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Compact MIMO antenna with optimized
mutual coupling reduction using DGS

AHMED A. IBRAHIMl, MAHMOUD A. ABDALLAZ, ADEL B. ABDEL-RAHMAN> AND HESHAM F. A. HAMED'

A design of low mutual coupling between two microstrip patch antennas for multi input multi output antenna is presented.
The two antenna elements operate at 5.8 GHz for wireless applications. The reduction of mutual coupling between the
antenna elements is achieved by using a defected ground structure (DGS). The DGS is inserted between the microstrip
patch antenna elements to limit the surface waves between them. The separation between the edges of the two elements
has been achieved to be only 0.058),. The analysis of the correlation coefficient, diversity gain and total active reflection coef-
ficient is presented to validate the performance of the multiple-input-multiple-output (MIMO) antenna. The isolation of the
proposed MIMO antenna is 28 dB at 5.8 GHz and the envelope correlation equals 0.003. Owing to these good performances
each antenna can operate almost independently. A good agreement is achieved between the simulated and the measured

results.
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. INTRODUCTION

Modern wireless technology should provide high reliability
and channel capacity requirements of wireless communi-
cation systems. These goals can be achieved by utilizing the
multiple-input-multiple-output (MIMO) technology [1].
MIMO technology introduces several advantages such as
high datarates and high capacity [2, 3]. Antennas of a
MIMO communication system consist of multiple elements,
hence high isolation has to be achieved between these
antenna elements for efficient operation of different space—
time transmission techniques [4]. Several attempts have
been made to reduce the mutual coupling effect between the
antenna elements in MIMO systems. These attempts include
the use of electromagnetic bandgap (EBG) structures to
reduce the surface wave [5-9]. However, these structures are
complex to design as well as occupy a comparatively large
area. On the other hand, defected ground structures (DGSs)
are implemented by etching slots of different shapes in
the ground plane. Different shapes of DGS have been pro-
posed for increasing the isolation between the two antennas
[10-16]. A DGS resonator is equivalent to a resonance LC
network, which can be used to generate a stopband. This stop-
band can decrease the propagation of the surface waves and
hence can decrease the mutual coupling between the MIMO
antennas. The slot antenna can give a resonance and force
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the power that tends to couple from one antenna to the
other to radiate into free space directly. When the resonant
frequency of the slot is near the microstrip antenna’s operat-
ing frequency, the isolation is also high.

In this paper, we propose a slot structure in the ground
plane between two antenna elements to suppress the surface
wave between the elements. The theoretical modeling of the
DGS filter has been introduced and verified by electromag-
netic full wave simulations. The commercial software CST
microwave studio has been employed. The design and per-
formance of the DGS bandstop filter application to the two
elements MIMO antennas has been introduced through full
wave simulation and practical measurement. The DGS slot
dimensions and positions are optimized to obtain maximum
coupling reduction with minimum dimensions. The theoreti-
cal concepts of the designed MIMO antenna are introduced.
Analysis of mutual coupling, correlation coefficient, diversity
gain, and total active reflection coefficient (TARC) is pre-
sented. Finally, the simulated results are confirmed by the
experimental measurements.

Il. DGS RESONATOR

A DGS resonator in the ground plane structure excited by
50 £} microstrip transmission line is shown in Fig. 1(a). The
structure is designed on substrate FR4 with relative
permittivity = 4.4, a dielectric loss tangent = 0.025, and
thickness (h) = 1.6 mm. The equivalent circuit model for
this structure is the LC tank circuit shown in Fig. 1(b). The
DGS resonator was designed by using a slot of width =
1.4mm and length =20mm. in the ground plane. The
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Fig. 1. (a) 3D view of the DGS microstrip resonator. (b) The equivalent circuit of the resonator.

values for L, and C, are obtained in terms of the 3 dB cut-off
frequency (f.) in GHz and pole frequency (f,) in GHz as [17]
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From (1), it is clear that, C, = 0.5 pF and L, = 1.53 nH. The
performance of the DGS bandstop filter has been validated by
simulating its scattering parameter magnitudes by using full
wave simulations and its circuit simulation. A comparison
between the simulated results is shown in Fig. 2. It is
noticed that there is good agreement between the two simu-
lations which confirms the DGS bandstop design. From
Fig. 2, it is obvious that there is an attenuation resonance at
5.8 GHz. Also, we can extract f.=4.4GHz, and f,=
5.8 GHz at which the S,, magnitude is lower than —30 dB.

(1-b)

. MICROSTRIP MIMO ANTENNA

The two antennas are put all together on the same FR4 sub-
strate whereas the space between the two antennas was
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Fig. 2. EM and equivalent circuit simulated results for the scattering
parameters magnitudes of a microstrip loaded with a DGS unit.
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optimized to 0.058A, as shown in Fig. 3(a). Also, the fabricated
antenna is shown in Fig. 3(b). The measured and simulated
scattering parameter magnitudes of the two elements micro-
strip MIMO antenna are shown in Fig. 4. From the shown
simulated results, it is obvious that the antenna is operating
at 5.8 GHz at which the return loss lower than 15 dB with
bandwidth equals 190 MHz from 5.72 to 5.91 GHz, approxi-
mately. On the other hand, the isolation between the two
ports is only 15 dB at the operating frequency. From the
measured results it is clear that, the fabricated microstrip
MIMO antenna operates at 5.87 GHz, approximately, with
almost 15 dB return loss and almost 15 dB mutual coupling.
A good agreement is achieved between the simulated and
the measured results. However, there is a small frequency
shift between the two results. This can be as a result of the
imperfection between the full wave and the fabrication
process which cannot be totally avoided.

The visualization of the surface wave propagating inside
the dielectric substrate is illustrated in Fig. 5. It is clear that
the field of the first element can cross the second antenna
element which increases the mutual coupling between them.
Also, from Fig. 5 it can be concluded that that the surface
current in between the two antenna elements is high hence,
the DGS filter which is illustrated in the previous section is
designed to introduce a stop band at 5.8 GHz which is the
desired antenna operating frequency. Therefore, mutual coup-
ling between the two antenna elements is expected to be
reduced.

IvV. PROPOSED MIMO ANTENNA

The fabricated proposed MIMO antenna is demonstrated in
Fig. 6. A DGS slot has been etched in the ground between
the two patches for the purpose of reducing the mutual coup-
ling between the two antennas as shown in Fig. 6(b). The DGS
slot dimensions and positions are optimized to obtain
maximum coupling reduction with minimum dimensions.
The measured and simulated scattering parameter magnitudes
of the proposed MIMO antenna are shown in Fig. 7. From the
simulated results, it is clear that the operating frequency of the
antenna is slightly shifted from 5.8 to 5.86 GHz. This shift was
due to the presence of the DGS structure which affect the
fringing field between the two patches which can affect
the whole antenna element electrical length and hence
resonance frequency. The return loss is higher than 15 dB
with bandwidth equaling 190 MHz from 5.77 to 5.96 GHz
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Fig. 3. (a) 2D layout of the microstrip MIMO antenna. (b) A photograph of the fabricated MIMO antenna.

approximately. On the other hand, the mutual coupling,
expressed in terms of transmission coefficient S,,, is reduced
from —15 to —28 dB when the DGS structure is used at the
operating frequency. The reduction in mutual coupling is
due to the slot antenna that can resonate the power that
tends to couple from one antenna to the other to radiate
into free space directly. This requires that the resonant fre-
quency of the slot is near the microstrip antenna’s operating
frequency. From the measured results, it is clear that the fab-
ricated proposed MIMO antenna operates at 5.9 GHz,
approximately, with almost 15dB return loss and 28 dB
mutual coupling. Good agreement is achieved between the
simulated and the measured results.

To study the effect of the length of the DGS slot (L) on the
performance of the MIMO antenna, a parametric study has
been conducted. The S-parameter magnitudes (S,, and S,,)
of the MIMO antenna at different lengths of the DGS slot
are shown in Fig. 8. The width of the DGS slot is 1.4 mm. It
is noticed that the isolation of this structure is sensitive to
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Fig. 4. Scattering parameter magnitudes of the simulated and the measured
results of the microstrip MIMO antenna.

https://doi.org/10.1017/51759078713001013 Published online by Cambridge University Press

the length of the DGS slot (L). The maximum isolation is
achieved when the length of the slot equals 20 mm. This
means that the effect of the isolation is obtained at the reson-
ance frequency of the slot as discussed before in section II.
The simulated directive gain patterns of the proposed two
elements MIMO antenna in E and H planes at 5.8 GHz are
shown in Fig. 9 for radiation at ports 1 and 2, respectively.
This can be obtained when port 1 is fed and port 2 is termi-
nated by matching load and vice versa. From Fig. 9, the pro-
posed MIMO antenna presents back radiation which is due to
the effect of the rectangular slot. This means that the slot
introduces radiation at resonance frequency, which is
helpful for increasing the isolation between the two ports.

The simulated efficiency and the peak gain through the
entire bandwidth of the MIMO antenna with and without
slot are illustrated in Figs. 10(a) and 10(b), respectively.

We can observe that the antenna efficiency, in Fig. 10(a), at
the center frequency without using DGS (5.8 GHz) is 53% and
it is reduced to 48% on using the DGS, at the same frequency.
On the other hand, at the center frequency on using the DGS
(5.86 GHz), it is 54%, whereas it is 57% without using the
DGS, at the same frequency. Therefore, we can claim that
the average value of the efficiency without using the DGS
(55%) is dropped to 51% on using the DGS. This demonstrates
the little effect of the DGS on the antenna efficiency.

&
|

.
"

Fig. 5. Total electric field inside the substrate for z= 1 mm from the ground
plane.
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(b)

Fig. 6. A photograph of the fabricated proposed MIMO antenna (a) top view and (b) bottom view.

On the other hand, in Fig. 10(b), the gain at the center fre-
quency without using DGS (5.8 GHz) is 3.3 dB and it is
increased to 3.4 dB on using the DGS, at the same frequency.
On the other hand, at the center frequency on using the DGS
(5.86 GHz), it is 3.65 dB, whereas it is 3.45 dB without using
the DGS, at the same frequency. Therefore, we can claim
that the average value of the efficiency without using the
DGS is 3.37 dB, which is increased to 3.52 dB on using the
DGS.

Finally, the visualization of the surface wave propagating
inside the dielectric substrate with slot is illustrated in
Fig. 11. It is clear that the slot prevents most of the field
from crossing the second element, which means that the
mutual coupling between the antenna elements is decreased.

Several parameters such as envelope correlation coefficient,
diversity gain, and TARC have been calculated to measure the
performance of the MIMO antenna. The first parameter is the
envelope correlation, which measures the correlation between
the antenna elements in the MIMO system. Therefore, for the
best performance of the MIMO system, the correlation
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Fig. 7. Scattering parameter magnitudes of the simulated and the measured
results of the proposed MIMO antenna.

https://doi.org/10.1017/51759078713001013 Published online by Cambridge University Press

between the two antenna elements has to be as low as possible.
The envelope correlation coefficient between the two antenna
elements in terms of the S-parameters is given by [18]. The
envelope correlation coefficient has been calculated under
the assumption of uniform multipath environment as (2)

_ |ST1812 + Sj1822|2
= (Su PSP = (1S5 +1S1.17)

Pe (2)

A comparison between the envelope correlation coefficient of
the MIMO antennas with and without slot is shown in Fig. 12.
It is obvious that the envelope correlation coefficient of the
MIMO antenna thorough the entire bandwidth without slot
equals 0.17 at 5.72 GHz and is reduced to 0.008 at 5.8 GHz
and increased from 0.04 to 0.06 at the end of the upper fre-
quency bands. On the other hand, the envelope correlation
coefficient of the proposed MIMO antenna equals 0.02 at
5.77 GHz and is reduced to 0.003 from 5.86 to 5.95 GHz.
The relationship between the envelope correlation and the
diversity gain has been calculated as [19]

Gapp = 10,/1 — }p ,  wherep, = ’p}

The diversity gain of the MIMO antenna with and without slot
is illustrated in Fig. 13. It is clear that the diversity gain of the
MIMO antenna with slot is better than without slot. The
diversity gain of the MIMO antenna with slot equals around
9.99 dB within the frequency band however, the MIMO
antenna without slot introduces diversity gain equals
9.86 dB at the beginning of the frequency band at 5.72 GHz
and increased around 9.99 dB at 5.8 GHz and then decreased
to 9.98 dB at the end of the frequency band. The efficiency of
the MIMO antenna is also measured by a parameter called
TARC. TARC is defined as the ratio of the square root of
total reflected power divided by the square root of total inci-
dent power [20]. TARC can be defined as the return loss of
the whole MIMO antenna elements [20]. The TARC has
been calculated from the scattering parameters of two

(3)
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Fig. 9. The Simulated directive gain of two elements MIMO antenna at 5.8 GHz (a) E and (b) H plane at port 1 (c) E and (b) H plane at port 2.
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Fig. 10. (a) The antenna total efficiency. (b) The antenna gain.

antenna elements as [21].

_ |S11 +S1zej0|2+|sz1 +Szzej0|2
2

TARC (4)

where 6 is considered a variable angle which is related to the
phase of the excitation signal. Random phased excitation
vectors have been used to calculate average TARC and the
MIMO channel is assumed to be Gaussian and multipath
spread in the propagation channel [20]. TARC is calculated
at each random phase between o and 180. A comparison
between the MIMO antennas with and without slot is demon-
strated in Fig. 14. It is noticed that the TARC with slot equals
—24 dB but the TARC without slot equals —18 dB at 5.8 GHz.
From the previous investigations it is claimed that the
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performance of the MIMO antenna is improved when a
simple rectangular slot is loaded between the antenna
elements.

The previous results of the MIMO antenna are compared
with different approaches such as DGS, EBG, and metamater-
ial structures. A fair compassion requires the use of the same
antenna element type with the same antenna element separ-
ations which is quite difficult. However, we introduce some
examples with similar specification to our proposed MIMO
antenna. First, some achievements for the coupling reduction
between the two antenna elements by using DGS structures
are presented in [16, 22]. In [16], the mutual coupling is
reduced to 35 dB but the two antenna elements are separated
by 0.25A,, which increases the total size of the antenna in
addition to the complexity of the DGS structure which is
used in that paper. Also, in [22], the mutual coupling is
reduced to 28 dB when three rectangular slots are used and

Il

Fig. 11. Total electric field inside the substrate for z= 1 mm from the ground plane with slot.
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Fig. 12. Envelope correlation coefficient of the MIMO antenna with and
without slot.

the space between the antenna elements equals 0.7A,. We can
observe that we achieve similar results for very smaller separ-
ation (0.058A,). Second, in [23], the mutual coupling between
the antenna elements is reduced by using the EBG structure.
The mutual coupling is reduced to 35 dB when 3 x 3 EBG
cells are used between the two antenna elements and the sep-
aration between the antenna elements equals 0.47\,. We can
notice that not only the over size of the antenna is increased
but also the complexity of the EBG structure is introduced
compared to our proposed MIMO antenna whereas the
mutual coupling is almost similar. Finally, the metamaterial
structure is used to reduce the mutual coupling between the
antenna elements in [24]. The mutual coupling is reduced
to 27 dB when three cells of slotted complementary split
ring resonator (CSRR) are used. However, the space
between the antenna elements equals 0.25\,, which is not con-
sidered a small one. From the previous comparison, we can
claim that our MIMO antenna can introduce a very challen-
ging antenna with simple and compact overall size compared
to others.
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Fig. 13. Diversity gain of the MIMO antenna with and without slot.
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Fig. 14. TARC of the MIMO antenna with and without slot.

V. CONCLUSION

In this paper, a close and high isolation microstrip two element
patch MIMO antenna is introduced. The two-antenna
elements are operating at 5.8 GHz for wireless applications.
The reduction of the mutual coupling between the antenna
elements has been achieved by using DGS. The separation
between the edges of the two elements has been achieved to
be only 0.058\,. The analysis of the correlation coefficient,
diversity gain and TARC are presented to evaluate the per-
formance of the MIMO antenna. Experimental measurements
are introduced to verify the MIMO antenna with high isolation
design in full-wave simulations. The results confirm that the
isolation between the elements of the proposed MIMO
antenna is 28 dB at 5.8 GHz and the envelope correlation
equals 0.003. A good agreement has been achieved between
the simulated and the measured results.
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