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Abstract

A new design method of an ultra-wideband circularly-polarized planar multiple-input-mul-
tiple-output (MIMO) antenna is presented in this paper. The proposed MIMO antenna con-
sists of four unit cell antennas, being comprised of a microstrip feed line and a square slotted
ground plane. In the proposed unit cell design, a circular stub is protruded from the ground
plane strip for achieving circular polarization. The unit cell of the MIMO antenna is opti-
mized by adjusting design parameters. The compact four-port MIMO antenna prototype is
designed on the FR4 substrate with the overall dimensions of 45 × 45 × 1.6 mm3. The pro-
posed four-port MIMO antenna design provides an impedance bandwidth (S11 <−10 dB)
of 112% (3.1–11 GHz) and a 3 dB axial ratio bandwidth of 36% (4.8–6.9 GHz). The perform-
ance of the fabricated MIMO antenna shows good agreement between the EM simulation and
measurement results.

Introduction

Planar antennas are receiving a lot of attention in research and in the wireless industry due to
their advantages such as small size, low profile, simple configuration, economical cost, and
ease of integration with other high-frequency devices [1, 2]. These antennas are best suited
for short-range communications, peer-to-peer ultrafast communications, and other high
data rate modern wireless applications [3, 4]. Recently, multiple-input-multiple-output
(MIMO) antenna structures have drawn substantial attention because of their ability to
adapt the exponentially increasing traffic environment. The concept of MIMO is very helpful
in decreasing multipath fading effects, thus attaining higher data rate, range, and reliability
without increasing the spectrum range or transmit power [5]. To achieve a high-performing
MIMO system, several antenna elements are usually integrated together with low mutual coup-
ling between the antenna ports [6]. However, due to the limited available space in portable
devices, the adjustment of several antenna elements inside the device is a difficult task.
Because of multiple closely-operating bands and space restrictions, the radiating antenna
unit cells are exposed to large inter-element coupling, which degrades the system performance
[7]. In the last few years, a number of MIMO antennas have been reported by many investi-
gators [8–12]. In [8], an antenna structure with two radiating elements was proposed with a
common ground plane. The antenna presented in [9] was comprised of a complementary split
ring resonator-loaded ground plane and two counter facing monopole radiators. A MIMO
antenna structure with two upturned F-shaped radiators for dual operating bands was pro-
posed in [10]. A MIMO antenna design consisting of four L-shaped unit cells integrated
with an split ring resonator structure was reported in [11]. In [12], a four-port MIMO antenna
loaded with concentric square loops was presented.

Another configuration, which is in high demand for emerging wireless applications, is
circularly-polarized (CP) MIMO devices [13]. CP antennas are broadly used for Bluetooth,
RFID, WLAN, WiMAX, satellite, and radar applications. CP MIMO antennas have the benefit
of large spectral efficiency since these antennas do not possess the difficulty of polarization
mismatch between the transmitter and receiver. However, among the existing MIMO antenna
designs, only a few have been proposed with circular polarization characteristics. A dual-port
MIMO antenna with an inductor-loaded metal strip for CP radiation was presented in [14]. In
[15], a two-port MIMO antenna making use of the fractal Koch and Minkowski island curves
and the defected ground for obtaining high isolation was proposed. A two-port MIMO
antenna with cross-branch implanted in the ground surface for circular polarization was
reported [16]. A MIMO antenna with two radiators located on the top and bottom sides of
the substrate was presented in [17]. A triple-port MIMO antenna making use of the corner
truncation technique for achieving CP band was proposed in [18], and four rectangular radia-
tors with truncated corner and loaded with 90° apart rectangular slots in the center was
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proposed in [19]. A quad-port MIMO antenna with corner trun-
cated patch for circular polarization was designed in [20], and
four symmetrical triangular monopole radiators were placed
orthogonally in [21]. In [22], a multi-layered, aperture-coupled,
cross-slot MIMO antenna with circular polarization was pro-
posed. However, in most of the reported designs, the ground
planes of the antenna elements were not connected with each
other, thereby leading to shifting reference voltages [23]. Also,
the complex elements in the radiator or ground surface increases
the antenna dimension and design complexity, hence making the
proposed antennas difficult to be integrated with monolithic
microwave integrated circuits (MMICs) or other high-frequency
circuits.

In this paper, a new design method of a planar CP MIMO
antenna consisting of four closely-placed unit cells of antenna ele-
ments with connected ground is presented. The MIMO antenna
must have a common ground plane so that all signal levels within
the MIMO system can be interpreted correctly based on the same
reference level. If separate and not-connected ground planes are

present, the MIMO antennas may not work in practical applica-
tions since the assumption of having all ground surfaces with the
same voltage level becomes invalid. Furthermore, the decoupling
method using defected ground structure is only valid when the
ground planes of radiating elements are not completely separated.
The implemented antenna has compact size and provides very
wide impedance bandwidth and axial ratio bandwidth. The pro-
posed MIMO antenna shows high isolation between elements
over a wide range of frequencies. It also exhibits good diversity
performance making the proposed antenna suitable for ultra-
wideband (UWB) MIMO systems in the presence of multipath
fading. With attractive features of a simple structure and UWB
operation, the proposed MIMO antenna can be used for wireless
personal area networks. The obtained results agree well with the
simulated outcomes.

Antenna structure

Design of a CP antenna element

The schematic of the proposed antenna is illustrated in Fig. 1. The
proposed antenna consists of a microstrip feed line on the top side
of the substrate and a ground plane on the bottom side of the sub-
strate. A 50 Ω microstrip feed line is used for exciting the antenna
structure, and a wide slot is introduced in the ground plane of the
antenna. Further, in order to realize CP operation in the proposed
structure, a circular stub protruded from the ground conductor
strip is formed. The feed line of the antenna is positioned near
the circular stub to broaden the axial ratio bandwidth of the
unit cell. The FR-4 dielectric substrate with a relative permittivity
of 4.4, thickness of 1.6 mm, and loss tangent of 0.02 is used for
the design of the proposed antenna. The design parameters of
the proposed unit cell are given in Table 1. A 3-D EM simulator
(Ansys HFSS®) is used for designing the proposed structure.

The antenna designing steps are illustrated in Fig. 2. First, the
side length of the square conductor patch is calculated by the

Fig. 1. Geometry of the proposed antenna elem-
ent: (a) top view and (b) side view.

Table 1. Dimensions of the proposed antenna

Dimension Value (mm) Dimension Value (mm)

L1 20 h4 4

L2 15 h5 3

Lf 10 h6 1

Wf 3 L3 45

Ds 7.2 w1 2

h1 11 w2 1.5

h2 3.5 s1 14

h3 3 s2 10
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relation [24]
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where fc is the center frequency, c is the speed of light in free
space, εr is the relative permittivity of the substrate, L1 is the
length of the square conductor patch, and m and n are resonating
modes. The width of the microstrip line feed is calculated as [25]

Wf = 7.48× h

e Zo(
�������
1r+1.41

√
/87)( ) − 1.25× t (2)

where Wf is width of the feed line, h is thickness of the dielectric
substrate, Zo is the input impedance, and t is the trace thickness.
Next, as shown in Fig. 2(a), a wide slot is formed inside the con-
ventional square-shaped antenna (antenna 1), which is an ordin-
ary wide slot antenna excited by the 50 Ω microstrip feed line
located at the center of the wide slotted ground surface. The
dimensions of the wide slot affect the current path, which changes
the resonating frequency band of the antenna. In Fig. 2(b), a cir-
cular stub is protruded toward the center of the wide slot in the
ground plane of the antenna (antenna 2). In antenna 3 shown
in Fig. 2(c), the feed line is shifted toward the right edge of the
antenna near the protruded circular stub. When the feed is at

Fig. 2. Design steps of the unit cell antenna: (a)
antenna 1, (b) antenna 2, and (c) antenna 3.

Fig. 3. Comparison of the antenna design steps: (a) reflection coefficient and (b) axial
ratio.

Fig. 4. Axial ratio variations with different values of (a) Ds and (b) h1.
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the center (antenna 2), the EM energy is distributed symmetric-
ally throughout the wide slot. Alternatively, varying the feed
line location significantly improves the impedance matching with-
out using any additional matching element. The ground plane
with the circular stub and the offset feed line position induces a
wide CP band within the antenna resonating range.
Furthermore, a part of the ground plane underneath the feed
line is removed to reduce the coupling between the feed line
and ground surface.

Figure 3(a) shows the comparison of the simulated reflection
coefficients for the antenna design evolution steps as illustrated
in Fig. 2. Antenna 1 is an ordinary square-shaped antenna with
a wide slot in the ground plane and excited by a microstrip
feed line. Antenna 1 shows a wide impedance bandwidth of
4.6 GHz (3.9–8.5 GHz) as can be seen in Fig. 3(a). Figure 3(b)
shows the axial ratio comparison of antenna evolution steps. As
can be seen, antenna 1 with a wide slot in the ground plane is lin-
early polarized. Antenna 2 with a circular stub protruded from the
ground conductor strip improves the reflection coefficient charac-
teristics in both upper and lower frequency ranges. This improve-
ment in impedance bandwidth is due to the increased current
path induced by the circular stub in the ground plane. Further,
the circular stub introduces a 90° phase difference between Exoy
and Eyoz components, which is required for obtaining circular
polarization, and, as a result, the axial ratio reduces to approxi-
mately 1 dB in the antenna radiating band range. To considerably
improve the 3 dB axial ratio bandwidth, the microstrip feed line is

offset-positioned near the right edge of the ground surface just
beneath the circular stub. Moreover, to improve the impedance
bandwidth and circular polarization characteristics, a part of the
ground strip beneath the feed line is etched out, hence reducing
the mutual coupling effect between the feed line and ground
plane (antenna 3). This increases the axial ratio bandwidth to
3.7 GHz ranging from 4 to 7.7 GHz.

To realize a very wide axial ratio bandwidth from the proposed
antenna, the radius and location of the protruded circular stub are
optimized by varying one of the parameters while keeping the
other parameters fixed. The parametric study of the size of the cir-
cular stub and its position along the y-axis is illustrated in Figs 4
(a) and 4(b), respectively. It can be observed from Fig. 4 that the
most favorable results are achieved with Ds = 7.2 mm and h1 =
11 mm. The surface current distribution and far-field radiation
pattern of proposed antenna 3 at 5.75 GHz are shown in Figs 5
and 6(a), respectively. Stronger fields are concentrated close to
the protruded circular stub in a clockwise rotation. The direction
of the current vectors is clockwise in both antennas 2 and 3, hence
validating the left-hand circularly-polarized (LHCP) operation of
the antenna. The gain of the antenna unit cell is shown in Fig. 6
(b). A peak gain of 3.6 dBi and average gain around 3 dBi are
obtained in the operating band. A comparison of the proposed
antenna with other reported CP antennas is given in Table 2.
Unlike other reported CP antenna designs [26–34], the proposed
antenna structure is extremely compact, low profile, and can be
easily designed since it does not implicate any truncation of the

Fig. 5. Surface current distributions at 5.75 GHz:
(a) ωt = 0°, (b) ωt = 90°, (c) ωt = 180°, and (d) ωt = 270°.

78 Sachin Kumar et al.

https://doi.org/10.1017/S1759078719000874 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078719000874


patch or loading of active devices. The antenna exhibits an ultra-
wide impedance and axial ratio bandwidth of 112 and 63%,
respectively.

Design of a two-port CP MIMO antenna

In designing a compact two-port MIMO antenna, the proposed
antenna element with dimensions of 20 × 20 mm2 is to be orga-
nized in a 1 × 2 pattern as shown in Fig. 7. The overall dimensions
of the proposed two-port MIMO antenna are 45 × 20 × 1.6 mm3.
It is important to note that, as the antenna elements are placed
close to each other in the MIMO antenna, the value of axial
ratio is deteriorated as compared with that of the unit cell
antenna, and becomes greater than 3 dB at many points in the
band of interest. This deterioration in the axial ratio is due to
the strong interference from the adjacent antenna elements. For
overcoming this interference, a rectangular-shaped strip is intro-
duced on the ground surface, which reduces the level of interfer-
ence between the two adjacent antenna elements by reflecting EM
radiations from closely-packed antenna elements, thereby restor-
ing the axial ratio bandwidth. In multi-antenna systems, the iso-
lation between antenna elements can be increased through
decoupling elements or by introducing enough space between
the radiators. But, a large spacing between antenna radiating ele-
ments will increase the overall size of the antenna. In the pro-
posed design, a rectangular-shaped strip is used for reducing

Fig. 6. Proposed antenna element: (a) radiation pattern at 5.75 GHz and (b) gain
variation.
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interference between the adjacent antenna elements, minimizing
space between the antenna elements. The spacing and position
of the strips are optimized in such a manner that a compact
geometry (with minimum inter-element coupling and wide
3 dB axial ratio bandwidth) is achieved.

Fig. 7. Geometry of the proposed two-port MIMO
antenna.

Fig. 8. S-Parameters of the proposed two-port MIMO antenna.

Fig. 9. Axial ratio and ECC of the proposed two-port MIMO antenna.

Fig. 10. Geometry of the proposed four-element MIMO antenna.

Fig. 11. Pictures of the fabricated four-element MIMO antenna: (a) front view and (b)
rear view.
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In addition to improving isolation, the rectangular-shaped
strip also connects the ground planes of the antenna unit cells
thus ensuring a common reference voltage level in the ground
plane of the MIMO antenna. However, it is quite difficult to

retain circular polarization behavior of the antenna elements in
the ground radiating CP MIMO structures when the ground
patches are connected together. This is due to the fact that the
connecting strip is made up of conductor, and, therefore, it will
leak some amount of current toward the neighboring antenna
elements.

The simulated reflection coefficients at the two antenna ports
are illustrated in Fig. 8. It can be noticed that the two-element
MIMO antenna is covering the complete UWB range. The mutual
coupling curves with and without rectangular-shaped decoupling
elements are shown in Fig. 8. The rectangular-shaped strip
reduces the interference between the two adjacent antenna ele-
ments, and the achieved inter-element isolation is better than
18 dB over the complete operating range. The axial ratio with fre-
quency variations are shown in Fig. 9, and it is observed that the
proposed antenna is covering a 3 dB range of 4.5–7.5 GHz.

The diversity performance of the MIMO antenna can be esti-
mated by the envelope correlation coefficient (ECC). The MIMO
antenna systems are comprised of multiple radiating elements
which are independent in order to transmit simultaneous and
independent data streams. Therefore, the radiators should have
good isolation, or at least very weak correlation. The correlation

Fig. 12. S-Parameters of the proposed four-element MIMO antenna.

Fig. 13. S-Parameters of the proposed four-element MIMO antenna with reference to
(a) port-1 and (b) other ports.

Fig. 14. Axial ratio and gain of the proposed four-element MIMO antenna.

Fig. 15. ECC of the proposed four-element MIMO antenna.
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between the adjacent antenna elements (i and j) for an N-port
MIMO system can be expressed by the relation [35]

re(i, j, N) =
∑N

n=1 S
∗
i, nSn, j∏

k=i, j 1−∑N
n=1 S

∗
k, nSn, k

( )∣∣∣ ∣∣∣1/2
∣∣∣∣∣∣∣

∣∣∣∣∣∣∣
2

(3)

For a two-port MIMO system, i = 1, j = 2, N = 2 and the ECC is
calculated as

re(1, 2, 2) = S∗11S12 + S∗21S22
∣∣ ∣∣2

1− S11| |2 − S21| |2( )
1− S22| |2 − S12| |2( ) (4)

In the proposed two-port MIMO system, isolation is greater
than 18 dB and ECC is less than 0.04 as shown in Fig. 9, thus
illustrating a good diversity performance of the proposed antenna.

Design of a four-port CP MIMO antenna

In order to design a compact four-port MIMO antenna, the pro-
posed antenna element is organized in a pattern of 2 × 2 cells as
illustrated in Fig. 10. The pictures of the fabricated four-port
MIMO antenna are shown in Figs 11(a) and 11(b). The overall
dimensions of the antenna are 45 × 45 × 1.6 mm3. To overcome
the issue of inter-element interference, a plus-shaped conductor
strip is inserted in the ground plane of the antenna, minimizing
space between the antenna elements. The introduced strip not

Fig. 16. Radiation patterns of the proposed
antenna: (a) 5.5 GHz, f = 0°, (b) 5.5 GHz, f = 90°,
(c) 6 GHz, f = 0°, (d) 6 GHz, f = 90°, (e) 6.5 GHz,
f = 0°, and (f) 6.5 GHz, f = 90°.
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only reduces the level of interference between the radiating ele-
ments, but also restores the axial ratio bandwidth. In addition
to isolation improvement, the plus-shaped conductor strip also
connects the ground planes of all the four antenna unit cells,
thus ensuring common reference voltage level in the ground
plane of the proposed MIMO antenna. The spacing and position
of the plus-shaped strip are optimized so that a compact geometry
is obtained.

Results and discussion

The antenna performance parameters were measured using an
Anritsu MS4644B vector network analyzer. The simulated and
measured reflection coefficients of the proposed four-port
MIMO antenna are shown in Fig. 12. It is observed that the
antenna is operating in the band of 3.1–11 GHz (7.9 GHz), thus
covering the complete UWB range. During the process of antenna
measurements, one port of the MIMO antenna is excited and the
other ports are terminated with the 50 Ω matched loads. The iso-
lation level between different antenna elements is shown in
Fig. 13, and it can be observed that isolation of more than
16 dB is provided between the various antenna ports. The axial
ratio performance of the proposed MIMO antenna is shown in
Fig. 14, and it is noticed that a good quality of circular polariza-
tion (4.8–6.9 GHz) is achieved in the band of interest. The axial
ratio bandwidth can be increased further by introducing more
spacing between the radiating elements. The utilization of com-
plex decoupling structures also increases the circular polarization
bandwidth. However, the overall MIMO antenna size will be
increased in addition to the design complexity. The spacing and
width of the strip are optimized so that a compact geometry
(with minimum inter-element coupling and wide 3 dB axial
ratio bandwidth) can be obtained.

Figure 14 presents the simulated and measured gain character-
istics of the antenna, and the antenna exhibits a peak gain of
5.5 dBi. The ECC for a four-port MIMO system (N = 4) between
antenna elements i = 1 and j = 2 (Fig. 10) is expressed as [36]

re(1, 2, 4) = S∗11S12 + S∗21S22 + S∗13S32 + S∗14S42
∣∣ ∣∣2
1− S11| |2 − S21| |2 − S31| |2 − S41| |2( )
1− S12| |2 − S22| |2 − S32| |2 − S42| |2)( (5)

In a similar manner, the ECC between other antenna ports can
be calculated by changing the values of i and j. Figure 15 illus-
trates the diversity performance of the proposed MIMO antenna,
and it can be seen that the ECC is below 0.015 in the entire oper-
ating range of the antenna. The radiation patterns of the proposed
antenna at 5.5, 6, and 6.5 GHz are shown in Fig. 16, and it can be
observed from the presented plots that the antenna radiates LHCP
waves. The simulated and measured results are in good

Table 3. Performance parameters of the proposed four-element UWB MIMO
antenna

Frequency (GHz) Isolation (dB) ECC ADG (dB)

4 >16 <0.002 9.98

7 >18 <0.003 10

10 >20 <0.004 10

Ta
b
le

4.
Co

m
pa

ri
so
n
of

th
e
pr
op

os
ed

an
te
nn

a
w
it
h
ot
he

r
re
po

rt
ed

M
IM
O
st
ru
ct
ur
es

Re
f.

N
o.

of
el
em

en
ts

Si
ze

(m
m

×
m
m
)

Im
pe

da
nc
e
ba

nd
(G
H
z)

IB
W

(G
H
z)

IB
W

(%
)

AR
ba

nd
(G
H
z)

AR
B
W

(G
H
z)

AR
B
W

(%
)

Is
ol
at
io
n
(d
B
)

[1
4]

2
30

×
30

2.
38
–2
.5
2

0.
14

6
2.
4–
2.
5

0.
1

4
>1
7

[1
5]

2
10
0
×
50

1.
65
–1
.9
,
2.
68
–6
.2
5

0.
25
,
3.
57

14
,
80

–
–

–
>1
5

[1
6]

2
94

×
94

1.
02
–1
.7
2

0.
7

51
1.
1–
1.
7

0.
6

43
>1
4

[1
7]

2
30

×
25

5–
6.
8

1.
8

31
5.
5–
5.
9

0.
4

7
>1
4

[1
8]

3
29

×
48

5.
5–
6.
25

0.
75

13
5.
52
–5
.6
4

0.
12

2
>1
8

[1
9]

4
97

×
27
.6
9

5.
49
–6
.0
24

0.
53
4

9
5.
77
2–
5.
86
4

0.
09
2

2
>3
3

[2
0]

4
16
5
×
16
5

1.
71
–1
.8
8,

3.
3–
3.
7,

5.
15
–5
.3
5

0.
17
,
0.
4,

0.
2

9,
11
,
4

3.
56
–3
.6
7,

5.
16
–5
.2
9

0.
11
,
0.
13

3,
2

>4
5

[2
1]

4
41

×
60

2.
19
–1
1.
07

8.
88

13
4

–
–

–
>1
5

P
ro
p.

4
45

×
45

3.
1–
11

7.
9

11
2

4.
8–
6.
9

2.
1

36
>1
6

IB
W
,
im

pe
da

nc
e
ba

nd
w
id
th
;
AR

B
W
,
ax
ia
l
ra
ti
o
ba

nd
w
id
th
.

International Journal of Microwave and Wireless Technologies 83

https://doi.org/10.1017/S1759078719000874 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078719000874


agreement, and a small amount of difference is due to fabrication
error and cable effects.

Further, the apparent diversity gain (ADG), which implies the
increment in the quality of a signal owing to the introduction of
diversity scheme in the MIMO systems, is also calculated [37]. For
the proposed four-port MIMO antenna, the performance para-
meters at frequencies 4, 7, and 10 GHz are presented in
Table 3, and it is observed that the value of ADG is more than
9.9 dB.

The comparison of the proposed four-port CP MIMO antenna
with the other reported MIMO antenna structures is shown in
Table 4 [14–21]. The CP MIMO antennas reported in [14, 16–
18] are two- or three-port structures with relatively large size
and small impedance bandwidth. In [16], the 3 dB axial ratio
bandwidth is comparatively better, but the isolation between
antenna elements is poor. The MIMO antennas reported in [19,
20] are four-port structures, but their impedance bandwidth
and axial ratio bandwidth are very small. The MIMO antennas
reported in [15, 21] are linearly polarized. From the comparison,
it can be noticed that the proposed MIMO antenna is compact in
size covering a wide range of impedance and axial ratio band-
width. Also, due to a planar geometry and common ground
plane, the antenna can be easily integrated on a printed circuit
board/MMICs.

Conclusion

In this work, a compact four-port UWB MIMO antenna with
broadband circular polarization characteristics is presented. The
proposed MIMO antenna is low-profile and simple to be
designed, and also can be easily integrated with other microwave
devices. The antenna provides an impedance bandwidth of
7.9 GHz and axial ratio bandwidth of 2.1 GHz. A plus-shaped
conductor strip is used for connecting the ground planes of
four antenna elements in order to ensure a common reference
voltage level in the ground plane. The isolation, ECC, and ADG
are within the acceptable limits, thus validating diversity perform-
ance of the MIMO antenna. Thus, the proposed four-port CP
MIMO antenna with connected ground planes effectively deals
with the shortcomings, which have been existed in the reported
MIMO structures, and can be utilized for upper Wi-MAX,
WLAN, and C-band applications.
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