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ABSTRACT In this work, a switchable bandstop filter is used as a decoupling structure for developing
a miniaturized reconfigurable multiple input multiple output (MIMO) antenna. Initially, a dual band
((2.43-2.60 GHz and 3.51-3.79 GHz)) single monopole antenna structure is developed on FR4 substrate.
Then the single monopole antenna and its replica are accommodated in a small space with an edge to edge
separation distance of 11 mm to form a 2 port MIMO antenna. Now, a switchable bandstop filter is used as a
decoupling network between two closely spaced monopole antenna elements to prevent mutual coupling and
reconfigure the antenna characteristics. The dual pole switchable bandstop filter is configured in such a way
that one of its poles lies at 2.5 GHz in one state (Mode 1) and at 3.68 GHz in another state (Mode 2) under the
switching action of two PIN diodes. Controlling the ON/OFF states of the PIN diodes in the bandstop filter,
high isolation is achieved alternately in lower (2.43-2.60GHz) and upper (3.51-3.79GHz) frequency bands of
the MIMO antenna. Also, stub network is used to improve impedance matching in the upper frequency band.
The proposed isolation technique helps the antenna to yield high isolation (>30 dB), fair gain (>2.97 dBi),
reasonable radiation efficiency (>86.8 %), low envelope correlation coefficient (<0.16), high diversity gain
(DG > 9.88 dB), low Mean effective gain ratio (MEG 1/MEG 2 < 0.05 dB) and low channel capacity loss
(CCL < 0.06 bits/s/Hz) for both the operating frequency bands. The overall dimension of the antenna is
restricted to 44mm × 22mm (0.36λo × 0.18λo) for its easy integration in compact wireless devices. This
type of reconfigurable MIMO antenna is best suited for cognitive radio communication, which promotes
efficient spectrum utilization.

INDEX TERMS Bandstop filter, MIMO, reconfigurable MIMO antenna.

I. INTRODUCTION
Because of the introduction of various multimedia services,
todays modern wireless communication systems can accom-
modate higher data rates than previous systems. Multi-
element antennas, such as multiple-input multiple-output
(MIMO) antenna systems, are required for these multimedia
services, as they are one of the most effective strategies for
enhancing channel capacity and reliability [1]. In addition
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to the high data rate, modern communication systems also
require the ability to accommodate multiple communication
standards integrated with a single antenna compact device.
So, reconfigurable MIMO systems which can support multi-
band communications with high data rates are in the prime
focus of wireless communication research [2]. Reconfig-
urable MIMO systems require reconfigurable MIMO anten-
nas for transmitting and receiving electromagnetic waves
of different frequency bands. However, integrating reconfig-
urable MIMO antennas into a small and compact wireless
device while maintaining good isolation between multiple
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elements is difficult [3]. So, reconfigurable compact MIMO
antennas need to address both reconfiguration and isolation
challenges while restricting the antenna dimension.

The electrical length of the radiator is reorganized by
frequency reconfiguration, which necessitates the use of
switching circuitry to reconfigure the operating frequency
bands [4]–[6]. The switching circuitry in an antenna can be
realized by using various techniques, such as radio-frequency
micro-electro-mechanical systems (RF MEMS) [7], Varactor
diodes [8], and positive-intrinsic negative (PIN) diodes [9],
etc. Although there are numerous methods for reconfiguring
antenna operation, PIN-based reconfiguration has received
the most attention from researchers due to its shorter response
delay and compact implementation. However, integrating a
PIN diode into a MIMO antenna increases the overall volume
of the antenna. As a result, how to implement a compact
frequency-reconfigurable MIMO antenna in a slim wireless
device is an important issue.

In addition to switching action, a reconfigurable MIMO
antenna has to address the isolation problem that arises
due to strong mutual coupling between antenna ele-
ments [10]. Some isolation techniques such as decoupling
networks [11], parasitic elements [12], defected ground plane
structures [13], antenna placement and orientation [14],
neutralization lines [15], metamaterial [16] metasurface
[17], [18], and electromagnetic bandgap [19]–[21] are widely
used to reduce themutual coupling between antenna elements
as well as antenna element and ground plane.

Reconfigurable MIMO antennas have been reported in a
few peer reviewed research articles. These antennas have
addressed reconfiguration as well as isolation precisely
exploring various techniques. In the paper [22], PIN diode
based reconfigurable technique has been implemented to
design UWB/WiMAX MIMO antenna of frequency bands
1.3-12 GHz and 2.32-3.8 GHz. Defected rectangular stub line
structure on the ground plane has been created for achieving
isolation. But the isolation has been limited to 25-30 dB
almost in the entire frequency bands. The two port MIMO
antenna measures 14mm × 30mm in total dimension.
PIN diodes have also been used to bring frequency

reconfiguration for a two port MIMO antenna presented
in [23]. Depending on the on/off state of the PIN diode,
the resonant frequency is altered between the WLAN band
(2400-2483 and 5150-5350 MHz) and the m-WiMAX band
(3400-3600 MHz). An isolation improvement structure on
the ground plane brings the isolation at desired band max-
imum of 25 dB. The complete antenna has a dimension of
80mm × 40mm.

In another work, a two port compact frequency reconfig-
urable multiband LTE MIMO Antenna for Laptop Applica-
tions has been developed using PIN diode reconfigurability
option [24]. In conjunction with the proximity-coupled feed
structure, it consists of two planar Inverted-F antenna (PIFA)
elements connected by a T-shaped dc line and two PIN diodes
(D1 and D2). At State 1 (D1 and D2: ON state), the proposed
MIMO antenna covers the LTE 17/13 bands (704-787 MHz)

and the LTE 20/7 bands (791-862 MHz, 2500-2690 MHz)
at State 2 (D1 and D2: OFF state). Maximum isolation of
amount 35 dB has been achieved with a special orientation
of MIMO antennas inside the Laptop. The antenna has an
overall dimension of 5mm × 125mm.

So, the researchers have a sincere desire to improve iso-
lation in reconfigurable MIMO antennas while minimizing
dimensions. However, it is extremely rare to find a com-
pact reconfigurable MIMO antenna with isolation greater
than 35 dB. Recently, split ring resonator (SRR) based filter-
ing technique gained popularity for achieving high isolation
in compact MIMO structure [25]. This technique uses a unit
cell SRR as a decoupling network and is able to increase iso-
lation as high as 43 dB in a low profile MIMO antenna [26].

This work combines bandstop filter based isolation and
PIN diode-based reconfiguration to achieve isolation greater
than 35 dB and frequency reconfigurability of a MIMO
antenna. A switchable bandstop filter has been considered as
a decoupling network to achieve high isolation for a two port
MIMO antenna. The final dimension of proposed antenna is
reduced to 44mm × 22mm (0.36λo × 0.18λo) for achieving
a compact low profile structure. The PIN diode switching
action of the filter enables the MIMO antenna to resonate at
3.68 GHz and 2.5 GHz under Mode 1 and Mode 2 operations
respectively. Isolation achieved at 3.68 GHz and 2.5 GHz
is 42.77 dB and 37.49 dB respectively. The performance of
two port MIMO antenna at two different frequency bands
are observed in terms of resonance, isolation, realized gain,
radiation efficiency, radiation pattern, envelope correlation
coefficient (ECC), diversity gain (DG), mean effective gain
(MEG), total active reflection coefficient (TARC), and chan-
nel capacity loss (CCL). Simulation results are validated
with the measured results. Comparative analysis reveals that
the proposed bandstop filter reconfiguration technique-based
MIMO antenna achieves greater isolation and deeper res-
onance than previously described antennas of comparable
dimension.

II. GRADUAL PROCEDURE OF RECONFIGURABLE MIMO
ANTENNA DEVELOPMENT
The reconfigurable MIMO antenna is created in four
steps: Single antenna creation, Two port antenna devel-
opment, Reconfigurable decoupling network development,
and Reconfigurable MIMO antenna development. Gradual
progress in each phase has been detailed below.

A. SINGLE ANTENNA CREATION
The development phase starts with designing a single antenna
on FR4 substrate (εr = 4.4, loss tangent tanδ = 0.02) of
thickness 1.6 mm as presented in Fig 1. An ‘a’ shaped
antenna structure is created with a partial ground plane for
achieving the resonance at desired LTE frequency bands.
The ‘a’ shape structure can support two different current
paths to bring dual band resonance for the single monopole
antenna. The microstrip feed line is shifted from the middle
of ‘a’ shaped structure is to achieve desired current path for

VOLUME 10, 2022 19061



H. Islam et al.: Bandstop Filter Decoupling Technique for Miniaturized Reconfigurable MIMO Antenna

accommodating centre frequencies 2.7 GHz and 3.65 GHz
with the monopole antenna structure. The partial ground
plane helps to increase the impedance matching for the
monopole antenna. Simulation is carried out on the HFSS
platform to optimize the dimensions of design parameters
of single antenna. The design parameters are set as follows:
W = 22, W2 = 11, W3 = 9.5, W4 = 10.5, W5 = 7.5,
W6 = 1.5, L1 = 22, L2 = 10, L3 = 3, L4 = 6, L5 = 10,
and L6 = 9 (unit: mm). It is evident from the reflection
coefficient (Fig 2) that the single antenna structure resonates
at dual bands of centre frequency 2.7 GHz and 3.65 GHz with
this configuration. It is developed on a substrate of dimen-
sion 22 mm × 22 mm. The current distribution displayed
in Fig 3a and Fig 3b confirms the λ/4 current path length
of 28 mm and 21 mm for 2.7 GHz and 3.65 GHz respectively.

FIGURE 1. Proposed single antenna.

FIGURE 2. Reflection coefficient of single antenna.

B. TWO PORT ANTENNA DEVELOPMENT
The two port antenna development phase starts by includ-
ing two single antenna elements on substrate dimension

FIGURE 3. Current distribution of the proposed single antenna element at
(a) 2.7 GHz and (b) 3.65 GHz.

44mm × 22mm (W1 × L1) as shown in Fig 4. The spacing
(W8) between two antenna elements is kept as 18.5 mm.
It resonates at dual bands of centre frequency 2.5 GHz
and 3.68 GHz but with poor isolation, as shown in Fig 5.
Although, it has been designedwith a compact dimension, but
unable to showcase the best performance due to high mutual
coupling between antenna elements and the ground plane.
The surface current distribution at 2.5 GHz and 3.68 GHz,
as shown in Fig 6 and Fig 7, confirms the strong mutual
coupling on the antenna element staying alongside as well
as the ground plane when port 1 is activated and port 2 is
terminated with a 50 � matched load.

FIGURE 4. Proposed two elements antenna structure.

C. RECONFIGURABLE DECOUPLING NETWORK
DEVELOPMENT
In this phase of development, efforts are made to develop a
reconfigurable decoupling network. For this purpose, a dual
pole reconfigurable bandstop filter exploring PIN diode inte-
grated structure is developed, shown in Fig 8. The dual pole
reconfigurable bandstop filter is configured in such a way
that one of its poles lies at 3.68 GHz under the ‘ON’ state
of PIN diodes (Mode 1). The same dual pole structure brings
one of its poles at 2.5 GHz under ‘OFF’ state of PIN diodes
(Mode 2). For the switching operation of the reconfigurable
filter, SMP 1320-079 LF PIN diodes are considered. The PIN
diodes are shown in Fig 9 as a series RL circuit for ON
condition and a combination of parallel series RLC circuits
for OFF condition. The biasing of PIN diodes is done with a
9-volt supply. TheON state resistance and inductance of these
PIN diodes are Rs = 0.75 � and L = 0.7 nH, respectively.
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FIGURE 5. S-parameters of two element antenna.

FIGURE 6. Current distribution of the corresponding two element
antenna at 2.5 GHz.

FIGURE 7. Current distribution of the corresponding two element
antenna at 3.68 GHz.

The OFF state of a PIN diode have shunt capacitance and
reverse resistance of C = 0.23 pF and Rp = 0.4 M�,
respectively. The series inductance value is 0.16 µH.

D. RECONFIGURABLE MIMO ANTENNA DEVELOPMENT
In the final phase, the reconfigurable bandstop filter designed
in phase C is placed as a decoupling network between two
antenna elements designed in phase B, as displayed in Fig 11.
It is evident from the surface current distribution shown in
Fig 12 and Fig 13, that the reconfigurable bandstop filter is
able to reduce mutual coupling at 3.68 GHz and 2.5 GHz

FIGURE 8. Diode integrated filter structure.

FIGURE 9. Bandstop filter characteristics under Mode 1 and Mode 2.

FIGURE 10. PIN diode equivalent circuit models (a) ON condition (b) OFF
condition.

underMode 1 andMode 2 respectively with the inclusion of a
decoupling network. However, the inclusion of a decoupling
network causes impedance matching at 3.68 GHz to get dete-
riorated. So, in the final structure, two open circuit stub lines
(W9 = 2 mm) are introduced to achieve deep resonance at
3.68 GHz as shown in Fig 14. Thus a reconfigurable two port
MIMO antenna has been developed using the reconfigurable
bandstop filter isolation concept. The S-parameter charac-
teristics under Mode 1 and Mode 2 conditions are shown
in Fig 15.
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FIGURE 11. Complete antenna structure.

FIGURE 12. Surface current distribution of complete antenna at 3.68 GHz.

FIGURE 13. Surface current distribution of complete antenna at 2.5 GHz.

III. PARAMETRIC ANALYSIS
Simulation has been carried out to identify the parameters
responsible for lower and upper band resonance on single
antenna structure. It is found that L5 causes the antenna to
resonate at 2.5 GHz while W2 is responsible for 3.68 GHz
resonance. A parametric analysis has been conducted to dis-
play the variation of resonance for different lengths of L5 and
W2 as shown in Fig 16 and Fig 17.

The spacing (W8) between two antenna elements has a
significant influence over isolation (S21). As shown in Fig 18,
the isolation increase with the increase of spacing between
the two antenna elements. But the compact dimension of an
antenna cannot be compromised for increasing the spacing.
Therefore, a decoupling network is required to improve the
isolation in the antenna without compromising the overall
dimension.

An analysis is conducted to find the effect of the length
of L7 under Mode 2 (Both D1 and D2 OFF) on resonance
at lower band. It is found that under switch off conditions

FIGURE 14. Effect of W9 on resonance.

FIGURE 15. Simulated isolation and resonance at (a) 3.69 GHz
(b) 2.5 GHz.

FIGURE 16. Effect of L5 on lower band.

(Fig 19), the variation in the length of L7 has negligible
influence on resonance at 2.5 GHz.

But the position of switches in the bandstop filter has a
significant influence on the resonance as shown in Fig 20.
It is been observed that both resonance and isolation occurred
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FIGURE 17. Effect of W2 on upper band.

FIGURE 18. Effect of W8 on resonance and isolation.

at the same position only when L8 = 1.15 mm and
L7 = 5.05 mm.

Fig 21 shows the improvement in resonance at 3.68 GHz
with the increase in stub line length and optimal achieves at
W9 = 2 mm.

IV. RESULTS AND DISCUSSIONS
Fig 22 shows a prototype with a reconfiguration circuit
required for verification of simulated results by measure-
ment. Switching conditions and resonating frequencies under
Mode 1 andMode 2 are mentioned in Table 1. Three different
classes of experiments conducted under both the switch-
ing options are: Scattering parameters measurement, Gain,
Efficiency and Radiation pattern measurement, and Diver-
sity parameters measurements. Results of three categories of
experiments are detailed below.

FIGURE 19. Effect of L7 on resonance and isolation.

FIGURE 20. Effect of L8 and L7 on resonance and isolation.

TABLE 1. Switching mode combination.

A. SCATTERING PARAMETERS MEASUREMENT
Fig 23 verifies the simulation results with measured results
for return loss and insertion loss of the MIMO antenna under
Mode 1 and Mode 2 conditions. So, the upper (3.68 GHz)
and lower (2.5 GHz) band MIMO operations can be con-
trolled by the switching function of bandstop filter. The
PIN diode integrated reconfigurable bandstop filter is able
to bring high isolation for both the resonating frequen-
cies of MIMO antenna. Maximum isolation of 42.77 dB
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FIGURE 21. Effect of W9 on resonance.

FIGURE 22. Fabricated prototype model of proposed two-port MIMO
antenna: (a) front view (b) back view.

and return loss of 39.41 dB is obtained at 3.68 GHz
under Mode 1 while maximum isolation of 37.49 dB and
reflection coefficient of 24.64 dB is obtained at 2.5 GHz
under Mode 2. The operational bandwidth obtained at oper-
ating frequency 3.68 GHz and 2.5 GHz are 280 MHz
(3.51 GHz–3.79 GHz) and 170 MHz (2.43 GHz–2.60 GHz)
respectively. The disparity between simulation and measure-
ment in some outband positions could be attributable to the
presence of four DC lines in the prototype model and flaws
in the fabrication process.

B. GAIN, EFFICIENCY AND RADIATION PATTERN
MEASUREMENT
The peak gain and antenna efficiency are displayed in
Fig 24 for both modes. It ensures the application of pro-
posed antenna for successful transmission as well as the
reception for radio communication. The proposed MIMO
antenna exhibits peak gain of 2.97 dBi and 3.07 dBi and
antenna efficiency of 86.8% and 91.47% at Mode 1 and
Mode 2 respectively.

The presence of four DC lines in the prototype as shown
in Fig 22, slightly degrades the gain and efficiency in the
experimental environment for the proposed antenna.

FIGURE 23. S11 and S21 measured and simulated for upper and lower
band.

FIGURE 24. Peak gain and radiation efficiency of the proposed design.

Radiation pattern of the proposed antenna for both the
modes is presentedwith E plane&Hplane co and cross polar-
ization shown in Fig 25 and Fig 26 respectively. It confirms
good coverage of surrounding area by radiated power for both
the frequency bands.

FIGURE 25. Normalized radiation pattern at 3.68 GHz (a) E Plane
(b) H Plane.

C. DIVERSITY PARAMETERS MEASUREMENTS
In addition to the scattering matrix and radiation pattern,
diversity performance metrics such as Envelope Correlation
Coefficient (ECC), Diversity Gain (DG), Total Active Reflec-
tion Coefficient (TARC), Mean Effective Gain (MEG), and
Channel Capacity Loss (CCL) should be measured to ensure
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FIGURE 26. Normalized radiation pattern at 2.5 GHz (a) E Plane
(b) H Plane.

that the MIMO antenna is making the efficient use of the
surrounding environment. A sketch depicting the details of
diversity metrics of the proposed MIMO antenna for both the
upper and lower band is shown in Fig 27.

FIGURE 27. Simulated and measured results of proposed MIMO antenna,
(a) ECC and diversity gain (DG), (b) TARC, (c) MEG, and (d) CCL.

ECC is a measure used to describe the isolation or corre-
lation of communication channels, and it is defined in Eq. 1.
Although the ideal value of ECC is 0, in practise, values less
than 0.5 are acceptable. As shown in Fig 27a, it is evident that
ECC is well below the acceptable limit for both the modes of
proposed antenna at desired frequencies [27].

ECC =
|
∫∫

4π

[
F1(θ, φ) · F2(θ, φ)d�

]
|
2∫∫

4π |F1(θ, φ)|
2d�

∫∫
4π |F2(θ, φ)|

2d�
(1)

In order to achieve good quality and reliability in wireless
systems, the DG of the MIMO design should be high, reach-
ing 10 dB in the operating bandwidth. Eq. 2 [28] is used to
calculate the DG from the ECC value.

DG = 10×
√
1− |ECC| (2)

TABLE 2. Simulated and measured results.

Fig 27a depicts the DG of the proposed uniquely shaped
switchable MIMO structure. It can be observed that the
DG of the antenna in the desired bands for both modes is
around 10 dB.

TARC is a real number between 0 and 1 that is defined
as the square root of the ratio of the total available power
to the sum of the power accessible at all ports minus the
radiated power [29]. When the TARC value is zero, the avail-
able power is radiated completely. The total power available
on all ports of the antenna system is the available power.
TARC curves are used to determine the effective operating
bandwidth of the antenna.

The general formula for determining TARC from the mea-
sured S-parameters for antennas with high efficiencies is
given by

0ta =

√∑N
i=1 |bi|

2√∑N
i=1 |ai|

2
(3)

The expression of TARC, can also be evaluated by from
the values of scattering matrix as mentioned in Eq. 4 [30].

0ta =

√
((|S11 + S12ejθ |2)+ (|S21 + S22ejθ |2))

2
(4)

The evaluated TARC values for the proposed antenna for
Mode 1 and Mode 2 are displayed in Fig 27b. The result
ensures satisfactory MIMO operation at desired bands.

MEG calculates the gain of a MIMO antenna while taking
into account the impacts of the surrounding environment.
As shown in Fig 27c, the MEG analysis for the proposed
antenna is performed at port 1 and port 2 for Mode 1 and
Mode 2, respectively, using the formulas in Eq. 5 and
Eq. 6 [31].

MEG1 = 0.5[1− |S11|2 − |S12|2] (5)

MEG1 = 0.5[1− |S12|2 − |S22|2] (6)

The MEG-1/MEG-2 ratio must be less than 3 dB for a
successful MIMO antenna design with similar power levels.
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TABLE 3. Comparative analysis of the proposed structure with some similar antennas.

The ratio for both modes of the planned MIMO antenna is
significantly below 3 dB, as shown in Fig 27c.

The CCL calculates the maximum limit of channel loss at
which message transmission can be carried out satisfactorily
in a communication channel. The acceptable CCL must be
limited to 0.4 bits/s/Hz for successful communication. The
CCL using the S-parameters is calculated from Eq. 7-8 [32].

Closs = −log2|ϕR| (7)

ϕR =

[
ϕ11 ϕ12
ϕ21 ϕ22

]
(8)

where

ϕ11 = 1− (|S11|2 + |S12|2)

ϕ22 = 1− (|S22|2 + |S21|2)

ϕ12 = −(S∗11S12 + S
∗

21S22)

ϕ21 = −(S∗22S21 + S
∗

12S11)

Fig. 27d shows the CCL calculated using S-parameters.
For both Mode 1 and Mode 2, the CCL value is substantially
lower than the maximum limit for the desired communication
frequencies.

A comparison table of simulated and measured values of
different antenna metrics for both the communication bands
are listed in Table 2 for easy reference.

V. COMPARATIVE ANALYSIS
Table 3 includes a comparison of proposed reconfigurable
MIMO antenna with few recently reported two port MIMO
antennas. Mainly diode based reconfiguration has been con-
sidered for comparison. The isolation techniques that have
been adapted in the papers are alsomentioned in the table. It is
found that proposed reconfigurable MIMO antenna is able to
bring higher isolation at both the operating frequencies than
the antennas reported in the table except [33]. The proposed
bandstop filter decoupling technique also causes significant
improvement in isolation for reconfigurable MIMO antenna.
In addition to high isolation, it has a smaller dimension than
the antennas listed in [23], [33], [34] and a larger dimension
than the antennas mentioned in [22], [24]. The proposed
antenna gain value is comparable to that of other work pre-
sented in the table. The proposed antenna has a higher ECC
value than the work presented in [22]–[24], but most of the
previous work [22], [23] measured ECC using the scatter-
ing parameter, whereas the proposed antenna measures ECC
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using the far-field radiation pattern. In comparison to other
MIMO antennas the proposed MIMO antenna has a high
directive gain, a vary low channel capacity loss, a moderate
gain, and a simple structure. So, the proposedMIMO antenna
has significant advantages over many previously reported
antennas.

VI. CONCLUSION
In this work, a switchable bandstop filter is used as
decoupling structure for developing miniaturised reconfig-
urable multiple input multiple output (MIMO) antenna.
The switchable band stop filter is designed with unit cell
split ring resonator and is deployed as a decoupling network
between two closely spaced monopole antennas. Controlling
the switching action of filter, the same MIMO antenna is
operated at 3.68 GHz (Mode 1) and 2.5 GHz (Mode 2) with
isolation 42.77 dB and 37.49 dB respectively. The proposed
MIMO antenna exhibits peak gain of 2.97 dBi and 3.07 dBi
and antenna efficiency of 86.8% and 91.47% at Mode 1 and
Mode 2 respectively. For both the modes, diversity param-
eters like ECC, DG, TARC, MEG and CCL are observed
along with key antenna performance metrics. Acceptable
results are obtained for all parameters in the desired fre-
quency bands. Simulation results are verified by measured
results for the proposed antenna structure. The proposed iso-
lation technique could also be used in future to design larger
reconfigurable MIMO antennas with more than two antenna
elements.
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