antenna #1 should resonate at 4 GHz, but it actually resonate at
6 GHz due to the reduction of ground dimensions. Actually the ground dimensions are equal to the
substrate dimensions, and their lengths and widths will depend on patch length and width, and the
height of the substrate, i.e., Lg = 6h 4+ L and Wg = 6h + W, whereas ‘Lg’ and ‘W g’ are ground length
and width, respectively; ‘L’ and ‘W’ are patch dimensions, and ‘A’ is height of the substrate. However,
the ground width is reduced to the patch width, and also the length of the ground is adjusted for
compactness. Hence, it resonates at 6 GHz. In stage two, antenna #2 resonates at 4 GHz and 12.3 GHz
due to the partial ground plane. In stage three, optimized values of a right angle triangle-shaped patch
are subtracted from the left side bottom of the patch antenna for impedance matching, resulting in
obtaining 3-6.2 GHz and 11.5-13 GHz bandwidths.

Later, another right angle triangle-shaped patch is removed from the right side bottom of the patch
antenna in stage four. It improves the bandwidth of both the dual bands. In stage five, an ellipse-
shaped curve is removed from the center of the partial ground plane for bandwidth enhancement. It
gives an impedance bandwidth of 2.8-13.4 GHz (S7; < —10dB), which is the required ultra wideband.
In stage six, another same antenna is placed at a distance of 0.053)\g, which causes mutual coupling
between the antenna elements, above 14 dB, but it is not sufficient for MIMO systems. To reduce the
mutual coupling, placing an optimized E-shaped tree structure between antenna elements improves the
isolation to above 20 dB in most of the band except a small band, in the seventh stage. In stage eight,
a rectangular strip of size 8 x 0.5mm? is placed between them, which increases the isolation at high
frequencies. The process of the return loss changes from the basic antenna to all the antenna stages is
described in Figure 3.

Co 2

W:2—ﬁ er+1 M)

where ‘C},’ is the velocity of light in free space, ‘f,’ the resonant frequency, ‘c,’ the relative permittivity,
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Figure 2. Evolution stages of proposed structure.
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Figure 3. Simulated ‘Sy;’ values of antenna evolution stages.

‘erefr’ is the effective relative permittivity, and ‘A’ is the height of the substrate.
L= _Co 2AL (4)
2fr \/Ereff
‘A’ is the increased length of the patch due to fringing fields, and ‘L’ is the length of the patch.

The two antenna elements are placed at a distance of 0.053)\g, because small spacing coupling
is introduced which is above 12dB. Isolation is improved at higher frequencies because three small
strips are placed between the elements. E-shaped patch is added to the three strips, and isolation is
improved to above 13dB for the entire band. U-shaped patches are added to the outer edges of the
E-shaped patch, then isolation is improved to above 15dB from 3.35 GHz to 13.3 GHz and maintains
above 15.5dB in remaining band. Later, small strips are added to the middle of the U shaped strip,
and the resultant structure is an E-shaped tree structure. After placing the tree structure, isolation is
improved from 15.5dB to 17.5dB at lower band, i.e., 2-3.5 GHz and 18dB to 20dB in remaining band.
Later, a rectangular strip with a small elemental length and width is placed in the top position of the
ground plane. It affects the isolation at higher frequencies from 9 GHz to 13.3 GHz, which is improved
to above 25dB from 20 dB, and the remaining bandwidth is the same. Figure 4 describes So; values of
the proposed structure at various stages.

2.3. Surface Current Distributions and Analysis

Figure 5 shows currents distributions of the proposed structure at various resonant frequencies. From
Figures 5(a) & (b) it is observed that after placing a tree structure and patch element, there is still a
small effect on the other antenna. Because at 3.4 GHz the isolation is 18 dB, before that it is 15 dB. Due
to the small variation from 15dB to 18 dB, there is a small coupling effect, which is uncountable. At
5.8 GHz, the isolation improves to 22.5 dB from 16 dB, hence little coupling is observed between them in
Figures 5(c) and 5(d). Figures 5(e) and 5(f) show that the isolation improves only at higher frequencies
because of small elemental strip length, which improves to 25dB from 20dB. From all figures, it is
observed that at higher frequencies, only strip stops the electromagnetic energy, and the remaining is
not affected because of small elemental length.

2.4. Parametric Analysis

To get the required impedance bandwidth and isolation enhancement between antenna elements,
parametric study is required. Figure 6 illustrates the parametric study on various parameters of the
proposed structure. Figure 6(a) shows the parametric study on the length of the ground (Lg). The
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Figure 4. Simulated ‘Ss;’ values of antenna evolution stages.
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Figure 5. Surface current distribution of proposed structure when Portl excited: (a) & (b) at 3.4 GHz;
(c) & (d) at 5.8 GHz and (e) & (f) at 10.2 GHz.

different values of Lg (9mm to 12mm with step size 0.5mm) produces different bands. A ground
plane cutting (Partial ground) will give good impedance matching between port and antenna. The
proposed structure gives the required UWB at Lg = 10.5 mm. The width of the feed also affects the
impedance performance, and the various feed width values (W f) with various bandwidths are shown
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Figure 6. (a) Parametric study on ground length; (b) Parametric study on feed width; (c¢) Parametric
study on elliptical cutting in ground plane and (d) parametric study on strip length.

in Figure 6(b). Figure 6(c) describes the parametric study on the partial ground with the defected
ground. An ellipse-shaped patch with different axial ratios (ARs) and major axes (MAs) is removed
from the partial ground plane; it will affect the impedance matching then giving the required bandwidth.
AR = 3mm and MA = 1.5 mm are required parameters for the proposed structure. A small rectangular
strip is placed in the position of the top ground plane with various values and corresponding isolation
improvement at higher frequencies shown in Figure 6(d).

3. SIMULATED AND MEASURED RESULTS

3.1. Impedance Performance

The proposed structure is fabricated on a low cost, widely available FR4 substrate, tested, and verified
practically. The measured results are almost the same as the simulated ones. Due to tolerances in
soldering and fabrication, a small deviation occurs. Figure 7(a) shows simulated and measured S1; &
So1 values. A photograph of Si; and S9; values of the proposed structure is shown in Figure 7(b).
Measured results give isolation of higher than 25dB in most of the band except a small band 2.1-
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Figure 7. (a) Simulated and measured S1; & So1 values of proposed structure; (b) Photograph of S
parameter values from VNA; (c) Proposed structure front view and (d) proposed structure rare view.

2.9 GHz, but in simulation it is 20dB (90% band) except 2-3.2 GHz. Figures 7(c) & (d) show top and
rare views of the proposed structure. Table 2 describes the performance comparison of simulated values
with measured values, and finds they are in good agreement.

Table 2. Comparison of simulated values with measured values.

Impedance . Resonant S11 Sa1
Antenna . Isolation .

bandwidth frequencies Value Value

parameter (GHz) (dB) (GHz) @B) | (dB)
2-3.2 GHz 03.4 —20.6 —19.0
. (> 174dB) 05.8 —31.7 | —21.6
Simulated 2133 3.3-13.3 GHz 10.2 ~369 | —334
(> 20dB) 11.8 ~151 | -27.3
2.1-2.9 GHz 03.1 —20.6 —24.2
(> 184dB) 05.2 —14.0 | —27.6
Measured 2.1°12.9 3-12.9 GHz 08.0 —9282 | —278
(> 25dB) 11.8 —-17.8 —35.6
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Figure 8. (a) E and H field radiation patterns at 3.4 GHz; (b) E and H field radiation patterns at
5.8 GHz; (¢) E and H field radiation patterns at 10.2 GHz and (d) Photograph of proposed structure
from anechoic chamber.

3.2. Radiation Performance

The graphical representation of EM energy from the radiating element is nothing but a radiation pattern.
The measurement of radiation patterns is carried in an anechoic chamber, with a horn antenna as a
reference antenna and the proposed antenna under testing. Figures 8(a), (b) and (c) show the simulated
and measured 2-D representations of E and H fields at 3.4 GHz, 5.8 GHz, and 10.2 GHz. At 3.4 and
5.8 GHz, E and H are perfect bidirectional and omnidirectional radiation patterns, but at 10.2 GHz the
patterns of E and H fields are disturbed due to higher-order modes. At higher frequencies; EM energy
is distributed to all the modes as a result, and the patterns are not bidirectional and omnidirectional. A
photograph of the proposed structure in the anechoic chamber is shown in Figure 8(d). The measured
results almost follow the simulated ones.

The radiation efficiency of the proposed structure is above 78% for the entire band. In most of the
band (90%) it maintains above 85%. The radiation efficiency of the radiating element mainly depends
on impedance matching between port and element. At 3 and 4 GHz, it gives a high efficiency, which is
94%. The accepted powers at those frequencies are 960.69 mW and 986.47 mW, and radiated powers
are 920.46 mW and 930.24 mW, respectively, where 1 W power is applied as an input. The proposed
structure gives a peak gain of 1.4-6.6 dB. At resonant frequencies, 3.4, 5.8, 10.2, and 11.8 GHz, the peak
gains are 3.2dB, 5.4dB, 5.7dB, and 5.3dB, respectively. The radiation efficiency and peak gain values
are represented in Figure 9.
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Figure 9. Simulation values of radiation efficiency and peak gain.

4. DIVERSITY PERFORMANCE

ECC, DG, and TARC metrics must be taken into account for checking the diversity performance of
any MIMO antenna. ECC values define the coupling between antenna elements [26]. If it is zero, both
elements are isolated to each other. If it is one, there will be more coupling between elements, hence
the range of ECC is zero to one. Practical acceptable value of ECC for MIMO systems is less than 0.5.
The ECC value of proposed structure is less than 0.04. The ECC can be measured using S parameters
which is represented in Equation (5) [27]. Diversity gain is measured using ECC values, and the relation
between ECC and DG is represented in Equation (6). The proposed structure gives DG values above
9.985dB. ECC and DG values are represented in Figure 10.

0.25 T -V'v T V\/\ 10.00
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E ©
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Figure 10. Simulated ECC and DG values of proposed structure.

S11 value is enough for the single radiating element for how much signal power of antenna will
be accepted and reflected. But in MIMO technology, by placing the antennas side by side with a
small distance, there is a chance of changing the impedance of radiating elements due to another
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element radiation. One element affects the self impedance of another element, and vice versa. The
mutual impedance introduced between antenna elements will affect the performance parameters of the
antenna. So, S11 or Soo is not sufficient for characterizing the MIMO antenna performance. The term
TARC is introduced to evaluate the MIMO antenna by considering the self and mutual impedances of
both the antennas [28,29]. TARC mainly depends on return loss and the correlation between antenna
elements [30]. It is defined as “the square root of the available power generated by all excitations minus
radiated power, divided by the available power”. Figure 11 shows the simulated values of Si; and
TARC. It is observed that black color represents the Si; values of a single proposed antenna, and green
and red colors represent S7; and TARC values of the proposed structure. Si; values of the proposed
single and two-element antennas are different because of self impedance changes due to radiation from
another antenna. S1; and TARC values of the proposed structure are also different due to considering
mutual impedance. The proposed structure TARC values are low compared with S71 values itself. It
gives good TARC values for the entire band, which are below —10dB. For a two-port MIMO system, it
is represented as in Equation (7) [31]:

|S51512 + S5, Saal”
(1 — |Sul? - |521|2) (1 — |Sa2|* - |512|2)

DG = 10y/1 — ECC? (6)

TARC — \/(511 + S12)? ;— (So1 + So2)? (7)

ECC =

= S11 Antenna #5
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Figure 11. Simulated S11 & TARC values of Antenna #5 and proposed structure.

5. PERFORMANCE COMPARISON WITH OTHER STRUCTURES

The parameters’ performances of the proposed structure with other systems in terms of their size,
shape, impedance bandwidth, isolation, diversity performance parameters, and applications are depicted
in Table 3 [6-9,14-24, 26, 31] are considered from the references. The proposed structure gives good
impedance bandwidth from 2-13.3 GHz (S11 < —10dB), isolation Sy; > 17.5dB for the entire band,
and diversity performance values. TARC is one of the important parameters to check the diversity
performance because it considers the changes in the antenna elements’ self and mutual impedances.
TARC values are below —10dB for the entire band. The proposed structure covers S-band (2-4 GHz),
WLAN (2400-2480 MHz & 5150-5350/5725-5875 MHz), UWB (3.1-10.6 GHz), and X band (8-12 GHz)
applications.
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Table 3. Comparison with other structures.

Dielectric Impedance Peak | Radiation
Size Shape of Isolation ECC L.
Reference 2 constant bandwidth gain | efficiency Applications
(mm?) antenna (dB) value
(er) (GHz) (dB) (%)
S-band
WLAN
Proposed | 28 x 56 4.4 Hexagonal 2.0-13.3 > 20 1.4-6.6 > 78 0.04
UWB
X-band
Ref. [6] 26 x 40 3.5 Rectangular| 3.1-10.6 >15 10.9-6.5 > 80 0.2 UWB
Ref. [7] 47 x 93 4.4 Circular 3.1-10.6 > 31 3.5 > 70 —21dB UWB
Semi
Ref. [§] 58 x 58 3.6 2.8-11 > 14 2.2 > 70 0.02 UWB
circular
Ref. [9] 32 x 32 4.4 Rectangular| 3.1-10.6 > 15 1.7-4.2 > 60 0.02 UWB
Ref. [14] | 48 x 48 44 Rectangular 2.5-12 > 15 3 NA 0.005 UWB
WLAN,
Truncated
Ref. [15] |48 x 110 4.4 2.3-7.7 > 20 4.4 NA NA Lower
square
UWB
Ref. [16] | 35 x 36 2.2 Circular 3.0-9.0 > 17 5.5 > 88 0.025 UWB
1.56-2.71 &
Ref. [17] | 61 x 65 3.5 PIFA > 15 NA > 80 0.04 WLAN
4.82-5.9
Ref. [18] | 26 x 26 3.5 Vivaldi 2.9-11.6 > 16 0-6 NA 0.02 UWB
Half
Ref. [19] | 35 x 50 4.3 3.0-11 > 25 4-6 > 80 0.004 UWB
circular
Ref. [20] | 30 x 40 44 Rectangular| 3.1-10.6 > 15 NA > 80 0.05 UWB
Ref. [21] | 40 x 60 4.4 Slot 3.2-11 > 20 4 > 90 0.06 UWB
Ref. [22] | 40 x 40 44 Pentagonal 3.2-11 > 15 4 > 70 NA UWB
Ref. [23] | 26 x 35 6 Fractal 2.0-10.6 > 22 NA NA 0.2 UWB
Hexagonal
Ref. [24] | 45 x 25 4.4 ) 3.0-12 > 15 1.8-54 > 70 0.2 UWB
ring
Ref. [26] | 22 x 26 4.4 Trident 3.1-10.6 > 20 2-6 > 75 0.03 UWB
Ref. [31] |40 x 37.5 4.4 Rectangular 3.2-11 > 15 NA NA 0.12 UWB

6. CONCLUSION

A hexagon-shaped MIMO antenna is simulated and fabricated on an FR4 substrate with dielectric
constant 4.4 and verified practically. The proposed structure gives an impedance bandwidth of 2—
13.3 GHz and good isolation, which is higher than 20 dB in most of the band. Good diversity performance
values (ECC < 0.04, DG > 9.985, and TARC < —10dB for entire band) are achieved. Measured values
are in good agreement with simulated values. It covers S-band, WLAN, UWB, and X- band applications.
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