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ABSTRACT: A highly isolated MIMO antenna is designed using a neutralization line (NL), stubs, and slots for 5G, Wi-MAX, and WLAN
operations. A quarter circular ring monopole is modified to have a circular outer shape and a polygon inner shape. Thickness of the
monopole is reduced to decrease the electromagnetic (EM) coupling between the higher order modes and to obtain dual band characteris-
tics. A two-element MIMO antenna is designed. High isolation is achieved by combining isolation techniques of neutralization line with
stubs and slots. Isolation > 20 dB is achieved with stubs and slots in ground plane. Without altering the overall dimensions, isolation is
improved from 20 dB to 30 dB by using an NL in the MIMO structure that uses slots and stubs in the ground plane as isolation techniques.
S11 < −10 dB over 2.9–3.9GHz and 5.6–6.2GHz and S12 < −30 dB over 3.3–3.9GHz, and S12 < −40 dB over 5.6–6.2GHz covering
5G, Wi-MAX, V2X, and WLAN bands are obtained. The antenna has stable radiation patterns. ECC (Envelope Correlation Coefficient)
< 0.002, DG (Diversity Gain) close to 10 dB, and MEG (Mean Effective Gain) about 0 dB satisfy MIMO specifications. The compact,
low-cost antenna on a 30 × 50mm FR4 substrate is simple to design and fabricate. These features make it a suitable candidate for 5G,
Wi-MAX, and WLAN applications.

1. INTRODUCTION

High data rate, large channel capacity, and low latency are
the driving force behind the rapid growth of wireless com-

munication technologies. MIMO antenna offers a solution to
these requirements as it operates over parallel communication
channels [1]. However, due to size constraints, the performance
of MIMO system is adversely affected by the mutual coupling
between antenna elements. Researchers have employed differ-
ent techniques and analyzed diverse solutions to mitigate mu-
tual coupling issues in MIMO antennas [2, 3]. Electromagnetic
bandgap (EBG) structures, metamaterial-based elements, and
meandering line resonators effectively isolate multiple antenna
elements [4–7]. Compact dual-band and tri-band MIMO an-
tennas for LTE, WLAN, Wi-MAX, and 5G standards [8–13]
have been reported. Neutralization lines are incorporated to re-
ducemutual coupling in ultra-wideband (UWB) andmulti-band
MIMO antennas [14–17]. A neutralization line reduces mutual
coupling because out-of-phase currents over the path connect-
ing the elements cancel the near fields. A 2-element microstrip
antenna with slots and neutralization lines is designed in [18].
Pattern diversity and ground plane modification techniques

have improved isolation in compact antennas [19–21]. Slots
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and stubs are employed in pie-shaped, G-shaped, hook-shaped,
crescent shaped, and swastika-shapedmultiband antennas to re-
duce mutual coupling in [22–26]. Coplanar waveguide feed is
modified in a simple asymmetrical coplanar strip (ACS), and
orthogonal polarization diversity is employed to design a com-
pact MIMO antenna in [25, 26]. A tri-band MIMO antenna
consisting of a thin L strip and a quarter circular monopole is
designed with a parasitic element. Slots and stubs are incorpo-
rated in the ground plane to improve isolation [27]. A MIMO
antenna on a flexible thin substrate is designed for wearable
and portable communication systems for 5G networks appli-
cations [28]. The substrate flexibility with orthogonal polar-
ization diversity offers improved isolation performance. A T-
shaped stub acts as a decoupling structure between two circu-
lar shaped monopole antenna elements in [29]. A two-element
MIMO planar inverted F-shape antenna (PIFA) is designed
with an L-shaped slot in the ground plane to achieve isolation
> 21 dB [30].
A compact UWB MIMO antenna is designed with ex-

tended F-shaped stubs in ground plane to achieve isolation
> 25 dB [31]. A defective ground structure (DGS) is designed
to improve isolation > 15 dB in [32]. Various isolation
techniques used in MIMO antennas have been investigated
in [33, 34]. DGS and complementary split ring resonators
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TABLE 1. Optimized parameters’ dimension of the antenna.

Parameters L W D GSL GSW S1 S2 S3 SL1
dimensions (mm) 30 50 19.5 16 5 3 1 2 13

Parameters SW1 SL2 SW2 Lg Wf PS RW NL NW
dimensions (mm) 1.5 22 1 11.1 3 3.3 9.6 31.9 0.5

(C-SRRs) are designed to reduce mutual coupling in [35].
Isolation > 22 dB is achieved for a dual-band antenna using
metasurface in [36].
Wide-band antennas are useful and sometime unavoidable,

as single antenna is used to cover multiple bands. However, the
radiation patterns vary over large bandwidth and result in poor
signal/noise ratio (SNR). The wideband antenna may cause in-
terference with other devices operating over narrow bands in
the vicinity. To mitigate these drawbacks, we have designed a
compact dual-bandMIMO antenna with isolation> 30 dB over
two bands by combining isolation techniques of slots, stubs,
and NL.
In this paper, a dual-band MIMO antenna covering

3.3–3.9GHz and 5.6–6.2GHz frequency bands for 5G (3.3–
3.8GHz), Wi-MAX (3.4–3.6GHz), V2X (5.75–5.925GHz),
and WLAN (5.725–5.875GHz) applications is presented. Its
two elements are placed side by side and are mirror image
monopoles. The high isolation is realized by incorporating
slots and stubs in the ground plane and an NL connecting the
two radiating elements. The radiation patterns of antenna in
two bands are stable. S12 < −30 dB and ECC < 0.002 with
DG close to 10 dB are obtained which qualify the structure
for MIMO applications. The dimensions of the antenna
having > 30 dB isolation are smaller than that of the reported
antennas.

2. ANTENNA GEOMETRY, EVOLUTION AND DESIGN
THEORY
Electromagnetic (EM) coupling between higher-order modes,
which get excited in a monopole radiator, results in ultra-wide
bandwidth. The wideband higher-order modes of a monopole
resonate at different but nearby frequencies. The resonant fre-
quencies of higher order modes and their impedance bandwidth
(IBW) depend on the shape and dimensions of monopole radia-
tor and ground plane as well as dielectric constant and thickness
of substrate. These attributes of monopole antenna have led to
innumerable monopole structures. However, UWB and wide-
band radiators interfere with narrowband devices. To overcome
this problem, band-notch UWB antennas or multi-band anten-
nas are designed. Branches of different lengths, widths, and
shapes are traditionally designed, each having its own resonant
frequency and BW.
A UWB or wideband monopole can operate as dual or multi-

band antenna if the coupling between higher order modes is
reduced by (a) decreasing the thickness, (b) removing the sym-
metrical portion of radiating element, (c) increasing the gap be-
tween radiating monopole and ground-plane, and (d) decreas-
ing the dimensions of ground plane. Thereafter, the struc-

ture can be modified and optimized to operate over the desired
bands.
These monopoles may constitute MIMO structures. The iso-

lation can be improved by placing the elements, so that they are
mirror images of each other, to neutralize/cancel the near field
responsible for the mutual coupling. Slots are incorporated in
the ground plane so that surface waves traverse long path, and
thus mutual coupling due to surface waves decreases. The stubs
act as decoupling structures and reflect the near fields respon-
sible for mutual coupling. Besides slots and stubs, a neutral-
ization line connecting the two radiators is also incorporated.
The out-of-phase currents over the neutralization line connect-
ing the elements cancel the fields that cause themutual coupling
between the elements. Without altering the overall dimensions,
isolation is improved significantly from 20 dB to 30 dB by us-
ing an NL in the MIMO structure that uses slots and stubs in
the ground plane as isolation techniques.
Figures 1 and 2 show the geometry and fabricated antenna,

respectively. An antenna of dimension 30mm × 50mm is de-
signed on an FR4 substrate (1.6mm thickness, εr = 4.4, and
tan δ = 0.02) using (a) slots and stubs and (b) slots, stubs, and
NL. The MIMO structure consists of two monopoles separated
by 19.5mm. The parameters’ dimensions are listed in Table 1.
Antenna’s different evolution stages are depicted in Fig. 3.

In antenna ‘A-1’, a quarter circular ring monopole is modified
to have a circular outer shape and an 11-side polygon inner
shape. The thickness of monopole is reduced to decrease EM
coupling between the higher order modes and to obtain dual-
band characteristics. In uniform thick annular ring monopole,
the surface current density decreases from feed line to the top
edge. Therefore, the surface area is increased from feed line
to the top edge in ‘A-1’ to enhance the surface current den-
sity and effective current path length. It decreases resonating
frequency resulting in miniaturization/compact size. ‘A-1’ on
a 30mm × 28mm substrate offers S11 < −10 dB over 2.8–
3.9GHz and 6.7–13.2GHz. The ground plane is extended to
accommodate the second element in ‘A-2’. The ground plane
dimensions affect the impedancematching, resonant frequency,
and BW of different modes. A mirror image of the first element
is placed at 19.5mm in ‘A-3’. S11 < −10 dB is obtained over
3.1GHz–4.0GHz and 6.5GHz–9GHz, while S12 < −20 dB
and < −8 dB are obtained over two bands, respectively. The
impedance matching as well as isolation is not satisfactory.
A wide slot is etched between the two elements to increase

the surface wave path length in ‘A-4’. The surface current mag-
nitude is maximum at the edge near the radiating monopole.
By etching a slot, the path length increases, and amplitude of
surface waves decreases, resulting in improvement in isolation.
S11 < −10 dB and S12 < −25 dB are obtained over 3.1–
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FIGURE 1. MIMO antenna geometry using isolation techniques of slots, stubs and NL.

(a) (b)

FIGURE 2. Fabricated MIMO antennas using (a) slots and stubs (b) slots, stubs and NL.

          
A-1                    A-2                                   A-3                                 A-4 

      
 A-5                                  A-6                                       A-7

FIGURE 3. Evolution stages of MIMO antenna.

3.9GHz. However, impedance matching and isolation degrade
significantly in the upper band.
In ‘A-5’, two stubs with length more than that of radiat-

ing monopoles are added protruding from the wide slot in the
ground plane. These stubs provide decoupling path to the sur-
face waves and also reflect the near fields. The resonant fre-
quencies decrease, and isolation improves due to stubs. S11 <
−10 dB and S12 < −25 dB are obtained over 3.0–4.0GHz

while S11 < −10 dB and S12 < −36 dB are obtained over
5.9–6.2GHz. Two shorter stubs are added in ‘Ant 6’. S12 <
−20 dB and S12 < −30 dB are obtained over 3.4–3.9GHz and
5.9–6.2GHz. In ‘A-7’, an NL connecting the two radiators is
incorporated. The out-of-phase currents over the neutralization
line connecting the elements cancel the fields causing mutual
coupling between the elements. The resonant frequencies of
two bands decrease, and isolation improves due to NL. S11 <
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FIGURE 4. S parameters of evolution stages of MIMO antenna.

(i)

(ii)

FIGURE 5. Scalar surface current density MIMO antennas using (i) slots and stubs and (ii) slots, stubs and NL in two operating bands. (a) 3.6GHz,
(b) 5.9GHz.

FIGURE 6. Equivalent circuit of proposed MIMO antenna using isolation techniques of slots, stubs and NL.

−10 dB and S12 < −30 dB are obtained over 3.3–3.9GHz and
5.6–6.2GHz for 5G (3.3–3.8GHz), Wi-MAX (3.4–3.6GHz)
V2X (5.75–5.925GHz) and WLAN (5.725–5.875GHz) appli-
cations. The structures are optimized at each stage. Fig. 4
shows S parameters of different stages of antenna.
The scalar surface current densities of ‘A-6’ and ‘A-7’are

depicted in Fig. 5. In ‘A-6’, there is significant current in the
shorter stub and longer stub in lower band as compared to ‘A-
7’, and therefore, NL significantly improves isolation in ‘A-7’.

The NL provides an additional path, and surface current is con-
centrated towards the left element which results in decrease in
resonant frequency in lower band and improvement in isola-
tion. The effective surface current density on NL is more in
upper band which results in considerable decrease in resonant
frequency in upper band as compared to lower band. The radi-
ation patterns become more directive in upper band as antenna
operates in higher mode as compared to lower band where it
operates in fundamental mode.
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(a)  A-6

(b) A-7

FIGURE 7. S-parameters of antennas using (a) slots and stubs (b) slots, stubs and NL. (i) Port 1 excited, (ii) Port 2 excited.

The working of dual bands and isolation between two ele-
ments of MIMO antenna can be analyzed with the help of the
equivalent circuit shown in Fig. 6. The dual-band operation of
monopole antenna is equivalent to two parallel circuits of R1-
L1-C1 and R2-L2-C2 connected in series. The two monopole el-
ements are fed through 50Ωmicrostrip transmission line at port
1 and port 2 [37]. Stubs and slots in ground plane form band-
stop filters. They are represented by the parallel combination
of L3-C3 and L4-C4. These band-stop filters do not allow the
surface current or near fields to couple with the second element
and thus provide isolation> 20 dB over two bands. The metal-
lic NL connecting the two monopole radiators is equivalent to
inductor L. The current in NL flows from element 1 to 2, but
it is neutralized by an opposite current flowing from element 2
to 1. Thus, NL cancels the near fields responsible for mutual
coupling and enhances the isolation significantly by 10 dB. As
a result, NL in combination with stubs and slots offers> 30 dB
isolation over the desired bands. Since the two monopoles are
identical and symmetrical, the equivalent circuit is also sym-
metrical at port 1 and port 2.

3. MEASURED RESULTS AND ANALYSIS

3.1. S-Parameters
The antenna is fabricated using advanced photolithography
techniques. An Agilent 9916A network analyzer is used to
measure the S parameters and to compare it with simulated S
parameters (Fig. 7) of prototype antennas (Fig. 2). One port is
excited, and the other port is terminated. In the desired bands,
S11 and S22 < −10 dB and S12 and S21 < −30 dB are ob-
tained. The measured results closely agree with the simulated

ones. The discrepancy in measured and simulated results may
be attributed to connector loading and substrate parameters.

3.2. Radiation Patterns and Diversity Performance

The radiation patterns of the MIMO antenna are shown in
Fig. 8, in which one port is excited and other terminated us-
ing a matched impedance. The radiation patterns are mirror
images of each other when port 1/port 2 is excited while the
other port is terminated. The co-polar and cross-polar compo-
nents of radiation patterns in E and H planes at 3.2, 3.4, 3.6,
and 3.8GHz covering lower band and 5.6, 5.8, 6.0, and 6.2GHz
covering upper band are shown in Fig. 8. There is little vari-
ation in radiation pattern over two bands. Thus, the antenna
radiates stable omnidirectional fields. The antenna diversity is
confirmed through identical mirror images of the radiation pat-
terns when ‘port 1’ or ‘port 2’ is excited. The simulated and
measured gains and antenna efficiencies are shown in Fig. 9.
The maximum gain of 1.4 dBi with 73% efficiency and 4.1 dBi
with 84% efficiency are obtained in two bands. Higher gains in
upper frequency band can be attributed to increase in effective
aperture area with frequency.
Diversity performance evaluation of the MIMO antenna is

achieved by analyzing ECC, DG, and MEG values. The com-
munication channel between two points follows the isolation
defined by ECC. Themechanism analyzesmutual field interfer-
ence that occurs from one antenna to another when both func-
tion together. ECC is determined under uniform multipath in-
door environment. The simulated and measured ECC < 0.002
in desirable bands, illustrated in Fig. 10, depict diversity per-
formance of MIMO antenna.
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E plane  (  co-polar  cross-polar) 

  
H plane  ( co-polar cross-polar) 

    3.2 GHz                        3.4 GHz                      3.6 GHz                        3.8 GHz 

 

E plane  (  co-polar  cross-polar) 

 

H plane  ( co-polar cross-polar) 

5.6 GHz                       5.8 GHz                      6.0 GHz                        6.2 GHz 

FIGURE 8. Radiation patterns of proposed MIMO antenna using slots, stubs, and NL.

(  simulated Measured)

FIGURE 9. Antenna peak gain and efficiency of proposed antenna using Slots, stubs and NL.
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FIGURE 10. Envelope correlation coefficient. FIGURE 11. Diversity gain.

TABLE 2. Comparison with reported MIMO structures.

Ref. Isolation-Techniques Bands
(GHz)

Isolation
(dB)

Antenna size
(λ0 × λ0)λ

2
0

ECC DG

[6] C-SRRs microstrip
antennas

2.34–2.47
3.35–3.64

31
20

0.34× 0.203 = 0.069 0.05 9.4

[7] meander-line
decouple-structure

2.4–2.48
5.15–5.83

9
25

0.48× 0.48 = 0.2304 0.08 9.8

[9] Elliptical slot and
parasitic strip

3.2–3.8
5.7–6.2

20
20

0.32× 0.28 = 0.089 0.03 9.5

[10] Slots, stub and
parasitic element

3.41–3.60
4.76–5.04

29
41.4

0.44× 0.64 = 0.282 0.005 9.7

[11] Elliptical
decouple-structure

3.2–6 15 0.64× 0.43 = 0.275 0.003 9.5

[14] Slots, Stubs, NL 3.7–39
5.6–5.9

15
15

0.37× 0.37 = 0.137 0.001 10

[16] NL between Microstrip
Antenna elements

2.2–3.1
5.7–6.5

29
48

0.44× 0.29 = 0.1276 0.001 9.9

[17] NL 3.1–11.7 16.5 0.475× 0.475 = 0.226 0.01 9.6

[19] Spatial Orientation
2.4–2.52,
3.66–4,
4.62–5.52

30.5
18.5

0.212× 0.664 = 0.1407 0.001 9.9

[22] Spatial orientation,
Stubs and slots

2.82–8.21
9.8–12.42

18
16

0.244× 0.376 = 0.0917 0.002 9.99

[24] Decoupling T-structure 1.85–3.63
1.73–2.28

17.2
22.4

0.284× 0.185 = 0.053 0.003 9.9

[25] hook shaped decoupling,
ACS fed

2.25–2.4
4.7–6.3

15
15

0.375× 0.375 = 0.1406 0.0025 9.9

This Work Stubs, slots and
Neutralization line

2.9–3.9
5.56–6.25

31
41

0.29× 0.48 = 0.139 0.001 9.9

Equation (1) is used to calculate DG from correlation coeffi-
cient values. DG of approximately 10 dB (Fig. 11) in bands of
interest demonstrates good diversity performance.

DG = 10

√
1− | ECC|2 (1)

The antenna needs to fulfill MEG requirement in addition to
ECC defined in Equation (2).

MEGi/MEGj = 1 (2)

MEGi =
1

4π

∫ 4π

0

|Fi (θ,ϕ) |2P (θ,ϕ) dΩ (3)

where P (θ, φ) is uniform, assuming ideal propagation. MEG
can also be calculated using S-parameters.
Figure 12 depicts the simulated (S) and measured (M)

MEG1, MEG2, as well as MEG1/MEG2 plots. MEG1 shares
virtually the same characteristics as MEG2 while their ratio
MEG1/MEG2 remains about 0 decibel throughout the desired
bands. The simulated and measured total active reflection
coefficients (TARCs) are plotted in Fig. 13 using Equation (4).

TARC =

√
|S11+S12|2+ |S21+S22|2

2
(4)
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FIGURE 12. MEG of proposed antenna. FIGURE 13. TARC of proposed antenna.

4. COMPARISON WITH REPORTED ANTENNAS

Table 2 lists the comparison of our antenna with reported an-
tennas in terms of technique, electrical size, bandwidth, iso-
lation, and ECC. Different techniques and their combinations
and effect on isolation, ECC, and DG are listed in Table 2.
Structures in [6] and [16] are microstrip antenna (MSA)MIMO
structures while the rest are monopole MIMO antennas. Refs.
[7, 11, 17, 19, 25] have larger dimensions and low isolation than
the proposed structure. The antenna in [10] has comparable
isolation but occupies double area than our antenna. Structures
in [6, 9, 14, 22, 24] have smaller dimensions but offer signifi-
cantly low isolation. The antenna in [16] has comparable di-
mensions and isolation, but it is an MSAMIMO antenna while
the proposed structure is a monopole MIMO antenna. Both the
structures use NL to achieve high isolation. The proposed an-
tenna is simple to design and fabricate, low in cost, offers stable
radiation patterns, and satisfies all MIMO diversity parameters
and standards.

5. CONCLUSION

A low cost and simple-to-design, MIMO structure consisting
of two monopole antenna elements is designed. The monopole
is designed from a circular monopole. A quarter circular
monopole is designed, and an 11-sided regular polygon slot is
etched from it. The design decreases the thickness of monopole
radiator which decreases the mutual coupling between higher-
order modes. It results in a dual-band antenna. The surface
area of the radiating element is gradually increased from near
the feed to the top which increases effective surface current and
decreases resonant frequency. Simple techniques of stubs and
slots in ground plane are employed to achieve 20 dB isolation.
Isolation is improved to 30 dB by incorporating a neutraliza-
tion line connecting the twomonopole radiators. Thus, a highly
isolated MIMO antenna is proposed using a neutralization line,
stubs, and slots for 5G,Wi-MAX, V2X, andWLAN operations.
Isolation> 30 dB in lower 5G andWi-MAX band and> 40 dB
in WLAN and V2X band is obtained. The proposed antenna
offers stable radiation patterns and adheres to all diversity pa-
rameters and MIMO standards.
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