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Abstract—In this work, we propose a compact CoPlanar Waveguide (CPW) fed two-port multiple-
input multiple-output (MIMO) antenna with high isolation for Ultra-Wideband (UWB) applications.
The proposed antenna consisting of two symmetrical radiators placed side-by-side on an FR-4 substrate
with a size of 0.48)\ x 0.48\ x 0.01Amm? at 3.1 GHz (where A = guided wavelength at the lowest
frequency of operation). The isolation between the antenna elements is more than 16.5dB in the
entire UWB, which is achieved by introducing in the ground plane a vertical T-shaped neutralization
line. The simulation results of the antenna system are in good agreement with the measured one.
The proposed antenna covers the entire UWB with an impedance bandwidth 8.6 GHz (from 3.1 to
11.7 GHz), considering the —10dB standard. The designed UWB MIMO antenna has a low envelope
correlation coefficient (less than 0.57), a good efficiency (more than 50%), a low total channel capacity
loss (CCL7uta; < 0.25bit/s/Hz), and stable total active reflection coefficient (TARC) attributes, thus
meeting the standards applicable to various wireless MIMO applications.

1. INTRODUCTION

In wireless communication system, the antenna, as an important component, is mainly used for receiving
and transmitting signals, and its performance largely determines the normal communication of the
whole system. Ultra-Wideband (UWB) technology is a new communication technology that is very
different from traditional communication one. Instead of using carriers from traditional communication
systems, it transmits data by sending and receiving very narrow pulses of nanoseconds or less, resulting
in bandwidths of the order of GHz. This technology has the advantages of wide bandwidth (3.1-
10.6 GHz), high penetration, high security, low system complexity, the ability to provide precise
positioning accuracy but a low power spectral density, which will cause multipath fading problem [1].
This problem can be converted into advantages and exploited by using Multiple Input Multiple Output
(MIMO) technology [2]. The combination of UWB technology and MIMO technology is beneficial for
the development of current communication technology [3,4].

This system uses multiple antennas, for which it is necessary to maintain a low mutual coupling
between the antenna elements to enhance their diversity performance. Many publications have reported
various techniques to minimize the mutual coupling between MIMO UWB antennas. In [5], a thin
vertical neutralization line is added between the two patches to reinforce the isolation over the entire
band and achieves a wideband decoupling current. In [6], an inverse L-shaped stub is inserted in the
ground plane of the antenna to diminish mutual coupling amid antenna elements. A compact dual-band
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MIMO antenna with high isolation by using orthogonal polarization is proposed in [7]. El Ouahabi et
al. [8] designed a compact MIMO antenna by combining the orthogonal microstrip line and a single
complementary split ring resonator (S-CSRR) to achieve high isolation over the operating bands of the
proposed structure.

Several studies have designed MIMO antennas with high isolation, small size, and low envelope
correlation coefficient (ECC). In [9], a wideband flexible/transparent connected-ground MIMO antenna
is proposed for sub-6 GHz 5G and WLAN applications. A transparent 2-element 5G MIMO antenna
for sub-6 GHz applications has been proposed in [10].

In this paper, two compact UWB MIMO antennas with good performance are proposed. A vertical
T-shaped neutralization line technique has been used between two elements to achieve a high isolation
of more than 16.5dB across the band. The UWB MIMO performance is analyzed and evaluated by
envelope correlation coefficient, efficiency, total active reflection coefficient, and total channel capacity
loss.

2. ANTENNA DESIGN

2.1. Antenna Geometry

The final design of the UWB MIMO antenna geometry using the CPW technology and spatial diversity
is shown in Figure 1. The antenna is printed on an FR-4 substrate with a thickness A of 1.6 mm, a
relative permittivity e, of 4.4, and a loss tangent § of 0.02. This substrate is available in our laboratory
that makes the fabrication of prototypes possible, in addition to its low cost compared to other types

W

L
L

Wz WI., Wi

Figure 1. The proposed UWB MIMO antenna configurations.

Table 1. Dimensions of the UWB MIMO antenna in (mm).

Parameters | W | L | W1 | Wy Ws | Wy | Wy | L1 | Lo | Lg
Values 46 | 46 | 2.7 | 741 | 2416 | 44| 3 | 17| 4 | 23
Parameters | Ly | Ly | a1 as as g a b | b
Values 2 1 1 [135] 335 |04 ]| 8 9 2
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of substrates. The two antenna elements are placed in parallel to each other and separated by a
vertical T-shaped neutralization line to enhance the isolation over the entire band. The two modified
rectangular radiators with a partial ground plane are independently fed by a CPW 50 ohm feed line. The
designed antenna dimensions are simulated and optimized by the electromagnetic simulation software
CST. Finally, the optimized dimensions of the UWB MIMO antenna are listed in Table 1.

2.2. Effect of the Vertical T-Shaped Neutralization Line on the S-Parameters

The simulated S-parameters of the UWB MIMO antenna with and without the T-shaped neutralization
line are shown in Figure 2. Because of the symmetry, only the reflection coefficient S1; and the isolation
coefficient Sy; are given. The purpose of inserting this metallic line is to compensate the existence of
the electromagnetic field in the suggested structure at the UWB. This technique improves the isolation
between the radiators of the antenna and therefore improves other parameters characterizing the MIMO
UWB antenna.
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Figure 2. The simulated S-parameters with and without vertical T-shaped neutralization line. (a)
Si1, (b) Sa1.

By observing this figure, it is clear that the effect of the metal line is very important on bandwidth
enhancement (more than 1 GHz), especially at the higher part (Figure 2(a)). We also notice that in the
same figure, the adaptation is enhanced at the level of the frequency range [511.7 GHz]. In addition,
without vertical T-shaped neutralization line structure, the isolation between two elements is 11.20dB.
By introducing it in ground plane, the isolation value is improved and becomes 16.50dB. It may be
concluded that the addition of the metallic line significantly contributes to the improvement of the
isolation in the whole band of 3.5dB and above, as shown in Figure 2(b).

3. RESULT ANALYSIS

3.1. Fabrication and Measurement

To check the performance of the UWB MIMO antenna operation, we process and test the MIMO
antenna according to the final optimized dimensions. CSTMWS software is utilized to simulate the
proposed antenna. The suggested structure is fabricated using LPKF protomat K33 machine as shown
in Figure 3(a). The measurements of the scattering parameters are conducted with a Rohde and Schwarz
ZVB 20 vector network analyser with a range of of 20 GHz (Figure 3(b)). The fabrication process is
carried out at AbdelMaleK Essaadi University Laboratories.
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(b)

Figure 3. (a) Antenna prototype photograph and (b) picture during S-parameters measurement.

3.2. S-Parameter

Figure 4 displays the measured and simulated S-parameters of the presented UWB MIMO antenna.
As we can see from this figure, there is a good agreement between the two results, but there are
some deviations. The minor variation between simulated and tested results is because of losses due
to solder SMA connectors, the error in the manufacturing, and measurement process. The simulated
and measured bandwidths of the tested MIMO antenna are 8.6 GHz going from 3.1 to 11.7 GHz and
about 9.68 GHz ranging from 2.70 to 12.38 GHz, respectively, which can be used for UWB applications.
Across the impedance bandwidth, the simulated and measured isolation values of the presented UWB
MIMO antenna are 16.5dB and 16.2 dB, respectively. Table 2 summarizes the simulated and measured
results of the proposed antenna.
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Figure 4. Simulated and measured reflection coefficient (S11) and transmission coefficient (S21): (a)
511 and (b) 521.

3.3. Surface Current Distribution

In order to study the performance of the structure, surface currents on the radiating patch, ground
plane, and feedline at three resonances of 4.1, 7.3, and 9.8 GHz are simulated as depicted in Figure 5.
Due to the symmetry of the antenna, when port 1 is energized, the other port terminates with a 50 2
load. From this figure, the adjacent element receives only a small surface current when the first element
of the studied antenna is excited. Beside, the surface current distribution is dominant at the excited
radiator, ground plane, and the vertical T-shaped neutralization line. This line forces the current to
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Table 2. Performance comparisons between simulated and measured results of the UWB MIMO
antenna.

UWB
P d MIMO ant
ropose Amena "BW range (GHz) | BW (GHz) | Isolation (dB)
Measured 2.70 to 12.38 9.68 16.2
Simulated 3.1to 11.7 8.6 16.5

BW: Bandwidth
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Figure 5. The surface current distribution of the UWB MIMO antenna at: (a) 4.1 GHz, (b) 7.3 GHz,
(c) 9.8 GHz.

concentrate on the excited port and the ground plane of the structure, instead of moving directly from
the excited port to the other one. The purpose of this technique is to increase the effective path length
of the surface current, which minimizes the mutual coupling in the presented MIMO antenna.

Figure 5(a) illustrates that the current is uniformly distributed over the entire excited patch and
a part of the vertical T-shaped neutralization line(half the T-line) with a high current at 4.1 GHz of
144 A/m (about 43.15dB. Figure 5(b) displays a high current at 7.3 GHz of 170 A/m (about 44.71 dB)
concentrated on the excited antenna and the vertical T-shaped neutralization line. At 9.8 GHz,
Figure 5(c) shows that a high current of 140 A/m (about 4.95dB) is present on the excited antenna,
the vertical T-shaped neutralization line and a small current flow through to the other patch due to the
high frequency effect.

3.4. Radiation Direction Diagram

Figure 6 shows the simulated and measured radiation patterns of the UWB MIMO antenna at 3.6 GHz,
6 GHz, and 9.8 GHz. Because of symmetry, the proposed UWB MIMO antenna was only measured
when port one is exited and the other terminated with a 502 load. It can be seen that the antenna
has good radiation characteristics: omnidirectional “O” shape in the H-plane but slightly distorted and
nearly bidirectional in the E-plane “8” shape (similar to that of the traditional monopole antenna),
indicating that the MIMO antenna is suitable for receiving and transmitting signals in all directions in
order to realize the multiple input and multiple output function.

3.5. Radiation Efficiency

Figure 7 is the result of the radiation efficiency of the MIMO antenna as a function of frequency. It can
be seen from the figure that the antenna has a good radiation efficiency in the UWB, all above 50%.
At high frequency range (especially from 10.4 to 11.7 GHz), the radiation efficiency decreases quickly
from 59% to 48% due to the dielectric loss in the FR4 substrate.
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3.6. Diversity Characterization

For MIMO antennas, the envelope correlation coefficient (ECC) is used to illustrate the correlation
between MIMO antenna units. A lower ECC indicates a higher diversity gain. The ECC calculated
using the S-parameter (Eq. (1)) is approximated as an ideal uniform scattering environment [11,12]. In
order to obtain calculation results that reflect the actual situation, the ECC was calculated numerically
using the far-field radiation direction map according to equation (Eq. (2)) [13, 14].
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Figure 6. Radiation patterns at different frequencies (3.6, 6 and 9.8 GHz) in the principal planes: (a),
(c), (e) E-plane and (b), (d), (f) H-plane.
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Figure 7. Simulated efficiency curve over the  Figure 8. Simulated ECC and diversity gain (DG)
entire band. curves.

where ECC denotes the envelope correlation coefficient; ¢ and j are the number of ports.

2
(% (XprEg: () Eg; () Py () + Ey; () ES; () Py (Q))d (Q))

ECC (i,j)= (2)

f(XPRGQi(Q)P9(Q)+G¢z‘(Q)Pqﬁ(Q))d(Q)]{(XPRGGj(Q)PG(Q)+G¢j(Q)P¢(Q))d(Q)

where Xppr denotes the cross-polarization power ratio of the propagation environment. In the formula
above, Go(2) = Ep(Q)Ej(€2) and G () = Ey(2) E;(€2) are the power patterns of 6 and ¢ polarizations,
respectively. Fp(£2) and P,4(f2) denote the angular density functions of the 6 and ¢ polarizations,
respectively.

Ep;(2) and Ey;(Q2) are the electric field patterns of the ith and jth antenna elements in the 6
polarization, respectively. Fy;(2) and Ey;(€2) are the electric field patterns of the ith and jth antenna
elements in the ¢ polarization, respectively.
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The diversity gain can be calculated from the ECC by the below approximate formula [15-17].
DG =10 (1 - |p|2> (3)

where p is the complex cross correlation coefficient, and |p|?> = ECC.

Observing Figure 8, the antenna has a very low ECC from the radiation patterns (3D) in the whole
band (ECC < 0.057), which implies that the designed MIMO antenna has a low correlation and a high
diversity gain (more than 9.78dB).

3.7. Total Active Reflection Coefficient and Total Channel Capacity Loss

The analysis of the total active reflection coefficient is very important for good MIMO antenna
performance. It can be determined using the S-parameters [18,19]. In the case of a two-port MIMO
antenna, the TARC is defined as follows:

_ |S11+S12€3|? + | So1+Sanedt | (4)
2

where “6” is the input feeding phase angle of each excited signal in a MIMO system and varied from
0° to 180°. From Figure 9(a), the TARC value of the proposed MIMO antenna at § = 90° is less than
—10dB across the UWB, which meets the criteria for MIMO performance. The total channel capacity
loss for this case is calculated using a 2 x 2 correlation matrix as shown in equation Eq. (5) [20]. This
metric measures the degradation of the MIMO channel capacity due to the influence of cross-coupling
between the signals received in an antenna array. For a MIMO system, the maximum acceptable value
of CCL should be less than 0.4 bits/s/Hz.

TARC

CCL = —log, det (¢7) (5)
where 9 represents the correlation matrix of the receiving antennas and is given mathematically as:
R _ | P11 P12 6
v [ P21 P22 ] (6)
M M
where p;; =1—| > S} xSy and pj; = — > Si xSy, for ij =1 and 2. p;; and p;; are the correlation
n=1 n=1
coeflicients.
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Figure 9. Simulated TARC and CCLptq curves: (a) TARC and (b) CCL7tq;-
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For more realistic results, the transmission power losses due to the TARC coefficient are also
considered. Therefore, the global capacity loss of the channel [20] is in the following form:

CCLrota = —21ogy(1 — TARC?) — log, det (™) (7)

As depicted in Figure 9(b), the simulated CCL7y¢; is less than 0.25 bits/s/Hz in the entire UWB,
indicating acceptable antenna performance to achieve reliable transmission rate in a rich scattering
environment.

4. PERFORMANCE COMPARISON

To highlight the novelty of the design presented in this paper, Table 3 lists the performance comparison
of this paper with the antennas proposed in References [21-25], where the proposed antenna has a more
compact size, wider operational bandwidth, and low envelope correlation coefficient compared to the
antennas mentioned in this table. In addition, the antenna has an isolation of more than 16.5dB in the
ultra-wideband, which is better than the antennas mentioned in the literature [23,25]. Although the
isolation of the antenna in the literature [21,22,24] is better than the antenna designed in this paper,
the size of these antennas is near the twice of of the antenna in this paper.

Table 3. Performance comparison with previous published literature.

Ref. Size in term BW range BW Isolation .

No. of (mm?) (GHz) (GHz) (dB) ECC | Efficiency
P.S 46 x 46 3.1~11.7 8.6 16.5 < 0.057 59%
[21] 50 x 80 4.183 ~ 6.584 2.399 17 < 0.0568 80%
[22] 93 x 47 3.1 ~10.6 7.5 31 - 70%
[23] 110 x 54 5~7.3 2.3 16 - 80%
[24] 64 x 45 2~10.6 8.6 31 < 0.02

[25] 58 x 45 2.76 ~ 10.75 7.99 15 < 0.01 80%

P.S =Proposed structure

5. CONCLUSION

In this paper, a compact CPW-fed two-port MIMO antenna with high performance is proposed for
UWRB applications. In the ground plane, a vertical T-shaped neutralization line is added between
the two monopole radiators to enhance the isolation, which provides a good choice for portable ultra-
wideband communication systems. The proposed structure has a wider operational bandwidth, which
increases the channel capacity and data rates of individual links between the base station and mobile
users. In addition, the antenna has better diversity performance in terms of low ECC (< 0.57) high DG
(>9.78), low CCL7utq; (< 0.25bits/s/Hz) and TARC (< —10dB).
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