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ABSTRACT Mutual coupling always seriously degrades the antenna performance in multiple-input
multiple-output (MIMO) systems but this issue has been rarely investigated for antennas with circular
polarization. In this paper, a planar and compact circularly polarized MIMO patch antenna with the
polarization diversity is presented. Three grounded stubs and a mirrored F-shaped defected ground structure
are used to achieve simultaneous matching and isolation between the two patches with offset feeding for
circular polarization. The antenna elements are closely packed with the edge-to-edge distance of 0.06λ0 at
the desired frequency of 2.5 GHz. The measured results indicate that the proposed antenna achieves the
impedance matching (S11 < −10 dB), high isolation (S12 < −20 dB), and circular polarization (axial
ratio<3 dB) within the frequency band of 2.5-2.55 GHz. The radiation patterns and realized gains are
measured, showing good agreement between the simulation and measurement.

INDEX TERMS Circular polarization (CP), multiple-input multiple-output (MIMO), axial ratio (AR),
defected ground slot (DGS), envelope correlation coefficient (ECC), left-hand circular polarization (LHCP),
right-hand circular polarization (RHCP).

I. INTRODUCTION
Recently, the multiple-input multiple-output (MIMO) tech-
nology has become popular due to the increased link capacity
especially in complex multipath environments [1]. Various
modern wireless applications like long-term evolution (LTE)
and Wi-Fi (IEEE 802.11ac, 802.11n) systems are adopting
MIMO technology [2]. Circularly polarized (CP) antennas
make transmitter and receiver independent of their orienta-
tion hence, polarization mismatch losses can be effectively
reduced [3].

The superiority of a CP MIMO antenna system over lin-
early polarized (LP) MIMO system has been extensively
studied in [4]. Both multipath (broadcast) and line of sight
(LOS, point to point) cases have been investigated by com-
paring their diversity gain, envelope correlation coefficient,
and channel capacity.

From a practical point of view, the multiple antennas in
MIMO systems should be closely spaced for compactness.
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Nevertheless, the closely packed antennas could be strongly
coupled to each other due to increased radiation interaction.
Numerous techniques have been explored to reduce mutual
coupling such as the defected ground structure (DGS) [5], [6],
electromagnetic band gap (EBG) structure [7], [8], microstrip
stubs [9], shorting pins [10], and parasitic elements [11], [12],
etc. These techniques are mostly reported to reduce mutual
coupling of LP antennas but the impact of these techniques
on the axial ratio (AR) of the CP antenna has been rarely
discussed. Certainly, some CP MIMO antennas have been
reported for high gain [13], [14], wideband [15]–[17] and pla-
nar [18]–[20] applications. Similar decoupling techniques are
adopted, such as power dividers [13], DGS [14], and parasitic
elements [16], [17]. However, designs in [13], [19] suffered
from the complex feeding networks for circular polarization
at the expense of occupying a large area. The wideband
CP MIMO antennas reported in [16], [17] required simpler
feeding structures but incorporated with a very large edge-
to-edge spacing of over 0.3λ, making them less appealing
for compact applications. The CP MIMO antenna in [20]
adopted the coaxial feeding structure to achieve a relatively
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FIGURE 1. Proposed antenna geometry and parameters definition: (a) Top
side with grounded stubs and (b) bottom side.

narrow AR bandwidth (ARBW) of 1.5%. In [14], dielectric
slabs with simple feeding structures were used to realize
the CP MIMO antenna with polarization diversity. However,
the 3D construction might not be used for planar applications.
A patch antenna was analyzed and designed for CP operation
by using the offset feeding structure [21], but it is only for the
single-input single-output application. Therefore, the above
discussion indicates that the realization of planar CP MIMO
antenna with small edge-to-edge separation and simple feed-
ing structure is still a challenge.

In this paper, a planar and compact CP MIMO antenna
is presented. Three grounded stubs and a mirrored F-shaped
DGS are employed for high isolation and the simple offset
feeding is adopted for circular polarization. Meanwhile the
desired polarization diversity is also obtained for the MIMO
antenna. The idea is benchmarked through fabrication and
experiments. Measurement results show that the ARBW of
around 2.2% can be achieved.

II. ANTENNA ANALYSIS AND DESIGN
The configuration of the proposed CP MIMO antenna is
shown in Fig. 1. The top layer consists of two closely packed
rectangular patch antennas with three ground-shorted stubs
in between them. The bottom layer is the ground plane with
a mirrored F-shaped DGS. The patches are fed with 50 ohms
microstrip line with a width of 1.8 mm on a 150 mm ×
100 mm (Ws×Ls) Rogers substrate, RO4350B, with the
dielectric constant εr = 3.66, loss tangent of 0.0037 and the
thickness h = 0.8mm. The dimensional parameters are given
by: L1 = 12.903, L2 = 16.951, L3 = 31.878, L4 = 50,

FIGURE 2. (a) Conventional feeding for linear polarized patch antenna.
(b) Regions of offset feeding for RHCP and LHCP.

L5 = 40, L6 = 32,W1 = 0.9614,W2 = 1.2626,W3 = 30.355,
W4 = 3,W5 = 5.25,W6 = 9,Ws = 150, Ls = 100,W = 7.65,
D = 0.71, Wf = 1.8, Lf = 34.06, Rvia = 0.506. All units
are mm. The discussion about the antenna design is divided
into two parts in the following subsections A and B. The first
section studies the design of patch antenna with offset feeding
for CP radiation, and second section explores the isolation
techniques.

A. PATCH DESIGN WITH OFFSET FEEDING
A rectangular patch antenna is shown in Fig. 2(b), where
L is slightly larger than W . It is fed by a microstrip line
at a distance X0 from one of its corners, which is different
from the conventional feeding for linear polarization shown
in Fig 2(a). The coordinate of the feeding position is (X0, Y0),
where Y0 is equal to 0 in this case due to microstrip feed-
ing, while Y0 can have a positive value for coaxial feeding.
According to [21], the TM01 and TM10 modes are simul-
taneously excited to generate two orthogonal electric-field
(E-field) components in the far field. The two components
should have the same magnitude but 90o phase difference for
CP radiation, i.e., (1).
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Rearranging (1) yields
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cos( πy0L )
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c

Thus, Eqns. (1) and (2) can be used to instruct the design
parameters of the patch antenna for CP radiation if the feeding
positionX0 (Y0 = 0 due to microstrip feeding) and Q-factor is
determined. Q for the square patch can be calculated as Q =
73.7 using (3) [22] or the simulation method [26]. And the
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value of kr is 95.697 for this case.
1
Q
=

1
Qr
+

1
Q c
+

1
Qd

(3)

In this design, X0 = 4 mm and Y0 = 0 are selected to get
A = 1.096. Then, L = 33.1 mm and W = 32.6 mm can
be calculated using (1) and (2) at the design frequency f =
2.5GHz. After optimization, the final dimensions of the patch
are L3 = 31.88 mm andW3 = 30.35 mm, which are close to
those of the calculated values.

Notably, Fig. 2(b) also shows the regions of offset feeding
for LHCP and RHCP. According to [21], a quarter-wave
transformer is always required for impedance matching of the
antenna to 50Ohmsmicrostrip line, whose need is removed in
the proposed design by using the grounded stubs and DGS for
simultaneous matching and isolation. Details are discussed in
the next section.

B. IMPEDANCE MATCHING AND ISOLATION
The two oppositely fed antennas are placed close to each
other with the separation distance W = 7.65 mm (0.06λ0
at 2.5 GHz). Two isolation techniques have been employed
to decrease the mutual coupling and improve the impedance
matching and AR bandwidth.

1) STUDY OF THE DGS
The DGS with its specific shape has a significant influ-
ence on antenna performance. Fig. 3 shows the impact of
different slot configurations on the isolation and matching
performances without grounded stubs. It can be seen from
Figs. 3(b) and 3(c) that without the DGS, the isolation and
matching are both poor. With the insertion of slots gradually,
the isolation and matching accordingly improved. But the
AR performance still does not meet the 3-dB requirement at
2.5 GHz, as shown in Fig. 3(d). The dimensions of the slots
are optimized to achieve the best impedance and isolation.

Besides, it can be seen from Fig. 3(b) that the matching fre-
quency shifts from around 2.45 GHz to 2.5 GHz after added
the DGS. And the isolation is accordingly improved from
around -10 dB to -25 dB, as shown in Fig. 3(c). It is reasonable
that the impedance matching (S11) of a two-element MIMO
antenna changed when the isolation level (Z21) is changed,
i.e.,

S11 =
(Z11 − Z0)(Z22 + Z0)− Z12Z21
(Z11 + Z0)(Z22 + Z0)− Z12Z21

2) STUDY OF THE GROUNDED STUBS
In order to further improve the isolation and AR perfor-
mances, three grounded stubs are introduced in between the
patches. The initial lengths of stubs can be roughly cho-
sen as a quarter wavelength and optimized according to (4)
and (5) [12].

L1 = a
λg

4
(4)

L2 = b
λg

4
(5)

FIGURE 3. (a) Four different antenna configurations. Effect of different
slot configurations on (b) S11 (c) S21 and (d) AR.

where

λg =
λ0
√
εeff

εeff =
εr + 1

2
+

εr − 1

2
√
(1+ 12 hw )

for
w
h
> 1

a and b are the correction factors due to proximity effects,
and λg is the guided wavelength in the dielectric between
stubs and ground. Based on the above design formulas,
the stubs can be designed for any frequency and substrate.
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FIGURE 4. Effect of D on (a) S-Parameters (b) AR and (C) boresight gain.

In this design, λg is calculated as 71.97 mm, and the optimum
values of a and b are 0.72 and 0.94, respectively.

Fig. 4 shows the effect of the gap D between the grounded
stubs on impedance matching, AR and boresight gain while
keeping the antenna spacing as W = 7.65 mm. It can
be seen that when D = 0.71 mm, the isolated impedance
bandwidth with S11 ≤-10 dB and S21 ≤-20 dB ranges from
2.47-2.55 GHz,which is a little different from that of the 3-dB
AR bandwidth of 2.5-2.65 GHz. Moreover, the matching
(S11) and isolated (S21) frequencies increase with decreasing
the gap D. Hence, the impedance bandwidth and AR band-
width can be overlapped with decreased D. But the boresight
gain drops a lot when D increases, as shown in Fig. 4(c).
Hence, in the final design, D = 0.71 mm is chosen for
achieving a relatively high gain.

Fig 5 shows the effects of the length and width of the
ground on the antenna performance. It can be observed that
both the length and width of the ground have little impact
on the impedance matching, isolation, and AR of the MIMO
antenna.

The simulated current distribution in Fig. 6 is further used
to demonstrate the decoupling mechanism. It shows that in

FIGURE 5. Simulated S-parameters and axial ratio for different values of
ground: (a) Length. (b) Width.

FIGURE 6. Simulated surface-current distributions of the proposed CP
MIMO antenna when port 1 is excited.

FIGURE 7. The protype of the proposed CP MIMO antenna.

the proposed design when port 1 is excited, both antennas
are distributed with strong current distributions. However,
the currents on each antenna are orthogonal to each other. As a
result, the current arriving at port 2 is very weak, indicating
the high port isolation.

III. FABRICATION AND MEASUREMENTS
A prototype of the proposed antenna is shown in Fig. 7.
The S-parameters are measured using the vector network
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FIGURE 8. Simulated and measured (a) S-parameters, (b) axial ratio (AR)
and (c) boresight gain of the proposed antenna.

analyzer (VNA) Rohde & Schwarz ZVA 24 and the radiation
pattern is measured using the Satimo Starlab. The simu-
lated and measured scattering parameters, AR & boresight
gain, and radiation patterns of the final design are shown
in Figs. 8 and 9. It can be seen that the measurement agreed
well with the simulation.

Fig. 8(a) shows that the proposed design meets the
requirements of impedance matching and isolation within
the frequency band of 2.47-2.55 GHz (3.2%) with simu-
lated S11 ≤-10 dB and S21 ≤ −20 dB. The simulated 3-dB
AR bandwidth is 2.50-2.66 GHz, as shown in Fig. 8(b).
Hence, the overlapping isolated impedance bandwidth of
the proposed antenna is 2.50-2.55 GHz for CP radia-
tion. Fig. 8(c) shows the simulated and measured realized
gains of the antenna in boresight direction (+z-direction).
It can be seen that the antenna has a maximum gain

FIGURE 9. The radiation pattern of the proposed antenna in (a) the y-z
plane (b) the x-z plane when port 1 is excited at 2.55 GHz.

FIGURE 10. ECC and diversity gain versus frequency.

of 6.1 dBi at 2.5 GHz with a slight 1-dBi reduction
at 2.55 GHz.

The normalized radiation patterns of the proposed antenna
are shown in Fig. 9 when port 1 is excited at 2.55 GHz,
where the antenna achieves the lowest simulated AR of
around 0.21. Due to the symmetric layout, the patterns for
port 2 are not shown to save space. It can be seen that in
both the y-z plane (8 = 90◦) and x-z plane (8 = 0◦), the
MIMO antenna performances the boresight radiation directed
to the +z-direction. Besides, the radiation of left-hand cir-
cular polarization (LHCP) of the antenna is much stronger
than that of the right-hand circular polarization (RHCP)
in the +z-direction when port 1 is excited, indicating the
LHCP radiation for port 1. Similarly, the antenna performs
the RHCP radiation for port 2 due to the symmetric layout.
Hence, the polarization diversity of the CP MIMO antenna
can be achieved.

The envelope correlation coefficient (ECC) i.e.ρ and diver-
sity gain i.e.G are calculated using the far-field vector phasor
radiation patterns by (6) and (7), respectively [23]–[25]. The
calculated results are shown in Fig. 10. It can be seen that
the diversity gain is approximately equal to its theoretical
maximum value of around 10 considering selection combin-
ing [24]. Besides, the proposed two-port MIMO antenna also
meets the criterion for ECC [23], i.e., the ECC is around
0.003 which is much smaller than 0.5 within the desired band
of 2.5-2.55 GHz.

ρe =

∣∣∣∣∣∫∫4π [
→

E1(θ, φ) ·
→

E2(θ, φ)]d�

∣∣∣∣∣
2

∫∫
4π

∣∣∣∣→E1(θ, φ)∣∣∣∣2 d� ∫∫
4π

∣∣∣∣→E2(θ, φ)∣∣∣∣2 d�
(6)
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FIGURE 11. Performance enhancement (channel capacity) by using CP
MIMO over LP MIMO [4].

where

→

E1(θ, φ) ·
→

E2(θ, φ) = Eθ1(θ, φ)E∗θ2(θ, φ)

+Eφ1(θ, φ)E∗φ2(θ, φ)

G = 10×
√
1− ρ2 (7)

In conclusion, the proposed antenna could achieve the
pattern and polarization diversity when different ports are
excited. And a very low ECC further ensures the excellent
MIMO performance. Thus, the CP antenna could achieve
both low AR and high isolation as compared to an LP
MIMO antenna, for which the isolation issue is the main
concern.

Fig. 11 shows the comparison of performance improve-
ment by using CP MIMO instead of LP MIMO. It can be
observed that for a given SNR like 15 dB the channel capacity
is increased from around 5.7 b/s/Hz to 7 b/s/Hz by adopting
CP MIMO over LP MIMO.

Then, a comparison of the proposed antenna with and
without using the DGS & grounded stubs for isolation is
conducted in terms of the efficiency, gain and radiation pat-
terns. Fig. 12 shows the simulated comparison results when
port 1 is excited. It can be seen from Fig. 12(a) that the
maximum efficiency and boresight gain increase from around
56.5% to 91.6% and 4.49 dBi to 6.07 dBi, respectively. The
patterns in Figs. 12(b) and (c) indicate that without using the
DGS and grounded stubs, the antenna performs the poor CP
radiation with comparable radiations of LHCP and RHCP
due to the interaction between two antennas. After adopting
the decoupling structures, the CP performance is significantly
improved with very weak (lower than -30 dB) RHCP radia-
tion (crossed-polarized radiation) in the boresight direction
for port 1, indicating the LHCP radiation for port 1.

Table 1 compares the proposed antenna with some related
works already studied in the literature. It can be observed
that the proposed design could achieve the high isolation for
very small element separation distance. The resulted isolated
impedance bandwidth of around 3.2% is close to that of a con-
ventional patch antenna of around 1-3%. Besides, the ARBW
of around 2.2% in this design is even better as compared
to a typical CP patch antenna using the off-center feeding
structure [21] and the CP MIMO antenna of 1.5% in [20].

FIGURE 12. The comparison of the proposed antenna with and without
using the DGS & grounded stubs for isolation when port 1 is excited:
(a) efficiency & gain and (b)&(c) radiation patterns.

TABLE 1. Performance comparison with previous CP MIMO antennas.

Furthermore, the proposed antenna could achieve the high
gain & front-to-back ratio with a planar configuration.

IV. CONCLUSION
A two-element CP MIMO patch antenna with polarization
diversity was presented in this paper. The offset feeding is
used for circular polarization. The high isolation is achieved
by using the defected ground structure and grounded stubs.
The antenna achieved good impedance matching, high iso-
lation, high gain, and polarization diversity simultaneously
with a simple planar structure. Compared to the MIMO
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antennas found in literature, the proposed antenna requires
very small element separation distance and simple feeding
structure to realize the ARBW of 2.2% and impedance band-
width of 3.2%. The antenna is designed for 802.11n 2.5 GHz
band for Wi-Fi applications.
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