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Abstract: A compact and easy to fabricate decoupling method is proposed to yield high isolation for the multiple-input and
multiple-output (MIMO) ground radiation antenna (GradiAnt) system. The proposed MIMO antenna system is comprised
of two symmetrical, closely spaced, loop-type (GradiAnts) with a ground-coupled loop-type isolator inserted between
them. The isolator can be seen as a series resonant circuit which is connected with lumped components to control
decoupling. In the proposed MIMO GradiAnt system, a coupling null is induced due to the ground-coupled isolator,
which effectively can be used for isolation enhancement between two GradiAnts. Within WLAN band, a minimum 14
dB isolation with a peak value of 42 dB at 2.42 GHz is achieved. In this manuscript, the decoupling principle and
controlling mechanisms are first explained, then the antenna performances and tuning mechanisms are discussed in
detail. The simulation and the measurement of the MIMO antenna, including the scattering parameters, efficiency,
radiation patterns, peak gains and envelope correlation coefficients are conducted to verify the performance of the
proposed MIMO system.
1 Introduction

In wireless communications, multiple-input and multiple-output
(MIMO) antenna systems are able to increase system capacity by
their multiple isolated antennas, which simultaneously transmit and
receive signals, and thus can be of great use in 4G communications
[1]. However, the MIMO antennas often suffer from strong mutual
coupling due to small ground size and compact located antennas,
which can degrade the bandwidth and radiation efficiency as well as
correlation, leading to reduced system capacity. Therefore, reducing
mutual coupling or enhancing the port isolation is an important
requirement for strongly coupled MIMO antennas.

There have been many studies on increasing the port isolation in
MIMO antennas and most fall into one of two strategies: the
addition of parasitic elements [2–14] and the use of decoupling
networks [15–19]. The former is typically carried out by using
l/4-length resonators such as monopoles [2, 3], slits [3], stubs [4,
5], slots [6, 7] and l/2-length resonators such as slots [7], dipoles
[8–10], digits [11], strips [12, 13], novel structures such as
metamaterial structures [14], magnetic band gap (EBG) structures
[15] in between aggressive antennas. In the latter technique,
decoupling networks using lumped elements are analysed in [16,
17], in a similar way neutralisation lines are adopted in [18–20].

For the technique of parasitic elements, the above studies usually
adopted parasitic elements with a specific shape to achieve isolation
enhancement between antenna elements such as dipoles, monopoles,
IFAs or PIFAs. In this paper, we proposed an alternative way of
ground-coupled loop-type isolator with loaded components, which
is suitable for decoupling ground radiation antennas (GradiAnt)
where the decoupling effect is mainly achieved through the
coupling between the ground plane and ground-coupled isolator.
The proposed isolator operates as a series resonant circuit with
controllable lumped components which can be used for resonant
frequency adjustment and size reduction as well as coupling
adjustment with the ground plane. The proposed isolator structure
is able to solve practical problems, especially in small size PCBs
where little space is provided, with ease of fabrication, tune-ability
and flexibility of shape as well as location. The GradiAnt is a
small loop-type antenna which excites the ground plane as a
dipole-type radiator [21, 22]. The proposed MIMO system
comprises two GradiAnts and a ground-coupled loop-type isolator
inserted between them. Each antenna is placed symmetrically
along the edge of the long side of the PCB ground plane and
operates at 2.4 GHz WLAN band. The proposed MIMO GradiAnt
system with the proposed ground-coupled isolator is demonstrated
in Section 2 and the theoretical analysis is explained in Section
3. In Section 4, the simulated parametric studies are analysed. The
performance of the proposed MIMO GradiAnt system is measured
using Agilent 8753ES network analysers and a 6 m × 3 m 3D
CTIA OTA chamber and discussed in Section 5.
2 Design of MIMO GradiAnt system

The proposed MIMO GradiAnt system for 2.4 GHz WLAN
application is shown in Fig. 1. The ground plane of 100 mm × 50
mm is printed on a low-cost FR4 substrate with thickness of 1 mm
and dielectric constant er = 4.4. The GradiAnts are located at 22
mm from either edge on the top side of the PCB considering good
radiation instead of mutual coupling. Each GradiAnt is identical
and mirror-symmetric, with a ground clearance of 8 mm × 5 mm.
A series capacitor, CR, is employed for resonant frequency
adjustment and excited by a feeding loop with dimensions 4.5
mm × 2.5 mm. A series capacitor CF is used in the feeding loop
for impedance matching. The edge-to-edge separation of the two
GradiAnts is 40 mm (0.32 l). It has demonstrated that the each
GradiAnt will excite the long side of the ground plane as a
l-length radiator, so that strong mutual coupling will be generated
for the same radiation pattern. Therefore, a strong coupled current
would be induced from one antenna port to another, and the
average isolation between the two GradiAnts turns to be 10 dB.

To reduce the mutual coupling and enhance the isolation between
the GradiAnts, a 5 mm×w mm loop-type isolator is inserted, as
shown in Fig. 1. The proposed isolator is loaded with series lumped
components, which can be capacitors, inductors or resistors so that
it is controllable for resonant frequency and decoupling effect. The
isolator can be seen as a source-free GradiAnt, which will strongly
couple with the ground plane and the dipole-type currents generated
by the GradiAnts. Therefore, by choosing approximate components,
the optimal decoupling effect can be achieved. In the optimised
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Fig. 1 Geometry of the proposed MIMO GradiAnt system with the ground-coupled loop-type isolator
GradiAnt MIMO system design, the 5 mm× 6 mm ground-coupled
loop-type isolator with loaded capacitor of 0.79 pF is designed by
simulation and tested in measurements.

The simulated scattering parameters of the MIMO GradiAnt
system with and without the ground-coupled isolator are shown in
Fig. 2. The MIMO GradiAnts system without the ground-coupled
isolator is assigned to be the reference design with an average 10
dB isolation in the operating band. In the proposed MIMO
GradiAnt system, a coupling null is introduced into the S12 curve
Fig. 2 Simulated S-parameters of the MIMO GradiAnt system with and
without the proposed isolator

Fig. 3 Simulated parametric study: S12 against frequency for various
values of the capacitor C
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due to the isolator, so that the isolation between GradiAnts is over
14 dB in the entire operating band with a peak value of 42 dB at
2.42 GHz, representing great isolation enhancement by inserting
the ground-coupled isolator. Since the proposed antenna structures
are symmetrical, the scattering parameters of antenna 1 and
antenna 2 are nearly the same; thus, both S11 and S22 are
represented by a single curve. In the S11/S22 curve, a 10 dB return
loss bandwidth of 250 MHz (from 2.38 to 2.63 GHz) is obtained,
covering all the 2.4 G WLAN band; and the 10 dB return loss
bandwidth without the isolator is 250 MHz (from 2.32 to 2.57
GHz). Even a little shift in the resonant frequency of the antenna
is generated due to the isolator, there is no much effect on the
antenna performance.
3 Theoretical analysis

The proposed MIMO GradiAnt system design can be explained by
the three-port microwave network and decoupling theorem; the
ground-coupled isolator acts as a third port (port 3) between the
two WLAN GradiAnts (port 1 and port 2). Then the scattering
matrix, or [S] matrix of the three-port microwave network is
determined by (1), as follows
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Fig. 4 Simulated parametric study: S12 against frequency for various
widths of the isolator

547



Fig. 5 Comparison of the protruded isolator and the proposed ground-coupled isolator

a Configuration of the protruded isolator and the proposed ground-coupled isolator
b Simulated S12 with the protruded isolator and the proposed ground-coupled isolator
where V+
n and V−

n are the amplitudes of the voltage wave incident
and that reflected from port n, respectively. The termination
condition for port 3 (ground-coupled isolator) implies the
following equation

G = V+
3

V−
3

= ZL − Z0
ZL + Z0

(2)

where Γ is the reflection coefficient at port 3, and ZL and Z0 are the
load impedance and the characteristic impedance.

From (2) and (1), we calculate

S′12 = S12 +
S13S23G

1− GS33
(3)

where S ′
12 and S12 are the transmission coefficients from port 1 to

port 2 with and without the ground-coupled isolator, respectively.
This equation can be represented as the decoupling theorem [23].
Accordingly, by adjusting the relevant parameters in the latter part
of the above equation, the coupled ports (port 1 and port 2) can be
decoupled, preventing the flow of power from port 1 to port 2, or
Fig. 6 Simulated parametric study: S12 against frequency for various componen

a Capacitors and inductors
b Resistors
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from port 2 to port 1. The decoupling effect depends on the
coupling between the ground-coupled isolator and GradiAnt (S13
and S23), and on the property of the ground-coupled isolator itself
(ZL).

As mentioned above, the GradiAnt is a small loop-type antenna,
which can excite the ground plane as a dipole-type radiator.
According to the reaction concept and the theory of characteristic
modes for conducting bodies [24, 25], the coupling between the
ground plane and the GradiAnt can be represented by the modal
excitation coefficient [25] which is expressed as

V i
n = −

∫∫∫
t

(
�Hground· �MGradiAnt

)
dt (4)

where �Hground denotes the magnetic field produced by the
characteristic currents on the ground plane [25], and �M

GradiAnt
is

the impressed magnetic current produced by the GradiAnt.
Therefore, the loop-type current mode �M

GradiAnt
can react with the

characteristic magnetic field �Hground of the ground plane, inducing
as a dipole-type current mode on the ground plane. In this sense,
the ground-coupled loop-type isolator works by the same principle
ts
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Fig. 7 Surface current distributions upon 2.45-GHz excitation of antenna 1

a Without the proposed isolator
b With the proposed isolator
as the GradiAnt does, so that the ground-coupled isolator and
GradiAnts can couple with each other through the ground plane.
Therefore, the decoupling effect of the ground-coupled isolator can
be enhanced by the coupling with the ground plane and can be
adjusted by the components.
4 Tuning mechanisms and parametric studies

On the tuning mechanisms of the ground-coupled isolator, the first
problem is the frequency controlling technique of the coupling null.
Fig. 8 Measured scattering parameters of the GradiAnt MIMO system with
and without the ground-coupled isolator
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In the proposed MIMO GradiAnt system, the location of the
coupling null is always around and is dependent on the resonant
frequency of the isolator; thus, the size of the isolator and the
loaded lumped components will determine the resonant frequency
of the decoupling resonator, further determining the location of the
coupling null. Meanwhile, by adjusting the components, the
location of the coupling null can be easily controlled without
changing the size of the isolator. As shown in Fig. 3, the coupling
null is shifted from 2.54 to 2.33 GHz when the capacitor increases
from 0.70 to 0.86 pF, indicating that the coupling null shifts
simultaneously with the resonant frequency of the decoupling
resonator. By trying several values of the lumped elements, the
peak of the coupling null is easily adjusted at 2.42 GHz for the
demand of WLAN applications when the capacitor is set to be 0.79
pF, and the minimum isolation over the operating band is 14 dB.

Another important parameter to be studied is the decoupling effect
of the ground-coupled isolator, that is, bandwidth and magnitude of
isolation. The decoupling of the isolator, coupled with the ground
plane, can be improved by enhancing the coupling with the
ground plane. It can be determined by the parameters of the
ground-coupled isolator. The idea is different from other
decoupling structures. To obtain the optimum size of the isolator
on the decoupling effect, various widths ‘w’ of the isolator are
analysed as shown in Fig. 4. The coupling null gets deeper and
wider as w increases due to stronger coupling with the ground
plane which cancels out the mutual coupling of MIMO antennas
according to the decoupling theorem and reaction concept
demonstrated in Section 3. Note that, to maintain the location of
the coupling null, the value of the loaded capacitor must be
adjusted accordingly as the size of the isolator changes.
Consequently, the proposed ground-coupled isolator can have
stronger coupling with the ground plane resulting in larger
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Fig. 9 Measured radiation efficiency of the proposed MIMO antenna

Fig. 10 Measured and simulated radiation patterns at 2.45 GHz with the propos

a Measured radiation patterns of port 1
b Simulated radiation patterns of port 1
c Measured radiation patterns of port 2
d Simulated radiation patterns of port 2
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decoupling effect. In this sense, the isolator can be constructed in any
shape as long as it effectively couples with the ground plane.

To demonstrate the novelty of the proposed ground-coupled
isolator, the configurations of the protruded isolator and the
proposed ground-coupled isolator, having the same size, are
demonstrated and compared in Fig. 5a. The ground-coupled
isolator is inside the ground plane and thus has stronger coupling
with the ground plane than the protruded isolator. Note that the
protruded isolator is connected with a 1 pF capacitor and occupies
the same size as that of ground-coupled isolator. As we can see in
Fig. 5b, the ground-coupled isolator achieves better decoupling
effect on the level of the coupling null at the WLAN band.
Therefore, the ground-coupled isolator can be more effective
through the coupling with the ground plane for isolation
enhancement in proposed MIMO GradiAnt system.

As stated above, the ground-coupled isolator can be modelled as a
series RLC resonator. Therefore, the properties of the
ground-coupled isolator including the capacitance, inductance and
resistance will determine the coupling with the ground plane that
in turn will determine the decoupling effect. Different lumped
ed ground-coupled isolator
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Fig. 11 Measured ECC of the MIMO GradiAnt antenna with and without
the ground-coupled isolator
components are analysed to study the decoupling effect, which is
demonstrated in Fig. 6a. This is conducted by adjusting the ratio
of the series inductor and capacitor while maintaining the coupling
null at 2.42 GHz. The decoupling effect of the coupling null
degrades as the ratio of inductance and capacitance increases
(increasing the inductor L from 0 to 6 nH while decreasing the
capacitor C from 0.79 to 0.18 pF). Furthermore, the effect of the
resistor is also studied by inserting a resistor in the proposed
ground-coupled isolator in series with the capacitor. In Fig. 6b,
added resistance leads to wider coupling null but the isolation
level is also degraded as the resistance increases. In case of
different applications the components can be tuned in order to
adjust the coupling between the isolator and the ground plane.

To better understand the decoupling effect of the ground-coupled
isolator, the surface current distributions on the GradiAnts with and
without the proposed isolator are provided in Fig. 7. This is done by
exciting port 1 at 2.45 GHz while port 2 is terminated with a 50-Ω
load. For the GradiAnts without the proposed isolator, a direct and
strong coupling current is induced from port 1 to port 2, as shown in
Fig. 7a. While in Fig. 7b, the proposed ground-coupled isolator
works as a new coupling path from antenna 1 to antenna 2 cancelling
out the mutual coupling between antenna elements, so that we can
see the coupling current from port 1 is directed to the ground-coupled
isolator instead of port 2. Note that stronger induced currents into
port 2 means strong mutual coupling between port 1 and port
2. Therefore, the proposed ground-coupled isolator can effectively
reduce the mutual coupling between GradiAnts, which is consistent
with the scattering parameters demonstrated above.
5 Measurement results and performance of
MIMO GradiAnt system

The measurement data are conducted to verify the MIMO
performance of the proposed MIMO GradiAnt system. In Fig. 8,
the measured scattering parameters with and without the proposed
ground-coupled isolator are shown. The measured isolation
between two GradiAnts with the proposed ground-coupled
loop-type isolator is above 17 dB in the WLAN operating band
with a peak of 37 dB at 2.42 GHz and that without the proposed
isolator is 10 dB in average. The measurement data confirms that
the addition of the ground-coupled isolator indeed enhanced the
mutual coupling without much effect on the antenna
characteristics, which agrees well with the simulated data.

Then the total radiation efficiency of the GradiAnt is measured
from 2.4 to 2.5 GHz by exciting port 1 while terminating port 2
with a 50-Ω load. In Fig. 9, the measured radiation efficiency
ranges from 62 to 76% over the whole frequency range, averaging
71%, which is suitable for MIMO applications. While the average
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efficiency of the reference design without isolator is measured to
be 64%. On the other hand, the measured peak gains with and
without isolator are also plotted in Fig. 9. It can be observed that
the design with the proposed ground-coupled isolator gives
improved gain.

To analyse the diversity performance of the proposed MIMO
GradiAnt system, the radiation patterns of the MIMO GradiAnts
with the proposed ground-coupled isolator are measured in a 6
m × 3 m 3D CTIA OTA anechoic chamber. Fig. 10 displays the
simulated and measured radiation patterns at 2.45 GHz (the
measured port is excited while another port is terminated with a
50-Ω load). The simulated and measured radiation patterns are
consistent for both antennas, as we can see, and each antenna
produces omni-directional patterns on the xy-plane. Furthermore,
from the measured radiation patterns of MIMO GradiAnts, the
envelope correlation coefficients (ECC) ρe for the proposed
two-antenna system is calculated from (5) [26], as

re =
		
4p F1(u, f)F2(u, f)

[ ]
dV

∣∣ ∣∣2		
4p F1(u, f)

∣∣ ∣∣2 dV 		
4p F2(u, f)

∣∣ ∣∣2 dV (5)

where Fi(u,f) is the field radiation pattern of the antenna system
when port i is excited. As plotted in Fig. 11, all the values are
maintained below 0.3, much lower than that of without isolator
which is above 0.6. This implies that the diversity performance is
also improved with the ground-coupled isolator. In mobile
communications, the ECC of the MIMO system should be lower
than 0.5, which is acceptable for diversity considerations [26].
Therefore, the proposed MIMO GradiAnt system satisfies the
conditions for diversity performance and is suitable for MIMO
applications.
6 Conclusion

An easy to fabricate and effective method is proposed to enhance the
isolation between two GradiAnts for 2.4 GHz WLAN applications
by inserting a ground-coupled loop-type isolator. The proposed
ground-coupled isolator is a 5 × 6 mm2 rectangular loop in series
with lumped components, which decouples GradiAnts by coupling
with the ground plane, so that the isolator can be made compact,
shape-free and tunable. In measurements, an isolation over 17 dB
in the WLAN operating band with a peak of 37 dB at 2.42 GHz is
achieved and high efficiency and peak gain are also obtained as
compared with the reference MIMO antenna. The measured ECC
is under 0.3, which means high diversity performance and satisfies
the conditions for MIMO application in mobile system.
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