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Abstract—A hexagon-shaped fractal ultra-wideband (UWB) Multiple Input Multiple Output (MIMO)
antenna is proposed in this paper for S (2 GHz to 4 GHz) and C (4 GHz to 8 GHz) band applications.
The proposed design consists of two microstrip fed radiating elements of dimension 82 x 44 x 1.6 mm?.
One rectangular stub and four resistance loaded stubs are introduced in the ground plane to reduce the
mutual coupling between the radiators. These decoupling structures reduce the notches and enhance
the isolation from —5dB to —20 dB for the entire frequency range from 2.3 to 7.4 GHz. The performance
characteristics and diversity parameters are also investigated which show the values of ECC < 0.004,
DG > 9.96, CCL < 0.4, and MEG < 3dB, and it is concluded that the proposed design is a good
candidate for UWB MIMO antenna. The proposed design is fabricated and tested which shows the

close agreement between the simulated and measured results.

1. INTRODUCTION

As per the increased need of communication devices, the requirement of the high data rate, limited power
levels for high quality of data transmission, pattern diversity, channel capacity, fabrication ease, compact
size, and cost efficiency is also increased [1-4]. Single Input Single Output (SISO) systems are struggling
to fulfil the requirements of the modern era because of their limited bandwidth, multipath fading, etc.
UWB MIMO antenna is a good candidate for achieving the above requirements, and therefore this
grabs the attention of the researchers. Compact size of the MIMO antenna is the main concern of the
researchers, but it generates mutual coupling between the radiators since the port-to-port distance of the
radiator decreases [5]. This mutual coupling causes the degradation of diversity parameters, efficiency,
and the gain of the antenna [6]. Various techniques and methods for reducing the mutual coupling
are proposed in the literatures. Some of them are orthogonal placement of antenna with an L-shaped
stub and different shapes of slots in the ground plane [7, 8], introduction of Electromagnetic Band gap
(EBG) [9], impact of metamaterial [10], introduction of neutralization line [11-13], Defected Ground
Structures (DGSs) [14-16], etc. Fractal shaped defects are also very useful in reducing mutual coupling;
some of the applications are complementary modified Minkowski fractal [17], radiator with Sierpinski
Knopp fractal [18], H-shaped fractal [19], Hilbert fractal [22], and many more. The modification in a
feedline/stub is another way to enhance the isolation, i.e., step feedline with DGS structures [20], tapered
feedline and tapered patch [21], spider-shaped radiator with Y-shaped stub [23], Swastik shaped hepta-
band antenna [24], decoupling dielectric stub (DDS) [26-28], I-shaped stub with inverted L-shaped
branch to produce a T-like branch on ground [29], etc. Even reconfiguration of frequency is also
possible with the help of diode [25]. Apart from the above methods, the use of lumped elements such as
capacitance and resistance for mutual coupling reduction is also implemented to enhance the isolation of
MIMO antenna by the researchers [30, 31]. The ease of fabrication and considerable amount of isolation
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enhancement are observed by implementing stub and lumped element in MIMO which encourages the
use of resistance loaded stub as proposed in the next section.

In this paper, a compact 2 element hexagon fractal-shaped MIMO system is presented for S-band
and C-band applications. CST 2018 is used for the simulation and verification of the antenna. After the
simulation the fabrication is done and tested with the help of vector network analyser (VNA) by using
radiation patterns measurement setup. Two hexagonal fractal antennas are placed in parallel with the
dimension of 82 x 44 x 1.6 mm?. The operating range of the antenna is 2.3 to 7.4 GHz with an isolation
of more than —20dB. The diversity parameters such as envelope correlation coefficient (ECC), mean
effective gain (MEG), channel capacity loss (CCL), and diversity gain (DG) are calculated for verifying
the result of the proposed antenna.

2. MATERIALS AND METHODS

2.1. Design Parameters

Figure 1 shows the proposed UWB MIMO antenna with the resistance loaded stub. The proposed
antenna is fabricated on an FR-4 substrate with the thickness 1.6 mm, dielectric constant ¢, = 4.4, and
tangent loss tand = 0.023. A 50 2 microstrip feedline is used to feed the nested loop hexagonal fractal.

The design parameters of the proposed antenna are as follows: length and width of antenna are
Lsub = 44mm and Wsub = 82 mm respectively; length and width of the feedline (wf) = 2.84 mm and
(Lf) = 11.41 mm; length and width of the central stub are (Lstub) = 38 mm and (W stub) = 2mm;
length and width of the resistive stub are Irstub = 33 mm and wrstub = 2mm, respectively with the
resistance R1, R2, R3, and R4 = 200(2; separation between the antenna (gap) = 6 mm with the
reduced ground (Lground) = 10 mm.
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Figure 1. Proposed fractal MIMO. (a) Front view. (b) Back view.

2.2. Design Evolution of Single Element

The proposed antenna is based on the concept of self-repeating and self-similarity geometry, and the
design is initiated with the single hexagonal ring (initiator) monopole antenna of side 15mm which
resonates at three frequencies, but the dominating frequency is 5 GHz. The further stages are obtained
by using equation below:

Spt1=10-5, (1)

Here n is the number of iteration stages = 1, 2, 3; S is length of the side; and 6 is the scale factor
for the proposed design # = 0.734 [31]. The gap between the fractal arms and the width of the ring
is optimized to achieve wideband response from multiband characteristics. The effects of addition of
each iteration is shown in Figure 2(a), and the effect of ground reduction is shown in Figure 2(b). The
response of the optimized fractal after the ground reduction is shown in Figure 3.
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Figure 2. (a) S;; of addition of each iteration. (b) Si; of reduced ground.
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Figure 3. Si; of single fractal of the proposed design with reduced ground.

For further improvement in the bandwidth and channel capacity, the single element antenna is
extended to 2-element MIMO; however, the mutual coupling starts to affect the performance of fractal
as evidenced by the S parameters shown in Figure 4. To reduce this mutual coupling and enhance the
performance of the MIMO antenna, decoupling structures such as stub and resistance loaded stub are
introduced in the ground plane.

2.3. The Evolution Process of the Proposed MIMO Design

The proposed design evolution starts with stage 1 which shows the formation of single hexagonal fractal
antenna with reduced ground as shown in Figure 3. Stage 2 is the extension of single fractal antenna
into 2 x 1 MIMO by placing it side by side as shown in Figure 4. Further in stage 3, an inset cut
grounded stub is introduced at the center of the reduced ground as shown in Figure 5 (figure inset).
The wide band response from 2.1 GHz to 7.52 GHz with the notches (2.49 GHz-2.72 GHz, 3.43 GHz~
4.04 GHz) is obtained by optimizing the position, width (W stub), and height (Lstub) of the stub.
Along with introduction of notches, the considerable amount of improvement in So; is also observed.
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Figure 4. S-parameters of 2 x 1 MIMO.
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Figure 5. S parameters of the 2 x 1 MIMO antenna with reduced ground and stub.

The introduction of stub in between the radiators extends the path of current flow which helps in
reduction mutual coupling up to —15dB.

After the optimization of the central stub, in final stage, four more stubs with resistance are
introduced in the reduced ground as shown in Figure 1(b) which gives the wideband from 2.36 GHz
to 7.45 GHz and is obtained by suppressing the notches (2.49-2.72 GHz and 3.43-4.04 GHz). The
optimization of the position of the resistance loaded stub and the value of resistance are shown in
Figure 6. It is observed from Figure 6 that the isolation is improved from —15dB to —20dB in the
entire range due the increased resistance of the stub as shown in Figure 1(b). These resistance loaded
stubs provide better isolation and impedance matching to this 2 x 1 MIMO system.

The plot of surface current distribution is used for further analysis of the performance of the
proposed design. The comparison between surface current distributions of 2 x 1 MIMO antenna with
and without decoupling structure is shown in Figure 7 at frequencies 2.86 GHz, 4.22 GHz, 5.83 GHz,
7.07GHz. This comparison shows that the introduction of the stub and the resistance loaded stub
reduces the coupling of the current between the antenna elements.
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Figure 6. (a) S-parameters of optimized position of resistive stub. (b) S-parameters of optimized
value of resistance.

2.4. Equivalent Circuit Model

The proposed design is further analyzed using the equivalent circuit of the proposed MIMO antenna.
Advanced Design System is used to optimize and tune the required circuit. The UWB response of the
proposed design consists of parallel R-L-C circuits which are connected in series with port impedance,
resistance and capacitance. The proposed circuit is shown below in Figure 8(a), and the comparison
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Figure 7. Surface current distribution at frequency (a) 2.86 GHz, (b) 4.22 GHz, (c¢) 5.83 GHz, (d)
7.07 GHz.
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Figure 8. (a) Equivalent circuit of proposed antenna. (b) Comparison between the response of
equivalent circuit (S11) and CST output.

between the response of equivalent circuit (S1;) and CST output is shown in Figure 8(b). The values
of component are given below:
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Figure 9. Images of fabricated prototype. (a) Front view, (b) Back view, and (c) testing using vector
network analyzer.
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Figure 10. Comparison of simulated and measured S-parameters of proposed MIMO.

C1 = 1.54pF, C2 = 14.0086pF, C3 = 5.5pF, C4 = 7.199pF, C5 = 3.11pF, L1 = 0.166nH,
L2 = 0.121nH, L3 = 0.162nH, L4 = 0.13nH, Rl = 30.9Q, R2 = 35.45Q, R3 = 490, R4 = 42Q,
R5 = 67.165 ().

3. RESULTS AND DISCUSSION

The optimized design is fabricated and tested for experimental verification using a two-port vector
analyzer (Agilent N5247A). The fabricated design along with measurement setup is shown in Figure 9,
and the comparison between fabricated and measured S parameters is shown in Figure 10.

The S parameters of the fabricated antenna shows the improved value of isolation and impedance
matching in the entire range of WLAN application. An anechoic chamber is used to measure the far field
radiation patterns of the proposed 2 x 1 MIMO at frequencies of 3.1 GHz, 4.2 GHz, 5.8 GHz, 7.1 GHz
(Figure 11). These radiation patterns show the near omnidirectional behavior of antenna in both the
E-plane and H-plane with small cross polarization except at 3.1 GHz.

The MIMO antenna performance can be investigated by analyzing different diversity parameters
such as ECC, DG, MEG [32], and CCL [33].

ECC is used to describe the isolation of the antenna system and the correlation between the
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radiating elements. The radiation patterns of the antenna elements are correlated with each other.
The amount of interference between the radiating signals is evaluated using .S parameters when all the
ports are simultaneously excited. For ideal condition its value is 0, but for the practical application
ECC < 0.5 is considered an uncorrelated MIMO system. The mathematical representation is given by:

|71 512 + S5, S @)
(1= |51 l* = [821]?) (1 = [S22|* — |S12[?)
Here S11, Soo are the return losses at port 1 and port 2, and S2; and Si9 are the isolation parameters.
For the proposed fabricated design, the value of ECC less than 0.004 is shown in Figure 12(a).

DG is the measure of average signal to noise ratio of the radiating element. For the ideal condition
its value should be 10dB, and for proposed design its value is more than 9.96 which is a practically
considerable amount as shown in Figure 12(b) and is calculated using formula:

Diversity Gain = 10/1 — |ECC|? (3)
The channel capacity of the antenna is increased with the increase in the number of radiators; however,
the channel capacity loss is also increased due to the addition of correlation factor between the antenna

ECC =
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Figure 11. The measured far field radiation patterns. (a) 3.1 GHz, phi = 0. (b) 3.1 GHz, phi = 90.
(c) 4.2GHz, phi = 0. (d) 4.2 GHz, phi = 90. (e) 5.8 GHz, phi = 0. (f) 5.8 GHz, phi = 90. (g) 7.1 GHz,
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elements. CCL is defined as the rate of data lost and transmitted fairly. It should be less than
0.4 bits/s/Hz for good performance of the MIMO antenna. The plot for the proposed design is shown
in Figure 12(c). Its value can be calculated using the formula:

R
Closs = —1ogy ‘\I' } (4)
Here,
gk _ [P11 P12 (5)
P21 P22
and ) )
Pii = (1 — |S”‘ — ‘S”| ) and Pij = — (S;;SU + S]*Z;S’ﬂ) for i,7=1o0r2 (6)
Table 1. Comparison of proposed design with published literature.
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MEG is the calculated value of the amount of electromagnetic power received by the antenna.
It is also defined as the ratio of mean received power to mean incident power of the antenna. The
MEG can be calculated using equation

MEG; =0.5 (1 —xk |sij12) (7)

Here, k is the number of antennas, and 4 is the antenna number for which MEG is calculated. The
value of MEG must be less than 3 dB for better performance of the MIMO system. Figure 12(d) shows
the MEG response of the proposed MIMO system which is less than 3 dB.

The proposed antenna design exhibits a good performance characteristic over the entire frequency
range of 2.3 to 7.4 GHz with the reduced mutual coupling < —20dB and peak gain of 3.23 dB for the
entire range. Table 1 shows the comparison of the proposed UWB MIMO with the other UWB MIMO
in the literature. It shows that the proposed antenna has the advantage in terms of size, bandwidth,
isolation, and performance parameters.

4. CONCLUSION

A compact two element hexagon-shaped fractal MIMO antenna is proposed for WLAN applications.
The edge-to-edge gap between the radiators is 6 mm, and the size of the design is 44 x 82mm? with
the reduced mutual coupling of less than 20 dB, and gain is positive in the entire range with the peak
gain of 3.23dB obtained. The proposed isolation enhancement technique consists of a stub at the
center and a symmetrically placed resistance loaded stub in the ground plane of the MIMO system.
The fabricated design is further verified using scattering parameters and radiation performance. A
close agreement between the simulated and measured results is observed. Diversity performance for
the measured results is calculated where ECC < 0.004, DG > 9.96, CCL < 0.4, and MEG < 3dB
which make the proposed design a good candidate for MIMO UWB antenna for S-band and C-band
applications.
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