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Abstract: In the paper, an extremely compact multiple-input-multiple-output (MIMO) antenna is
proposed for portable wireless ultrawideband (UWB) applications. The proposed prototype consists
of four monopole antenna elements, which are placed perpendicularly to achieve polarization di-
versity. In addition, the mutual coupling between antenna elements is suppressed by designing the
gap between the radiation element and the ground plane. Moreover, a matching stub has been con-
nected to the feedline to ensure impedance matching in high frequency. Both simulated and meas-
ured results indicate that the proposed antenna has a bandwidth of 3-20 GHz, with a high isolation
better than 17 dB. In addition, the designed MIMO antenna offers excellent radiation characteristics
and stable gain over the whole working band. The envelope correlation coefficient (ECC) is less than
0.1, which shows that the antenna can meet the polarization diversity characteristics well.
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1. Introduction

Federal Communications Commission (FCC) has developed a frequency range (3.1-
10.6 GHz) for commercial applications but limits the power transmission to low levels [1].
This could result in a severe multipath signal fading owing to substantial surrounding’s
scattering and deterioration of the transmission overall performance of the ultrawideband
(UWB) devices [2]. Multiple-input-multiple-output (MIMO) technology has been applied
successfully to improve the channel capacity and link quality by producing multiplexing
gain as well as diversity gain, respectively [3]. Additionally, the main challenge faced by
many researchers is the design of UWB-MIMO antennas with high isolation when placed
within a compact portable device size [4]. The antenna miniaturization affects the working
bandwidth and radiation efficiency to a great extent. Therefore, when numerous antennas
are integrated into a rather small terminal, a strong mutual coupling between elements is
inevitable, which leads to antenna impedance mismatching, pattern deterioration and
lower channel capacity.

In recent years, the design of a compact high isolation MIMO antenna has become a
major issue. Many scholars have studied different methods to improve the isolation of
MIMO antennas. One of the most effective approaches is to place the feedlines perpendic-
ularly to each other, which results in considerable polarization and pattern diversity [5—
7]. In addition, various defected ground plane structures incorporating slots and stubs
have been used to improve the isolation of MIMO antennas [8-12]. Furthermore, novel
miniaturized two-layer electromagnetic band gap (EBG) structures have been presented
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to minimize the electromagnetic coupling between closely spaced UWB planar monopoles
on a common ground plane [13]. In addition, a wideband neutralization line has been
proposed to reduce the mutual coupling of a compact UWB-MIMO antenna [14].

Recently, MIMO designs that support wider working frequency bands have received
considerable research interests [15-17]. For example, a compact 4-element MIMO antenna
has been proposed for portable wireless UWB applications with a wide frequency band
that extends from 3.1 to 12 GHz [15]. In addition, a highly isolated compact 4-element
planar UWB-MIMO antenna that operates over a bandwidth of 3-15 GHz has been re-
ported [16]. In a recent study, a novel UWB-MIMO antenna system with high isolation
has been proposed with a frequency range of 2.9 to 40 GHz and a mutual coupling that is
less than —17 dB [17]. Moreover, it can also be observed from the recent literature that 4-
element antennas have become the mainstream of UWB-MIMO antenna research. How-
ever, a compact 4-element UWB-MIMO antenna with UWB (3.1-20 GHz) has not been
reported earlier in the open literature.

In this study, a compact UWB 4-element MIMO antenna with high isolation is pro-
posed. The proposed antenna has sufficient channel capacity and can be used for precision
positioning applications. To the best of authors’ knowledge, the novelty of this work is
the size of whole antenna is extremely compacted designed in the working frequency
band extends from 3.1-20 GHz. Furthermore, the 4 antenna elements allow for a signifi-
cant increase in channel capacity compared to the 2 elements design. In addition, a stub is
specially designed to ensure the impedance matching during the working frequency. Fur-
thermore, the proposed antenna offers a radiation efficiency of more than 75%. The
achieved envelope correlation coefficient (ECC) demonstrates that the antenna satisfies
the polarization diversity characteristic requirements. These appealing characteristics
have been achieved with an overall antenna size of 38 x 38 x 1.6 mm?®. The simulations
have been conducted using the High Frequency Structure Simulator (HFSS). A prototype
has been built and measured with close agreement between experimental and simulated
results.

2. Antenna Design and Structure
2.1. CPW Feed

A coplanar waveguide (CPW)-fed microstrip patch antenna structure has been con-
sidered using an FR4 substrate with dielectric constant of &= 4.4, loss tangent of 0.02 and
thickness of 1.6 mm. The effective permittivity of the coplanar waveguide configuration
is given by [18]:

€ +1 kG
£ =———{tanh[0.775In(h / G) +1.75]+ —x[0.004 — 0.7k +0.01 (1 0.1¢ ) (0.25 + k)] a
h
where
[~ 2)
W+2G

W is the width of the central conduction band, G is the gap between the conduction
band and the ground and # is the thickness of the dielectric substrate, the characteristic
impedance of the CPW line can be expressed by the elliptic function K (k) of the first kind
[18]:

307 K (k) -

v = T K(K) )

in which
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K(k) N 21+J?
1=k

where, k' =V1—k* , K (k)=K(k).

The width of the central guide band, gap between the guide band and the ground
have been chosen as 1.5 mm and 0.5 mm, respectively. Substituting the relevant parame-
ters into Equation (3), the characteristics impedance of the CPW feeder can be calculated
as 7, =51Q.

2.2. Antenna Configuration
2.2.1. Single Element

The configuration of the proposed UWB MIMO antenna is showed as Figure 1. At
first, we consider a single element, the initial model is described as Figure 1a. The antenna
structure is simulated in HFSS, and the S parameters of the antenna are obtained, as
shown in Figure 1b.

w/2

Radiator B Ground

p] ane Frequency (GHz)

(a) (b)

Figure 1. The initial single element antenna: (a) geometry (b) Su.

It can be seen from the S parameter that the single element antenna has the possibility
of working in UWB. However, the performance of the antenna deteriorates after 17 GHz.
In order to improve the performance of the antenna further, we add parasitic branches to
the feeder. The antenna structure with stub is shown in Figure 2a, and the antenna S pa-
rameters are shown in Figure 2b.



Sensors 2021, 21, 2688 40f13

w2

L/2

S,, (dB)

[ Radiator B Ground plane

Frequency (GHz)

(@) (b)

Figure 2. The single element antenna with stub: (a) geometry (b) Su.

Obviously, after adding the stub, the matching of single element antenna in the fre-
quency band high than 10.6 GHz has been greatly improved. Next, we can further design
the 4-element MIMO antenna.

2.2.2. MIMO Antenna

The final geometry of the proposed UWB-MIMO antenna is illustrated in Figure 3
and the design parameters are listed in Table 1. The antenna structure and size have been
selected to meet the operating frequency requirements. The first resonant frequency of the
proposed monopole antenna can be approximately calculated as [19]:

144
! 4 4, 6)

Figure 3. Geometry of the proposed multiple-input-multiple-output (MIMO) antenna.
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Table 1. Antenna dimensions shown in Figure 1 (unit: mm).

14% Wf Wi W2 Ws Wi H H: H: H;s g
38 1.5 0.5 1 0.1 04 1.6 8.6 11.2 5 1.56
L Lp La L Ls La R1 Ro Rs h L
38 4 2 0.7 1.6 5.8 3.2 7.2 1.1 19 13.7

In Equation (5), A1 and A2 represent the areas of the ground plane and radiating
patch, respectively, I1 and 2 represent the length of the ground plane and radiating patch
respectively and g represents the distance between the ground and the radiation patch.
All parameters are in the units of mm. For the considered antenna, 1= 19 mm, 2 = 13.7
mm, g =1.56 mm, A1=42.2 mm? and A2=224.06 mm?. The calculated and simulated fr have
been obtained as 4 and 3.7 GHz, respectively. It can be seen that the estimated value is
close to the simulated value.

The radiating patch and ground plane have been printed on the surface of the sub-
strate. The used patch shape is evolved from a circular monopole. The size of the half
around ground structure greatly affects the impedance matching of the antenna. The sem-
icircular protrusion structure, with a radius of Rs, at the top of the patch and the stub
connected to the feeder line can both improve the antenna matching to achieve the ul-
trawideband operation. In particular, the stub that plays an important role in the imped-
ance matching. In addition, the small rectangular notches on the left and right-hand sides
of the semicircular protrusion are denoted as W2 and L2 and they help with the impedance
matching.

3. Influence of Special Structure
3.1. Semi Surround Ground Structure

The half around ground structure has a great influence on the impedance matching
bandwidth over the whole frequency band, especially its position Hz. The effects of differ-
ent values of Hzare studied and the results are shown in Figure 4.

S,, (dB)

40 { | =—— H,=10.7mm
—— H,=11.2mm
—— H,=11.7mm
-50 T T T T T T T T
2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

Figure 4. Simulated Si1 with different Ho.

It can be noted from Figure 4 that that by increasing Ha, the first resonant frequency
point shifts from 3.2 to 3.8 GHz. This is because when H: is increased, the gap between the
radiating patch and the surrounding ground plane is reduced, that is to say, g in Equation
(5) is decreased, resulting in the shift of the first resonant frequency point. In addition, it
can be observed that when H: is shorter, a narrower bandwidth is achieved since the
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match is lost around 5 GHz and 8-9 GHz. When H: is longer, the cutoff frequency is about
3.2 GHz, and the matching is lost around 15 GHz, which fails to meet the requirements.
Therefore, by adjusting H: to a suitable value, the matching can be achieved in the range
of 3-20 GHz.

3.2. Length of Radiating Patch

The length of the radiating patch, Ip, has slight effect on the antenna matching beyond
10.6 GHz, but has a greater influence on the ultrawideband. Figure 5 presents the varia-
tions of Sui for various patch lengths.

S,, (dB)

Frequency (GHz)

Figure 5. Simulated Si1 with different Lp.

From Figure 5, it can be noted that with the increase of Lp, the first resonant frequency
point moves to the left. This is because when Lp increases, the length of radiating patch
will increase, that is, 1 in Equation (5) will increase, which will cause the first resonant
frequency shift to the lower frequency, meanwhile, the cut-off frequency of low frequency
will also shift to the lower frequency. When Lp is small, the cut-off frequency is approxi-
mately 3.2 GHz, which fails to satisfy the requirements of UWB. In addition, with the in-
crease of Lp, the antenna matching in the 4-6 and 7-10 GHz bands becomes worse. Select-
ing appropriate Lp can make the antenna achieve better impedance matching in the UWB
operating frequency range.

3.3. A Stub Connected to Feedline

The stub connected to feedline plays an important role in the improvement of match-
ing in the 10.6-20 GHz band. Figure 6 illustrates the comparison of 511 with and without
stub, where it can be observed that a sufficiently wide matching bandwidth has been
achieved up to 17 GHz. Moreover, this can be extended by adding the matching stub that
has created another resonance point around 15 GHz, which effectively extends the imped-
ance matching to cover the whole frequency range.
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Figure 6. Simulated Si1 without stub and with stub.

4. Results and Discussions
4.1. S-Parameters

As can be seen in Figure 7, the proposed antenna in this paper has been fabricated,
and S-parameter measurement has been tested by using Rohde & Schwarz (Munich, Ger-
many) ZVA 40. It can be seen from Figure 8 that the measurement results are basically
consistent with the simulation results, and antenna ports show very good impedance
matching bandwidth from 3 to 20 GHz. The isolation between the four ports is better than
17 dB in the whole bandwidth. However, it should be noted that the measured Si: of the
proposed UWB-MIMO antenna system are not totally identical with the simulated results
at high frequencies. This could be attributed to fabrication and experimental tolerances
with respect to the antenna printing, welding as well as testing conditions.

Figure 7. Fabrication photograph of proposed coplanar waveguide (CPW) fed compact ultrawide-
band (UWB)-MIMO antenna.
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Figure 8. Measured and simulated S-parameters for the proposed UWB-MIMO antenna.

4.2. Surface Current Distribution

In order to achieve the antenna easy fabrication and meet the requirements of high
isolation between antenna ports. Firstly, the four antenna elements are placed perpendic-
ularly to achieve polarization diversity. In addition, the mutual coupling between antenna
elements is suppressed by designing the gap between the radiation element and the
ground plane. Figure 9 describes the surface current distribution of the antenna at 3.5
GHz, 9 GHz, 14 GHz and 19 GHz. When port 1 is excited, each one of the remaining ports
is terminated with a 50 Q) load. It can be seen from the figure that the current is concen-
trated around the source-fed element, limited coupling currents flow into other elements.
These results confirm the achieved good isolation performance of the proposed design
through the whole frequency band. Moreover, a high current density for the stub at 19
GHz, which also reflects that the introduction of stub has considerably improved the
matching of the antenna at high frequency.
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Figure 9. Surface current distributions of the MIMO antenna at: (a) 3.5 GHz, (b) 9 GHz, (c) 14 GHz,
(d) 19 GHz.

4.3. Radiation Patterns and Gain

The far field radiation patterns of the proposed antenna are presented in Figure 10 at
the four operating frequencies of 3.5 GHz, 6.5 GHz and 14 GHz. The patterns demonstrate
good omnidirectional characteristics on the xy, xz and yz planes, which means the antenna
receives electromagnetic waves from all directions. The results also confirm that stable
radiation characteristics have been maintained at various frequencies. Figure 11 presents
the radiation efficiency in the case of port 1 excitation, where it can be observed that the
typical efficiency of the proposed MIMO antenna is above 75% over the entire frequency
band of 3-20 GHz.

6.5GHz

Xy (simulated)
xy

¥z (simulated) ——— Xz (simulated) I
vz -—x

(a) (b)
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Figure 10. Radiation pattern for the proposed MIMO antenna at: (a) 3.5 GHz, (b) 6.5 GHz, (c) 14 GHz.
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Figure 11. Radiation efficiency of the proposed MIMO antenna.

4.4. MIMO Performance

As an index to evaluate the correlation of MIMO antenna radiation patterns, Enve-
lope correlation coefficient (ECC) can usually be calculated by far field radiation parame-
ters. What is more, the ECC is required to be less than 0.5 to ensure the antenna perfor-
mance. The ECC is calculated according to Equation (6) [20]:

2

Ioznj-oﬂ()(PRani.E;j.pg +E¢‘.’E;. 'P(p)dQ

eij T T . . T em N . (6)
’ joz [/ (XPRE, E, P, + E, E, - PpliQx joz [[(XPRE, E, P, +E, E, Pp)Q

The envelope correlation coefficient (ECC) p.ij is calculated when N = 4 throughout
the whole bandwidth. Diversity gain (DG) can also be used to express the correlation of
antennas, which can be calculated by Equation (7) [21]. The smaller the ECC value, the
larger the diversity gain of the antenna.

DG =101-ECC* )
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The ECC and DG of the proposed UWB-MIMO antenna system are plotted in Figure
12, where it can be observed that for all the elements, ECC is rather less than 0.08 over the
entire impedance bandwidth and is less than 0.02 from 6 to 20 GHz, while the DG is
greater than 9.97. These results reveal that the designed antenna fulfill the requirement of
achieving smaller ECC and larger DG at the same time.

0.08 10.01
0.07 4

-
0.06

r 10.00
0.05

0.04

ECC

F 9.99

0.03 A

Diversity Gain (dB)

ECC,,
ECCy; L 9.98
ECC,,

Diversity Gain

0.02 4

0.01 4

0.00
4 6 8 10 12 14 16 18 20

Frequency (GHz)

Figure 12. ECC and diversity gain of the proposed MIMO antenna.

The signal-to-noise ratio between imperfect MIMO antenna and the ideal antenna is
defined as multiplexing efficiency (1mux) and written by Equation (8) [22]:

M =\ 1,1~ 12 ®

As demonstrated in Figure 13, fmux is higher than -3 dB throughout the whole fre-
quency range. In addition, the peak gain is more than 1.3 dBi across the entire bandwidth.
Therefore, both parameters satisfy the requirements of MIMO wireless communication
systems.

Peak Gain (dB)

©
N
Multiplexing Efficiency (dB)

Peak Gain
———Multiplexing Efficiency

T T T T T
4 6 8 10 12 14 16 18 20

Frequency (GHz)

Figure 13. Peak Gain and multiplexing efficiency of the proposed MIMO antenna.

4.5. Performance Comparison

In order to highlight the advantages of proposed antennas, the performances of an-
tennas in different literatures are summarized in Table 2. Compared with [6,9,14], the pro-
posed antenna has a wider bandwidth. Secondly, the proposed antenna has more ports
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than [6,9,11,12,15]. In terms of antenna compactness, the proposed antenna saves the most
space than [17,18] in the case of the same number of ports.

Table 2. Performance comparisons with the recently published designs.

Antenna Size Bandwidth Gain Isolation

Reference (mm?) (GHz) (dBi) (dB) ECC Ports
[6] 35 x 35 3.0-12 NA >20 <03 2
[9] 30 x40 3.1-10.6 NA >15 <015 2
[11] 34 x 18 2.93-20 0-7 >22 <0.01 2
[12] 50 x 30 2.5-14.5 0.14 >20 <0.04 2
[15] 36 x 18 3.2-12 0-7 >22 <0.01 2
[17] 58 x 58 2.9-40 4.3-13.5 >17 <0.01 4
[18] 80 x 80 2.1-20 5.8 average >25 <0.02 4

This work 38 x 38 3.0-20 1.3-6.2 >17 <0.08 4

5. Conclusion

A novel 4-element UWB-MIMO CPW-fed antenna has been proposed with a compact
size of only 38 x 38 x 1.6 mm?. The antenna achieves a considerably wide impedance band-
width from 3-20 GHz. Easy fabrication decoupling structure is utilized to design the pro-
posed antenna. The isolation between various elements is less than —17 dB. The incorpo-
ration of a matching stub is placed on the feeder of the antenna to improve the impedance
matching in the high frequency band. All the simulated and measured results demon-
strate that the proposed antenna offers important characteristics such as ultra-wide band-
width, low mutual coupling, stable gain and radiation patterns. In addition, low ECC
demonstrates the potential of the proposed antenna with presented diversity characteris-
tics. A comparison of the proposed MIMO antenna with the other reported antenna struc-
tures has been presented to highlight the novelty and significance of our proposed work.
Therefore, the CPW Fed Compact UWB 4-Element MIMO Antenna can be considered as
a promising candidate for UWB applications.
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