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ABSTRACT A dual circularly polarized (CP) stacked patch antenna for Multiple-Input Multiple-Output
(MIMO) WLAN applications (2.4-2.485 GHz) is presented, which exploits a square ring slot feeding
technique. The antenna occupies an overall area of 96 mm × 96 mm × 39 mm, when also including
the metal reflector. The 7-dBic gain antenna prototype presents an axial ratio lower than 2.5 dB as well
as a port isolation higher than 25 dB. An envelope correlation coefficient (ECC) lower than 0.02 is also
achieved among the two ports, thanks to the polarization orthogonality. Moreover, the stacked patch has
been duplicated and used in a two-antenna system for a 4× 4 MIMO WLAN which fits an overall volume
of 157 mm × 96 mm × 39 mm. Antenna performance in terms of S-Parameters, gain, axial ratio, ECC and
channel capacity are compared and discussed, together with the effect of the inter-element distance.

INDEX TERMS Circular polarization, dual-CP, isolation, patch antenna, WLAN, multiple-input multiple-
output, MIMO, diversity, square ring slot, stacked patch.

I. INTRODUCTION
Multiple-Input Multiple-Output (MIMO) technology has
caught significant attention because of its high data rate, good
reliability and spectral efficiency, for assigned bandwidth and
power level, to overcome multipath fading in rich scattering
environment [1]–[3].

Among others, WLAN MIMO systems are of interest for
the scientific community and they are deployed to improve
wireless communication among electronic devices (e.g. com-
puters, laptop, smartphones) [4]. WLAN systems use access
points or base stations to provide connectivity for the wireless
device [5]. Typically, the radiating elements (2 or 4 into the
same device) are linearly polarized (LP) and orthogonally
placed to allow for satisfactory field uncorrelation [6]–[9].
However, the possibility of using circularly polarized (CP)
radiators has also been considered [10]. Compared with LP
antennas, CP antennas are good at overcoming the multi-
path interferences as well as polarization mismatch. More in
detail, an analysis of the MIMO performance attainable by
employing orthogonally-polarized CP radiators has proved
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FIGURE 1. (a) Top view; (b) stack-up of the patch fed through a
square-ring slot.

that CP radiators are capable of obtaining greater eigenvalues,
as a function of the MIMO antenna orientation, than orthog-
onally polarized LP radiators [10].

In this context, ground radiation CP antennas have been
proposed for MIMO WLAN applications [11]. There, the
two antennas share the same ground plane, and thanks
to a tunable metal strip they are able to generate two
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orthogonal CP fields, thus allowing for an isolation level
higher than 20 dB, and an Envelope Correlation Coef-
ficient (ECC) lower than 0.1. Dual-polarized triple-band
MIMO antenna for WLAN and WiMAX applications was
proposed in [12]. At the WLAN band, the two radiating ele-
ments generate LP fields, but at theWiMAX band (frequency
range 3.31-3.84 GHz) the proposed layout is able to radiate
two orthogonal CP fields while guaranteeing an isolation
higher than 18dB and an ECC lower than 0.02. In [13],
two dual-band polygon shaped CPW-fed monopole antennas
were designed for a CP MIMOWLAN system. Furthermore,
in [14], a two-port omnidirectional CP dielectric resonator
antenna (DRA) with polarization diversity was proposed.
Each cylindrical DRA (diameter of 49.5 mm) is made of a
dielectric material with εr = 10, and it is fed by a hybrid cou-
pler printed on a FR-4 substrate below the dielectric cylinder.
As a result, an axial ratio lower than 3 dB and an isolation
higher than 15 dB are obtained at each port, as well as an ECC
lower than−25 dB. CP dielectric resonator antennas are also
proposed in [15] for WLAN applications at 5 GHz. In [16],
a broadband 94 mm × 94 mm × 1.6 mm CP two-element
planar inverted-F antenna (PIFA) with pattern diversity and
high isolation is shown, for multimode global navigation
satellite systems (GPS/GLONASS/Galileo/Compass). Axial
ratio assumes values lower than 3dB in the entire frequency
band, while the mutual coupling and the ECC are lower than
−14dB and 0.02, respectively. Moreover, an array of 8 CP
microstrip antennas was proposed in [17] for IEEE 802.11ac
MIMOWLAN system. It is worth mentioning that two-ports
CP antennas with high isolation at the S-band are recently
investigated for simultaneously transmit and receive systems
(STARS). However, in that case higher isolation levels (even
higher than 100 dB) are obtained by means of ad-hoc feeding
lines which are connected to multiple radiating elements [18].
Thus, their multiple antenna elements and feeding network
require for a volume which is much larger than that available
in commercial WLAN routers or access points.

In this paper, a two-port dual CP stacked patch antenna
is designed to be used in a 4 × 4 MIMO WLAN system.
Specifically, the 96 mm × 96 mm × 39 mm (0.78 λ× 0.78
λ× 0.32 λ) single radiating element here discussed consists in
a stacked chamfered patch electromagnetically fed by a ring
slot. The novel contribution of the proposed antenna can be
summarized as follows.
• As discussed in [10], a CP MIMO system is suitable to
achieve better performance in terms of diversity gain and
channel capacity, when compared to LPMIMO systems,
when antennas are not perfectly aligned. Here, to reduce
the occupied area, a dual-port dual-circularly polarized
aperture-shared radiating element is optimized, while
guaranteeing a relatively high isolation level between
the two ports. To take advantage of the polarization
diversity, two orthogonal circularly polarized fields are
radiated from two different ports, thus allowing for low
ECC values and good MIMO performance in terms
of multiplexing efficiency and channel capacity. Then,

a second radiating element has been added to exploit
a spatial diversity gain and improve the 4 × 4 WLAN
MIMO system performance, while keeping a relatively
compact size.

• Differently from other solutions, high isolation is
obtained without the need of specific matching or
decoupling networks. This is mainly due to the
adopted ring slot feeding technique [19]–[22]. With
respect to other slot-coupling feeding techniques for
dual-polarized patch antennas, the considered feeding
technique exhibits a simpler structure and a valuable
symmetry property with respect to the two feeding ports,
so guaranteeing a natural higher isolation.

• CP ring slot antennas for WLAN and WiMAX applica-
tions have been proposed in the literature [21], [22]; in
this paper, a dual-port dual-circularly polarized antenna
is obtained without implementing any

sequential rotation feeding technique which requires more
space.

The detailed design of the proposed antenna is discussed
in Section II, also highlighting the effect of some key param-
eters. Numerical and experimental results are shown and
discussed in Section III. A 4 × 4 MIMO WLAN antenna
system is analyzed in Section IV, evaluating the performance
in terms of ECC and channel capacity. Conclusions are drawn
in Section V.

II. DUAL-CP ANTENNA LAYOUT
Fig. 1 shows the layout of the slot-coupled patch antenna,
which consists of two FR4 laminates of thickness 1.53 mm
(εr = 4.3, tanδ = 0.025) separated by an air gap of height
H2 = 12.61 mm. The microstrip feed lines are printed on the
bottom side of the lower laminate, while the ring slot is etched
on the top of the same laminate.

Aperture coupling feedwas first proposed by Pozar in 1985
[24] and includes several advantages, like shielding of the
antenna from feeding-network spurious radiation and antenna
bandwidth enlargement. Typically, rectangular slots excited
by microstrip lines are used to electromagnetically feed a
printed patch antenna. Coupling of the slot to the dom-
inant mode of the patch and the microstrip line occurs
because the slot interrupts the longitudinal current flow [25].
Recently, a ring slot was proposed to electromagnetically
feed the microstrip patch antenna [19]–[22]. In particular,
in [19] and [20] two-ports linearly polarized patch antennas
excited by a square ring slot were proposed for WiMAX
applications (3.3-3.8 GHz). Four dual-port linearly polarized
aperture-coupled antennas are then combined together in [21]
with a sequential rotation feeding technique, to achieve a high
polarization purity CP radiated field. It is worth noting that
the presence of the matching and delay network limits the
compactness of the overall structure, and it may represent
a disadvantage for some applications. Furthermore, in [22]
a single-feed circularly polarized aperture-coupled square
ring slot microstrip antenna was proposed. There, circular
polarization is achieved with only one port by introducing a
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TABLE 1. Structure parameters.

slight asymmetry in both the square ring and patch geome-
tries. The here described antenna solution consists of a dual-
port dual-circularly polarized aperture-coupled microstrip
patch excited by a ring slot. Differently from [22], two orthog-
onal circular polarized fields can be radiated by the same
aperture-shared dual-port radiating element without adopting
a bulky matching and phase-delay networks.

As in ring slot-coupling feeding techniques, the perimeter
of the initial L3×L3 square ring slot was set close to the wave-
length at the resonating frequency. Two orthogonal microstrip
feeding lines were used to feed the slot at two consecutive
edges. A printed L2 × L2 square patch was then placed at a
distance H2. Its side is slightly different from λ/2 to obtain
a slightly different resonant frequency [24]. The distance H2
was parametrically optimized together with the upper patch
size to get a resonance at the WLAN band.

Hence, an asymmetry has been introduced in both the
ring slot and patch geometries to generate a circularly polar-
ization at both the ports [22]. Several different perturba-
tions have been proposed in the literature to excite the two
orthogonal fundamental modes of a patch antenna. In this
respect, it is worth mentioning the diagonal fed nearly square
patch, the corner-truncated patch and the square patch with
peripheral cuts or with tuning stub [22], [23]. In this solu-
tion, two opposite corners of both the ring slot and reso-
nant patch have been chamfered to obtain a corner-truncated
configuration.

Finally, a metallic reflector is placed at a distance H1 from
the bottom of the lower substrate to limit the back-radiation
and increase the broadside gain. Since the layout is symmetric
with respect to the two input ports, identical radiation and
input impedance properties are expected for the two ports.
A set of geometrical parameters listed in Table 1 has been
optimized to satisfy return loss and port isolation require-
ments in the WLAN working band (2.4 – 2.485 GHz). The
ring slot, with side length L3 = 27.4 mm and chamfering
lengthWc2 = 17.5 mm, is etched on the top side of the lower
substrate. The 39.5 mm × 39.5 mm (L2× L2) patch with
chamfering length Wc1 = 16.2 mm is printed on the bottom
side of the upper FR4 laminate. The distance H1 between the
lower laminate and the reflector is set at 21.9 mm.

By using a tapered-width stub, a wider impedance band-
width can be achieved. As shown in Fig. 2, as the stub ter-
minal widthW2 increases, the reflection coefficient improves
from −8 to −12 dB.

FIGURE 2. (a) Steps used in designing the proposed antenna feeding line;
(b) simulated S11 for the different stub terminal width W2.

FIGURE 3. Comparison of whether import different width slot structure in
terms of S-parameters.

As shown in Fig. 1(a) a non-uniform-width slot struc-
ture (W3 and W4) has been adopted in order to enhance
the isolation performance. Compared to the structure of a
uniform width slot W3, a higher isolation between the two
ports is achieved when W3 and W4 are different, as shown
in Fig. 3 where the two configurations are compared in terms
of reflection coefficient and isolation. The port isolation
increases from 18 dB to 27 dB in the WLAN working band,
while the impedance matching remains almost stable. This
is also confirmed by the electric field distribution shown
in Fig. 4, where a minimum of electric field is obtained in the
slot in correspondence of the second port feed line. Indeed,
a stationary field distribution is obtained in the square ring
slot [19]–[22]. The final dimensions selected for the designed
antenna are shown in Table 1.
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FIGURE 4. E-field distribution with different slot width, W3 and W4,
at 2.45 GHz, when Port 1 is fed and Port 2 is impedance matched. Top
plot with E-field distribution at slot layer. Bottom plot with E-field
distribution at the feeding line layer.

FIGURE 5. Simulated and measured S-parameters of the antenna.

III. NUMERICAL AND EXPERIMENTAL RESULTS
An antenna prototype has been fabricated for validation, and
it is shown in the inset of Fig. 5. The simulated and measured
S-parameters are also shown in Fig. 5, demonstrating a good
agreement. The measured −10 dB bandwidth is found to be
in the range 2.36 - 2.53 GHz (7%), for both ports due to the
symmetric structure. An isolation of 25 dB is obtained from
2.39 to 2.49 GHz.

In Fig. 6, the proposed antenna is shown in the anechoic
chamber during radiation pattern measurements, at the mea-
surement facilities of the University of Oviedo. The simulated
and measured LHCP and RHCP radiation patterns in XZ
and YZ planes, at 2.44 GHz, are shown in Fig. 7. The pro-
posed antenna radiates an LHCP (RHCP) field when Port 1
(Port 2) is excited. The measured half power bandwidths
(HPBW) are about 60◦ in both XZ and YZ planes, for both
ports. The antenna performance of Port 1 and Port 2 are sim-
ilar because of their symmetric structure. As shown in Fig. 8,
the realized gains are larger than 7.2 dBic in theWLAN band,
for both ports. The simulated radiation efficiency at each port
is about −1 dB.

FIGURE 6. The antenna prototype in the anechoic chamber during
radiation pattern measurements.

FIGURE 7. Simulated and measured normalized radiation patterns at
2.44 GHz (co-polar and cross-polar component): (a) XZ and (b) YZ planes,,
when Port 1 is fed, and Port 2 is matched; (c) XZ and (d) YZ planes, when
Port 2 is fed, and Port 1 is matched.

FIGURE 8. Realized gain in Port 1 mode or Port 2 mode.

The Axial Ratio (AR) at the broadside direction has been
measured in the 2.2 - 2.8 GHz band, with a 50MHz frequency
step. Fig. 9 shows the simulated and measured AR of Port 1
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FIGURE 9. Simulated and measured axial ratio when Port 1 is fed or
Port 2 is fed.

and Port 2, respectively, exhibiting a reasonable agreement.
In the simulation results, outstanding AR performance (under
3 dB) has been obtained from 2.25 to 2.65 GHz; it is less
than 0.5dB in the −10dB impedance bandwidth. The AR
measurement curve exhibits a slight rise at 2.5GHz when
compared with the simulation curve. The possible reason is
that the fabricated reflector with nylon fixed screws is not flat
enough. In the testing process, the antenna to be measured
could not be perfectly fixed over against the test antenna so
that it would lead to axial ratio deterioration. The results of
both the measured and the simulated AR variation versus
the θ -angle at 2.44 GHz are shown in Fig. 10 and Fig. 11,
respectively, for both ports. The AR in the XZ and YZ planes
is below 3 dB in a beam of at least 60◦ around the broadside
direction.

IV. A 4 × 4 MIMO WLAN ANTENNA SYSTEM
Two identical antennas are then used in a 4×4MIMOWLAN
configuration, and its performance has been estimated in
terms of ECC and Channel Capacity, by considering a rich
isotropic multipath (RIMP) scenario and a Rayleigh channel.
By adding a second radiating element at a distance D, both
polarization diversity and spatial diversity can be exploited
at once. A 180-degree-rotation of the second element with
respect to the first one is introduced to avoid overlapping of
their feeding lines. Hence, all four ports are placed at the
border of the structure, allowing for a simple connectoriza-
tion with SMA connectors. The two-elements configuration
which dimension is 157 mm × 96 mm × 39 mm is shown
in Fig. 12.

The inter-element distance (D) is an important parameter
to be set. A close spacing allows for a compact antenna size
at the expense of a lower isolation, the latter increasing the
signal correlation and making more difficult to achieve a
satisfactory impedance matching at the receiver/transmitter
sides [26]. As discussed in [26], the elements of the field
transmission matrix become strongly correlated as the spac-
ing between antennas drops below λ/4, if assuming that the
significant rays are widely distributed in angle at the antenna
array.

FIGURE 10. Simulated and measured axial ratio as a function of θ angle
from broadside, in the XZ and YZ planes when Port 1 is fed, and Port 2 is
matched.

FIGURE 11. Simulated and measured axial ratio as a function of θ angle
from broadside, in the XZ and YZ planes when Port 2 is fed, and Port 1 is
matched.

The two-antenna layout depicted in Fig. 12 has been
numerically simulated. S-Parameters have been initially eval-
uated as a function of the inter-element distance, demon-
strating good performance in terms of impedance matching
(S11 < −10 dB) and mutual coupling (S12 < −10 dB) for
distances D greater than 0.35 λ. Then, the six ECC curves
have been calculated on the basis of the simulated radiation
patterns [4], for different distances D. When the distance
is greater than 0.35 λ, ECCs are lower than 0.5, which is
usually an acceptable value for MIMO systems [28]–[30].
Multiplexing efficiency has been also evaluated as a function
of the distance D. In [27] it has been defined as

ηmux =
ρ0

ρT
≤ 1

which measures the loss of efficiency in SNR (or power,
assuming the noise power σ 2

n is the same) when using a
real multiple-antenna prototype in an independent and iden-
tically distributed (i.i.d.) channel (with SNR ρT ) to achieve
the same capacity as that of an ideal array in the same
i.i.d. channel (with SNR ρ0). Multiplexing efficiency is a
power-related metric for the spatial multiplexing mode of
operation in MIMO systems. As it can be seen in Fig. 13,
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TABLE 2. Performance comparison with other proposed CP MIMO system.

FIGURE 12. 2× 2 MIMO configuration layout using two antennas with
D = 62 mm spatial separation: (a) top view and (b) 3D view.

multiplexing efficiency decreases by reducing the inter-
element distance D, and it results to be lower than −3 dB
whenD = 0.35 λ. An ECC lower than 0.5 and a multiplexing
efficiency higher than−3dB are rules of thumb for designing
MIMO systems [28]–[30].

As a trade-off between high isolation, low ECC, high mul-
tiplexing efficiency and antenna compactness, the two slot-
coupled antennas are placed at a distance of 62 mm (∼0.5 λ).
For such a configuration, all six ECCs assume values lower
than 0.02 in the entire operating frequency band, as shown
in Fig. 14.

Moreover, the channel capacity of a 4× 4 MIMO scheme
with spatial and polarization diversity can also be analyzed.

FIGURE 13. Simulated multiplexing efficiency as a function of the
distance D between the two radiating elements.

FIGURE 14. Simulated envelope correlation coefficient.

Channel capacity is a system-level metric which expresses
how many bits can be transmitted by exploiting 1 Hz of
bandwidth. Thanks to the presence of four ports, it is pos-
sible to analyze the spatial diversity considering the two
ports with the same polarization at each antenna, as well the
spatial-polarization diversity considering ports with different
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FIGURE 15. Channel capacity as function of the signal-to-noise
ratio (SNR).

polarization at each antenna. In Fig. 15 the channel capacity
for all above mentioned configurations is computed accord-
ing to [27] and plotted as a function of the signal-to- noise
ratio (SNR). It is shown that thanks to low values of ECC
(lower than 0.01 in these considered scenarios), similar chan-
nel capacities are obtained in all the 2 × 2 MIMO schemes,
for both spatial and polarization diversity. That means that the
single patch antenna can be used for MIMO purposes using
the polarization diversity of both ports. Also, the channel
capacity significantly increases if the two equal antennas
are used in a 4 × 4 MIMO scheme with both spatial and
polarization diversity, as shown in Fig. 15. Since the six
ECCs of the 4 × 4 MIMO antenna are lower than 0.01
(Fig. 14), the achieved channel capacity is comparable with
that obtainable with uncorrelated fields (ECC = 0). The pro-
posed dual-port dual-polarization antenna prototype allows
for implementing a 4× 4 MIMO configuration in a compact
space. Compared with other CP WLAN antennas [11]–[15],
the antenna presented in this paper may achieve both good
isolation (>25 dB) and high gain (7 dBic), and results to be
a good candidate for MIMO WLAN systems.

As shown in Table 2, the size and performance of the
antenna are reported and compared with other already pro-
posed solutions of antennas for CP MIMO WLAN systems.
The proposed antenna in this paper achieves better isolation
(>25 dB) as well as realized gain (7 dBic) and results to be a
good candidate for MIMO WLAN systems.

V. CONCLUSION
A compact, two-port dual-circularly polarized MIMO
antenna for WLAN applications has been designed, proto-
typed and characterized. Prototype measurements in terms of
S-Parameters, axial ratio, radiation pattern and realized gain
are in a good agreement with simulation results. Tapered-
width stubs and different-width slot structure have been
adopted to enhance the isolation and enlarge the impedance
matching bandwidth. The antenna may be used in a 2×2 and
a 4 × 4 MIMO system. Simulated performance in terms of
envelope correlation coefficient and channel capacity demon-
strates that the proposed layout is a good candidate for a CP
MIMO WLAN system.
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