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Abstract — This paper presents a low—profile dual-band
(2x2) MIMO antenna that works at 2.4GHz, 5.2GHz
and 5.8GHz for wireless local area networks (WLAN)
applications. A neutralization line technique for enhancing
the isolation is used by introducing a strip line with a
length of Ay/4 at the isolation frequency (2.4GHz)
between the radiating elements. The overall dimensions
of the proposed antenna are 36x33.5x1.6 mmd. The
antenna is fabricated and tested to validate the simulation
results. The practical results show fair agreements with
the simulated outcomes. The antenna achieves impedance
bandwidths from 2.15GHz to 2.52GHz and from 4.5GHZ
to 6.45GHz for reflection coefficient |[S11| < -10dB. On
the other hand, the result of S21 for the two bands is
better than -10dB and it has reached to -25dB around
2.4GHz and -35dB around 5.5GHz. The MIMO antenna
performance characteristics are reported in terms of
scattering parameters, envelope correlation coefficient
(ECC), total active reflection coefficient (TARC), channel
capacity loss (CCL), diversity gain (DG) and antenna
radiation patterns. Analysis of these characteristics
indicates that the design is appropriate for the WLAN.

Index Terms — MIMO antenna, mutual coupling,
parasitic elements, WLAN.

I. INTRODUCTION
Recently, the wireless communications systems are
expanded explosively to support the increasing demands
of high transmission rate with high throughput for various
fixed and mobile services. To fulfil these demands, the
researchers and the manufacturers shifted from one
antenna to multiple antenna systems. Multiple Input

Submitted On: August 16, 2019
Accepted On: December 15, 2019

Multiple Output (MIMO) system can be considered as
the backbone of the new wireless technologies due to its
unique features of achieving higher data rates without
consuming extra power in the multipath environment [1,
2]. One significant drawback associated with the MIMO
system is the mutual coupling between the radiating
elements inside the MIMO antenna structure. This
means that some of the energy will be radiated from one
element to the other one and vice versa. The main reason
for this issue is the close placement of the multiple
radiating elements inside the MIMO antenna structure.
As a result, if the radiating elements are closer, the
coupling between them will be stronger [3, 4].

Various techniques were developed in the last few
years to enhance the isolation inside the MIMO antenna
structure. Various antenna designs with different band
classifications such as narrowband, wideband and dual/
triple band have used these approaches [5]. Methods
reported include using parasitic elements between the
antennas [6, 7], junctions and branches in the form of
T-shape [8, 9], defected ground structures (DGS) [10,
11], stubs [11, 12], neutralization lines (NL) [13-17] and
metamaterial resonators [18-25].

The neutralization line technique can be classified
as one of the effective methods that are used to improve
the isolation in MIMO antenna systems as illustrated in
[13-17]. According to Chebihi et al. in [26], the main
function of the NL is to pass the electromagnetic (EM)
wave from one radiating element to the other one at a
certain point inside the MIMO antenna structure via a
metallic slit or lumped element. This EM wave should
have an opposite coupling to reduce the main coupling
in the antenna system at a specific frequency band [27].
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The critical issue associated with this technique is
the selection of the point. The position of the point inside
the radiating structure should have low impedance and
high current density [28]. Two parameters should be
taken into account in the designing of NL; the first
parameter is the length and the second one is the width.
These parameters have a great effect on the results of
the mutual coupling. Recently, the neutralization line
technique was explained by several mobile phone
companies. For example, Samsung [29] and LG Electronics
[30] as a very effective mechanism for solving isolation
problems in MIMO antenna systems. Several types of
neutralization line structures are used in literature such
as thin printed neutralization lines [31], pair of crossed
neutralization lines [32], LC matching network and NL
[33] and neutralization lines between ground planes [34].

In this paper, a low profile dual-band MIMO
antenna is proposed to cover the WLAN bands
(2.4/5.2/5.8GHz). The designed antenna basically consists
of two uni-planar double T-shaped monopole antennas.
A neutralization lines technique is used to connect the
two radiating elements of the proposed MIMO antenna.
The main aim of this paper is to optimize the NL
positions and widths to validate the effectiveness of the
NL on the isolation and the impedance bandwidth of the
proposed antenna. The proposed antenna is fabricated to
validate the simulation results. The antenna performance
characteristics are reported in terms of scattering
parameters, ECC, TARC, CCL, DG and antenna radiation
patterns. Analysis of these characteristics indicates that
the design is appropriate for WLAN applications.

I1. ANTENNA DESIGN

In this design, a dual-band MIMO antenna with
two double T-shaped radiating elements is modelled
and simulated to fulfil the requirements of WLAN
applications. FR4 with 1.6mm thickness, 4.3 relative
permittivity, and 0.025 tangent loss is used as a substrate
material for the proposed design of size 36x33.5x1.6
mm?. The inter-element distance between the radiators is
kept at 0.024),, which is equivalent to 3mm. on the other
hand, the centre to centre separation is kept at 16.5mm.
The antennas share the same ground plane in the bottom
layer of the substrate. The ground plane is beveled to
prevent proximity effects. Initially, a simple two double
T-shaped radiating elements are modelled to work at
dual frequency bands. The simple approach to design
an antenna with a dual-band operation is by obtaining
two elements with different lengths inside the antenna
structure. So that, each element will resonate at the
desired frequency by matching its length with a quarter
of the wavelength of the operating frequency [35].
Therefore, the upper-frequency band is controlled by the
shorter T-shaped arm while the lower frequency band
is controlled by the longer T-shaped arm. Moreover,
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a neutralization line with a length of 16.5mm is
constructed to connect the two radiating elements for
isolation enhancement purposes. The length of the NL is
equivalent to Ay/4 at the isolation frequency (2.4GHz).
The schematic structure of the proposed antenna is
shown in Fig. 1 and all the optimized dimensions are
summarized in Table 1.
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Fig. 1. The configuration of the proposed antenna: (a)
antenna with NL, and (b) antenna without NL.

Table 1: MIMO antenna parameters values

Parameters Value Parameters Value

(mm) (mm)
hil 7.8 L1 16
h2 4 L2 16.5
h3 2.5 L3 4.75
h4 17 L4 6.75
h5 2.5 L5 5.25
h6 17 L6 5.75
h7 15 L7 15
h8 1 L8 2.6
L9 7.25

The surface current distribution of the proposed
antenna is used to analyse the contributions of the
neutralization line properly. Two cases are studied at
2.4GHz, the first case is the proposed antenna with
excluding neutralization line while the second case is the
proposed antenna with including neutralization line. This
study is performed by exciting port 1 and terminated
port 2 with a matching load. Figure 2 demonstrates the
surface current distribution with and without NL. It can
be obviously seen that induced current in the feeding line
port 2 is high in the case of the absence of the
neutralization line. On the other hand, the existence of
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the neutralization line will lead to introduce a new
current path which generates an additional coupling to
reduce the original coupling as shown in Fig. 2 (a) [36].

T

@ o)

Fig. 2. Surface current distributions of the proposed MIMO
antenna at 2.4GHz: (a) with NL and (b) without NL.

I1l. S-PARAMETERS OF THE PROPOSED
ANTENNA WITH AND WITHOUT NL
The S-parameters of the antenna with and without

the neutralization line are simulated to verify the
effectiveness of the neutralization line (NL). Figure 3
shows the simulated result of the reflection coefficients
Su1. It can be clearly observed that there is a shift to the
right side (toward 2.4GHz) in the first band of operation
and a reduction in the bandwidth of the same band. On
the other hand, there is no effect on the second band after
inserting the NL. Therefore, the same band is achieved.
The simulated coupling with and without NL is
illustrated in Fig. 4. It can be clearly seen that the mutual
coupling around 2.4GHz without NL is higher than
-10dB. By inserting the neutralization line, the mutual
coupling between the elements is decreased significantly
in this band. The simulated isolation is nearly 27dB at
2.4GHz and 17dB at 5.5GHz as explained in Fig. 4.

IV. PARAMETRIC STUDY
To clarify the effects and obtain the optimized
values of the proposed design, parametric studies based
on the position and the width of the neutralization line
were explained in Fig. 5 are carried out.
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Fig. 3. Simulated reflection coefficients S;1 with and
without neutralization line for the proposed antenna.
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Fig. 4. Simulated transmission coefficients S,; with and
without the neutralization line for the proposed antenna.

Fig. 5. Configuration of the proposed antenna for
parametric study.

A. The effectiveness of the position of NL on the S-
parameters

To validate the effectiveness of the position of
the neutralization line, the simulated s-parameters of
the antenna with different positions (hn) of the NL are
investigated as shown in Fig. 6 and Fig. 7 respectively.
Figure 6 shows that by raising the position of the NL,
the first band is shifted toward 2.4GHz band while the
beginning of the second band is shifted backward. On
the other hand, raising the position of the NL leads to
decrease the mutual coupling between the elements in
the first band and there are no effects on the second band.
Tables 2 and 3 are summarized the values for the two
figures to clarify the results.

¢ —811 hn=22

---$11 hn=23
~-$11 hn=24

S11 (dB)

-25
2 25 3 35 4 45 5 5.5 6 6.5

Frequency (GHz)

Fig. 6. The simulated reflection coefficient of the
proposed antenna with different positions of NL.



Table 2: The effect of the position of NL on the reflection
coefficients

hn=22 hn=23 hn=24 hn=25

mm mm mm mm
f=2.4

-11.1dB -12.8dB -16.7dB -16.52dB
GHz
f=5.2

-16.58dB | -15.24dB -15.8dB -15.7dB
GHz
f=5.8

-13dB -12.48dB | -12.29dB | -12.32dB
GHz
0

[7)
=
ﬁ & 3
IRy L —S21 hn=22
1Y} Vo ---821 hn=23
30 521 hn=24
y 521 hn=25
2 25 3 35 4 45 5 55 6 65

Frequency (GHz)

Fig. 7. Simulated transmission coefficient S21 of the
third proposed antenna with different positions of NL.

Table 3: The effect of the position of NL on the
transmission coefficients
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Fig. 8. Simulated reflection coefficient S11 of the third
proposed antenna with different width of NL.
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Fig. 9. Simulated transmission coefficient S21 of the
third proposed antenna with different widths of NL.

Table 4: The effect of the width of NL on the reflection
coefficients
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hn=22 hn=23 hn=24 hn=25
mm mm mm mm

f=2.4 -8.3dB -9.5dB -12.2dB -18.7dB
GHz ' ' ) '
f=5.2

-13.19dB -13.9dB -13.99dB | -13.64dB
GHz
f=5.8

-13.76dB | -13.45dB | -13.28dB | -12.68dB
GHz

B. The effectiveness of the width of NL on the S-
parameters of the proposed antenna

The width of the NL is changed form 0.25mm to
Imm. with 0.25mm steps. Figures 8 and 9 represent the
reflection coefficients (S11) and the mutual coupling
(S21) respectively. It can be clearly seen that by increasing
the width of the NL, the reflection coefficients are
decreased slightly and there are low effect on the two
frequency bands. On the other hand, the mutual coupling
values decrease by increasing the width of the NL at first
band and there is a small effect on second band. The
summarized values of the two figures are listed in Table
4 and Table 5 respectively.

wn=0.25 | wn=05 | wn=0.75 wn=1
mm mm mm mm
=24\ 157dB | -16.33dB | -13.9dB | -12.6B
GHz
%52 | .157dB | -1569dB | -156dB | -15.6dB
GHz
=58 | 12320B | -12.24dB | -12.1dB | -12.1dB
GHz

Table 5: The effect of the width of NL on the transmission

coefficients
wn=0.25 wn=0.5 wn=0.75 wn=1
mm mm mm mm

f=2.4 24 dB -225dB -18.5dB -16 dB
GHz
=52 | 137dB | -13.660B | -13.68dB | -13.7dB
GHz
=58 | o848 | -12.7dB | -127dB | -127dB
GHz

V. RESULTS AND DISCUSSION
To verify the simulated outcomes, the proposed
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MIMO antenna is fabricated and tested. The prototype
design of the proposed antenna is displayed in Fig. 10.
The scattering parameters in terms of reflection coefficient
(S11) and transmission coefficient (Sz1) were measured
using vector network analyser (VNA) while the radiation
patterns were measured facilities inside the anechoic
chamber. Distinguishing features such as high isolation
between the radiating elements, low values for envelope
correlation coefficient and channel capacity loss, TARC
value < -10dB within the desired frequency band and
omnidirectional radiation pattern, indicate the potential
of proposed MIMO antenna. The designed antenna was
prototyped using the same substrate and dimensions used
in the simulation. The comparisons between the simulated
and the measured results in terms of S-parameters are
plotted in Fig. 11 and Fig. 12 respectively. It can be clearly
seen that there is a reasonable agreement between results
with some tolerance that can be attributed to reflections
from the SMA connectors and the objects near the antenna
during the tests. The measured impedance bandwidths
of the antenna cover the operating frequency bands
from 2.4 to 2.7GHz and from 4.4 GHz to 6.7GHz for
the reflection coefficient |S11| < -10dB. These achieved
bandwidths fulfil the requirements of the WLAN
applications. On the other hand, the result of S21 for the
two bands is less than -10dB and it reaches to -30dB
around 2.4 GHz and 5.5GHz.

(b)

Fig. 10. The fabricated MIMO antenna design with N:
(@) top view and (b) back view.
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Fig. 11. Simulated and measured S11 of the proposed
MIMO antenna with NL.
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Fig. 12. Simulated and measured S21 of the proposed
MIMO antenna with parasitic elements.

Generally, the envelope correlation coefficient
(ECCQ) is a significant factor in MIMO antenna systems
due to its ability to examine how much the radiating
elements are independent and they rely on their
individual performances. The evaluation of the ECC of a
MIMO antenna could be obtained through two different
approaches. The first method depends on the far-field
radiation pattern of the antenna [1, 37] and the second
method uses the S-parameters of the antenna [30]. The
simulated and measured ECC of the proposed MIMO
antenna were calculated using equation 1 [30] and the
results are illustrated in Fig. 13. It can be clearly seen
from Fig. 13 that the value of the ECC is less than 0.025
in two bands which is significantly less than the 0.3, the
requirement for MIMO antenna applications [28]:

_ |S*11812+5%21525|
ECC= (A-151112=152113) (1=S2212=1S121?)’

@

0.3 -
—Simulated ECC

0.25 = ~Measured ECC

"
"
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[&]
©0.15
w

0.1
0.05 L1
\ ” ! |}

1.5 2 25 3 35 4 4.5 5 55 6
Frequency (Ghz)

Fig. 13. Simulated and measured ECC of the proposed
MIMO antenna with NL.

Basically, the channel capacity of the MIMO system
could be improved by increasing the number of antennas.
whilst the existence of the uncorrelated Rayleigh-fading
may lead to a loss in the channel capacity. For two
elements of MIMO systems, the channel capacity loss
could be calculated by using the correlation matrix
mentioned in [38]. The simplified form of channel
capacity loss is listed below [39]:

Cioss= —log, det(p®), 2
where @R is the correlation matrix receiving antenna:



R _ P11 .012]
P21 P22l
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with p; = (1 - (lSiilz + 1Sy ))
The computed and measured capacity loss of the
proposed MIMO antenna is illustrated in Fig. 14. In this
figure, the capacity loss is less than 1 bit/s/Hz for the two

bands and there is a very good agreement between the
calculated and measured results.

N .—Capacity loss Simulated
I \ = =Capacity Loss Measured
7 L
=6 "
a '
Ta 1

_ﬂl 4
2
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=}
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0 \j o

1.5 2 25 3 35 4 45 5 55 6 6.5

Frequency

Fig. 14. Simulated and measured CCL of the proposed
MIMO antenna with parasitic elements.

The total active reflection coefficient (TARC) is a
considerable parameter in the MIMO antenna system
which is used to properly characterize the bandwidth and
efficiency of the system. TARC defines as the result of
dividing the square root of the total reflected power to
the square root of the total incident power [28]. Equation
(3) uses to evaluate the TARC value in the two-port
MIMO antenna system [14]:

ot = \[((|su+slzef9|2):(|s21+s22ef6|2)) @

The computed TARC of the present design is
explained in Fig. 15 and Fig. 16 respectively. Figure 15
is created using equation (3) to cover the phase range
from 0 to 180 degrees with phase steps of 30 degrees.
The average value of TARC is shown in Fig. 16. It can
be clearly seen that the two bands appeared with a TARC
value of less than -10dB.
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Fig. 15. Calculated TARC with a different phase of the
proposed MIMO antenna with parasitic elements.
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Fig. 16. The calculated average value of TARC for the
proposed MIMO antenna with parasitic elements.

Diversity Gain (DG) is another important factor that
affects the performance of a MIMO antenna system. This
metric can be defined as the amount of improvement
in the diversity antenna system compared to a single
antenna system in one diversity channel [28]. In this
paper, the DG can be calculated using the following
equation [40]:

DG = 10,/1 — (ECC)2. 4

Figure 17 represents the simulated DG of the
proposed MIMO antenna. It can be clearly seen that the
DSs values for the two frequency bands are very close to
the ideal value of DG (DG=10dB).
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Fig. 17. The simulated and measured diversity gain of
the proposed MIMO antenna.

Finally, the prototyped design of the proposed
antenna is tested in terms of far-field radiation patterns
at three different frequencies in the anechoic chamber
of the University of Bradford. These patterns were
measured in the two planes of XZ and YZ, in the case of
exciting port 1 and terminating port 2. The elevation-
over-azimuth positioner was used by synchronizing the
elevation axis with the MIMO antenna’s coordinate
system at (6 = 0°). Therefore, cuts at constant ¢ will
be generated by the azimuth drive. A broadband horn
(EMCO type 3115) is used as a transmitting antenna and
a 4m distance was kept between the transmitter and the
antenna under test. The measurements have carried out
by rotating the azimuth positioner from 6= -180 to 180
at increments of 5 degrees. The practical results are
shown in Fig. 18 and they explain that at the three
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frequencies, the far-field radiations achieve stable
omnidirectional patterns. For further evaluation of the
volumetric radiation patterns, the three-dimensional
variation of the radiated field for the proposed antenna is
calculated at three frequencies and are shown in Fig. 19.
This figure gives more appreciation of the field shape as
compared to that of the 2-D representations.

(a)

(b)

m @ &) “
(©)

Fig. 18. Simulated and measured radiation patterns of the
proposed antenna for two planes [(1 and 2) y-x plane and
(3 and 4) z-x plane] at: (a) 2.4GHz, (b) 5.2GHz, and (c)
5.8GHz. Port 1 is excited and port 2 is terminated.
“  ” simulated results, “ ” measured results, ‘1
and 3’ co-polar components and “2 and 4” cross-polar
components.

VI. COMPARISON WITH PUBLISHED
WORKS

Furthermore, the proposed MIMO antenna is
compared with several published data from other
researchers. All the antennas in this comparison were
used neutralization line as reduction technique in their
antennas. This comparison is not comprehensive, but it
has a fair representative for the state of the art of this
technology. The comparison depends on the overall size
of the antenna, the frequency of operation, the separation
distance between the radiating elements, the isolation
between the elements and the diversity performance in
terms of ECC, CCL, TARC and DG. The summary of
this comparison has listed in Table 6. It can be noticed
that the dimensions of the proposed antenna are
moderate between the other antennas. The isolation of
the proposed antenna is shown to provide a good value
compared to the distance between the radiating elements.
Low-level correlation coefficient and minimum channel
capacity loss compared with other designs have also
been obtained. These features confirm that this design is
a good candidate for the MIMO antenna design.
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Fig. 19. The simulated 3-D pattern of the proposed MIMO
antenna at: (a) 2.4GHz, (b) 5.2GHz, and (c) 5.8GHz.

Table 6: Comparison with other works
Ref. No. 41 42 43 44
Size (mm?) 26.7x32.94 | 60x7.5 40x90 35x16
x1.6 x4.5 x0.79 x0.8
BW 2.4-2.484
(GH2) 305135 | c"ras | 2442 3.1-5
Separation | 5o | 1gmm | 188mm | 2.2mm
distance
Isolation (dB) >10 Max 16, 23 >16 Max 22
ECC <0.1 NA <0.06 NA
CCL (bps/s/Hz) NA NA NA NA
TARC<-10dB NA NA NA NA
DG (dB) NA NA NA NA
This
Ref. No. 45 46 47 ARiETTR
Size (mm®) | 120x60x0.8 | 80x60x0.8 | 65x30x1 |36x33.5x1.6
BW 2.42.7
(GHz2) 0.76-0.82 | 1.67-2.76 | 2.38-2.51 4467
Se;_)aratlon 10mm 10mm 14mm 3mm
distance
Isolation (dB) Max 11.5 >15 Max 22 >15
ECC <0.5 <0.05 <0.006 <0.1
CCL (bps/s/Hz) NA NA NA <0.05
Cover the | Covers the
TARC<-10dB NA NA band tWo bands
DG (dB) NA >9.98 NA >9.99




VI1I. CONCLUSION AND FUTURE WORK

A compact dual-band MIMO antenna operating at
WLAN bands (2.4/5.2/5.8 GHz) has been designed. The
schematic structure of this antenna consists of two
double T-shaped radiating elements with a neutralization
line to connect them. The optimum value of isolation has
been obtained by optimizing the neutralization line in
terms of width and position. The antenna has achieved
bandwidths from 2.4GHz to 2.7GHz and from 4.4 t0 6.7
for reflection coefficient |S11| < -10dB. On the other
hand, the results of S21 for the two bands are better than
-15dB and it has reached to -30dB around 2.4GHz and
5.5GHz. The Envelope correlation coefficient has also
been evaluated and found to be less than 0.01 in the two
bands. Channel capacity loss is another parameter that
has been calculated and presented. The obtained value of
CCL is less than 0.5 bps/s/Hz in the two required bands.
The simulated and measured average TARCs have been
also illustrated. It has been observed that the two bands
appeared with a TARC value of less than -10dB. Diversity
gain is another important metric that has been studied in
this work. The achieved value of DG is very close to the
ideal value (10dB) over the two frequency bands. The
simulated and measured radiation patterns were presented
at three different frequencies and they showed nearly a
stable omnidirectional behavior. These achievements
indicate that the proposed antenna can be a good candidate
to work within WLAN frequency band applications. Some
differences have been noticed between the simulated and
measured results which related to manufacturing and
measurement tolerances. Finally, an interesting area of
using a Genetic Algorithm (GA) to evaluate the effect of
neutralization lines within the MIMO antenna structure
can be used to extend this work in the future.
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