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Outdoor Wi-Fi Dual-band Dual-polarized Base Station Antenna Design
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Abstract – In this manuscript, a dual-band and dual-
polarized coupled patch array antenna operating at 2.45
GHz and 5.8 GHz for outdoor Wi-Fi applications is pro-
posed. Two sets of antenna arrays made of four-element
stacked patches act as main radiators. The height of
this antenna is 0.04λ0, which is much smaller than the
general size of other low-profile antennas. The arrays
are fed by two feed ports which are used to separately
feed vertical and horizontally polarized signals with sta-
ble port isolation. The antenna structure also employs
a duplex filter to filter 2.4-2.484 GHz and 5.1-5.9 GHz
operating band frequencies. The measured impedance
bandwidths of the prototype antenna structure are 2.41-
2.484 GHz and 5.1-5.9 GHz, respectively. The isolation
between the two ports is greater than 20 dB, and the
cross-polarization level is better than 20 dB in the oper-
ating bands. In addition, the average gain of the proto-
type antenna is approximately 13 dBi in horizontal and
vertical polarization. Overall, because of the stable struc-
ture, high reliability, small size, and light weight of the
patch antenna, the outdoor base station antenna has a
huge potential market value, this antenna is a good can-
didate for commercial outdoor Wi-Fi applications.

Index Terms – Access point, antenna array, dual-band,
dual-polarized patch antenna, low profile.

I. INTRODUCTION
With the popularity of 4G communication technol-

ogy and the rise of 5G communication, Wi-Fi technology
has been widely used. Wi-Fi is a superset of the IEEE
802.11 standards for communication of local area net-
worked devices spanning over several tens of meters [1].
Commercial Wi-Fi antennas demand different features

such as low cost, small size, easy manufacturability, and
good performance. However, attaining all these features
in a single antenna demands good engineering skills.

A dual-band dual-polarized antenna is a kind of
antenna that has been widely used in base station com-
munications in recent years. It can not only integrate
the signal transmission capability of the two frequency
bands into one structure for size reduction, but also has
many advantages such as wide broadband, strong anti-
interference ability, low power consumption, and great
channel capacity, which are desired features for commer-
cial Wi-Fi applications.

The main antenna structures used for dual polar-
ization include cross dipole antenna, slot antenna, and
patch antennas [2–6]. Cross-dipole antennas have high
cross-isolation and good broadband performance. Still,
the design of such antennas occupies more space, which
is not conducive to the miniaturization of antennas [7–9].
The slot antenna, on the other hand, has the advantages
of planar feed structure, wideband, and high isolation,
but has poor cross-polarization properties [10–12].

Compared with the above antennas, the patch
antenna has a small footprint, low cost, and can achieve
wideband and better port isolation by stacking patch
antennas [13, 14], so it is a good candidate as an array
antenna element. For example, it is proposed [15] that the
antenna realizes the dual-band dual-polarization antenna
and has a high degree of isolation between ports.

The design of dual-polarized 4-unit array antenna
with 1-4 power dividers provided in [6] and [10] serves
as a reference for the antenna design. According to
the standard of Wi-Fi frequency band, this manuscript
designs a new low-profile dual-polarized coupled patch
antenna unit and a low-passband stop filter, and realizes
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the dual-frequency dual-polarized patch array antenna
for outdoor Wi-Fi base stations. High isolation and low
cross polarization are obtained in the operating fre-
quency band. To validate the design model, a proto-
type antenna was fabricated and measured. The simpli-
fied block diagram of the antenna structure is shown in
Fig. 1 where HF means high-frequency and LF means
low-frequency. The antenna elements and arrays are dis-
cussed in detail below.

Fig. 1. Antenna structure block diagram.

II. DESIGN OF DUAL-POLARIZATION
ANTENNA UNIT

The design of patch antenna must first determine
the substrate material used and the operating frequency.
According to the definition of Wi-Fi operating frequency
band, this manuscript designs the patch antenna with
operating frequency of 2.4-2.48 GHz and 5.1-5.8 GHz,
respectively, using substrate materials with thickness of
0.74 mm, εr = 2.45, tanδ = 0.001. The length and
width of the rectangular patch can be calculated by some
numerical formulas:

W =
c

2 f0

√
(εr+1)

2

, (1)

where c is the speed of light, εr is dielectric constant, f0
is resonant frequency.

The effective dielectric constant (εe f f ) is calculated
according to the substrate material height (h), dielectric
constant (εr) and the calculated width (W ) of the patch
antenna:

εe f f =
εr +1

2
+

εr −1
2

[
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2
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The actual length of the patch antenna is calculated
by (3):
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c
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√

εe f f
−0.824h
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(3)
The patch antenna works in dual polarization mode,

its dimension is constrained to equal side length. Due to
the small thickness of the substrate material, the upper
layer element is used as a coupled antenna with a dimen-
sion of 0.36λ × 0.36λ to expand the bandwidth of the
antenna. Finally, through simulation and optimization,
the following low-frequency antenna array structure is
obtained.

Figure 2 shows the low-frequency antenna element
of the proposed antenna. The low-frequency antenna ele-
ment operates at a frequency of 2.41-2.484 GHz. The
antenna primarily consists of two layers: upper and lower
patches separated by a 5 mm gap. The upper patch mea-
sures 43.5 mm × 43.5 mm, while the lower patch mea-
sures 36.5 mm × 36.5 mm. Both patches are linked by
a common support column, with foam material inserted
between them to stabilize the antenna unit. The two feed
ports of the antenna have a 90 ◦ angle so that port 1 inputs

(a)

(b)

Fig. 2. Low-frequency antenna element: (a) top structure
and (b) bottom structure.
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a vertically polarized signal and port 2 inputs a horizon-
tally polarized signal. The parameter values defined in
Fig. 2 are as follows (unit: mm) : L1 = W1 = 43.5, R1 =
R2 = 1.2, P1 = 2.2, W10 = 5, L2 = W2 = 36.5, Ch = 5,
H = 5, T h = 0.74.

All antenna simulations were conducted utilizing
CST Studio Suite. Hexahedral meshing is applied to the
antenna, and the number of meshing for each wavelength
is adjusted so that the details in the structure are included.
The performance of the antenna is simulated by using
a time-domain solver Finite Integration Technique. In
Fig. 3, the simulated S-parameter of the antenna ele-
ment is depicted. The frequency range exhibiting a return
loss exceeding 10 dB spans from 2.41 GHz to 2.484
GHz, satisfying the criteria for the low-frequency band.
Moreover, the isolation between the two ports surpasses
25 dB.

Figure 4 shows the simulated co-planar polarization
and cross-polarization of the low-frequency antenna ele-
ment at the φ = 0◦ and φ = 90◦ cuts. These plots show
that port 1 and port 2 have good cross-isolation.

According to equations (1) and (3), the basic size
of the high frequency patch antenna can be calcu-
lated. The lower patch of the high-frequency antenna is

Fig. 3. Low-frequency antenna S-parameter.

Fig. 4. Low-frequency antenna element radiation pattern
at 2.45 GHz.

arranged with inward-facing grooves for adjusting the
feed position. The grooves can also expand the band-
width and reduce the impedance mismatch through rea-
sonable parameter optimization.

Figure 5 shows the high-frequency antenna element
of the proposed design, operating within the frequency
range of 5.1 GHz to 5.9 GHz. The overall size of the
antenna is 52 mm × 52 mm, and the substrate is 0.74
mm thick. The antenna element consists of two layers of
patches, the upper layer of patch antenna size is 19 mm
× 19 mm while the lower base size is 16.83 mm ×
17.325 mm, separated by a 2 mm gap. The coupled upper

(a)

(b)

Fig. 5. High-frequency antenna unit: (a) top structure and
(b) bottom structure.
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and lower patches in this manner help to expand the
bandwidth effectively. The parameter values defined in
Fig. 5 are as follows (units: mm) :L3 = W3 = 19, R3 =
R4 = 1.2, H2 = 2, T h = 0.74, W4 = 16.83, L4 = 17.325,
P7 = 0.63, P8 = 3.876, P9 = 1.2768, P10 = 1.224, P11 =
3.18, P12 = 3.57, P13 = 2.73, P14 = 0.612, P15 = 1.479,
P16 = 1.4175, P17 = 2, P18 = 0.78, P19 = 0.02, P20 =
0.1168.

Figure 6 shows the simulated S-parameter of the
antenna element. The return loss of the antenna in the
range of 5.1-5.9 GHz is greater than 9 dB. It meets the
requirements of the high-frequency operating band, the
isolation between the two ports exceeds 20 dB, demon-
strating satisfactory performance characteristics.

The radiation pattern of port 1 and port 2 of the
antenna at 5.1-5.9 GHz is simulated, which has a good
cross isolation. The co-planar and cross-polarization of
the simulated antenna radiation pattern at the φ = 0◦ and
φ = 90◦ sections are shown in Fig. 7.

Fig. 6. High-frequency antenna S parameter.

Fig. 7. High-frequency antenna radiation pattern at 5.8
GHz.

III. DUAL-POLARIZED DUAL-BAND
ANTENNA ARRAY

Base station antennas typically require a narrower
beam and higher gain. Based on the antennas pro-

posed in section II, the low-frequency four-element dual-
polarized antenna array and the high-frequency four-
element dual-polarized antenna array are designed, con-
structed, and measured. Each of these antenna arrays
is fed by two 1-to-4 power dividers. Each polarized
port provides simultaneous signal distribution in the
2.41-2.484 GHz and 5.1-5.9 GHz bands via a fre-
quency selector. The antenna geometry including the
low-frequency antenna array, high-frequency antenna
array, power divider, and frequency selector is shown in
Fig. 8.

Fig. 8. Prototype of the dual-frequency dual-polarization
antenna.

Figures 9 (a) and 9 (b) show the simulated S-
parameters of the power divider for low and high fre-
quencies attached to its geometry. Only the combina-
tion of T-junction and 1/4 wavelength converter is used
through the cascade of two power splitters to divide
the energy into four equal parts in the structure. The
impedance of each part of the power divider can be cal-
culated from (4):

1
Z0

=
1
Z1

+
1
Z2

,

ZL =
√

Z0Z1,

(4)

where Z1 is impedance of T-junction 1 output port,
Z2 is impedance of T-junction 2 output port, Z0 is
impedance of the T-junction input port, ZL is character-
istic impedance of 1/4 wavelength converter.

The parameter values defined in Fig. 9 (a) are as fol-
lows (unit: mm) : Wd1 = 2.2, Wd2 = 19.9, Wd3 = 67.9,
Ld1 = 1.25. The parameter values defined in Fig. 9 (b)
are as follows (unit: mm) :Wd5 = 2.2, Wd6 = 8.4, Ld5 =
1.16, Ld6 = 2.2.

To optimize the efficiency of the dual-band antenna
and make the single port provide the matching signal fre-
quency to the low-frequency antenna array and the high-
frequency antenna array at the same time, a duplex filter
is designed in this work. The filter consists of a low-pass
filter and a band-stop filter.

The filter for sorting the low-frequency signal is
a step-impedance low-pass filter. The passband cutoff
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(a)

(b)

Fig. 9. Simulated S-parameters of power divider: (a) sim-
ulated S-parameters of the low-frequency power divider
and (b) simulated S-parameters of the high-frequency
power divider.

frequency is 2.6 GHz. According to the value table of
the prototype components of the low-pass filter, it can
be found that g1 = 3.5182, g2 = 0.7723, g3 = 4.6386,
g4 = 0.8039, g5 = 4.6386, g6 = 0.7723, g7 = 3.5182.
According to the short transmission line approximate
equivalent circuit theory, the length of inductance and
capacitance section is calculated by (5):

β l =
LR0

Zh
,

β l =
CZl

R0
,

(5)

where R0 is the filter impedance, and L and C are the
normalized component values (gk) of the low-pass pro-
totype. Zh is a microstrip line high impedance, Zl is a
microstrip line low impedance.

Under the constraint of (6):
β l < π/4,

Zh

Zl
→ ∞,

(6)

the reference values of microstrip line impedance and
length can be obtained. The structure in Fig. 10 can be
obtained by further simulation.

The filter for sorting the high frequency signal is
a truncated band-stop filter with a cutoff frequency of
2.45 GHz. The filter prototype is transformed into a trun-
cated microwave filter by using the Richard transform
and Koloda identity relation, and its structure is shown in
the Fig. 10. The structure ensures that the low-frequency
signal of 2.41-2.484 GHz is correctly fed into the low-
frequency antenna array while the high-frequency signal
of 5.1-5.9 GHz is correctly fed into the high-frequency
antenna array, and the signal can pass almost without loss
within the matched frequency. Low-frequency signals
and high-frequency signals are highly isolated. Figure 10
shows the structure of the duplex filter, and the parame-
ter values defined in the figure are as follows (unit: mm):
Wf 2 = 3, Wf 3 = 35, Wf 4 = 1.5, Wf 5 = 0.8, Wf 6 = 44,
Wf 7 = 2, L f 1 = 19, L f 2 = 20.5, L f 3 = 1, L f 4 = 1.5, L f 5
= 21.7, L f 6 = 0.6, L f 7 = 22.7.

As shown in Fig. 10, port 1 serves as the signal input
port, while port 2 and port 3, respectively, function as the
high-frequency and low-frequency signal outputs. The S-
parameters of the duplex filter within the frequency band
of 2.41-2.484 GHz and 5.1-5.9 GHz are shown in Fig.
11. It can be seen in Fig. 11 that the return loss of the
duplex filter is greater than 10 dB in the dual frequency
bands, and the high-frequency and low-frequency signals
are separated smoothly after passing through the duplex
filter and are transmitted to the matching port.

After optimization, the optimized distance between
the low-frequency antenna elements is set to be 0.75λ (λ
is the wavelength at 2.5 GHz) while the distance between
the high-frequency antenna elements is set to be 0.65λ

Fig. 10. Geometry of the duplex filter.

Fig. 11. Simulated S-parameters of the duplex filter.
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(λ is the wavelength at 5.45 GHz). The current distri-
bution of the antenna is shown in the Fig. 12. The sig-
nal leads to different antenna array elements according
to different frequencies, the surface of the patch has a
stable current distribution.

The measured and simulated S-parameters of the
proposed outdoor Wi-Fi antenna are shown in Fig. 13.
It is observed that the dual-frequency dual-polarized
antenna achieves bandwidths of 2.41-2.484 GHz and 5.1-
5.9 GHz. Furthermore, the isolation between the two
ports remains consistently superior to 20 dB across the
entire operational bandwidth.

The proposed antenna was measured by a robotic
far-field measurement system. The simulated and mea-
sured results of co-planar polarization and cross-

(a)

(b)

Fig. 12. Current distribution of antenna: (a) currents at
2.45 GHz and (b) currents at 5.8 GHz.

(a)

Fig. 13. Continued

(b)

Fig. 13. S-parameters of the proposed antenna: (a) low-
frequency band and (b) high-frequency band.

polarization of two polarizations are shown in Fig. 14.
The gain of the proposed antenna is shown in Fig. 15 (a).

Table 1 shows the performance of this antenna com-
pared with other dual-polarized antennas. [11], [15] has
a higher isolation, but limited gain and a higher profile of
0.12λ0. The proposed patch antenna has a high isolation
of 35 dB in the high frequency band and a low profile
of 0.04λ0. In the case of similar gain, the height of the

(a)

(b)

Fig. 14. Simulated and measured radiation patterns of the
proposed antenna: (a) simulated radiation pattern at 2.45
GHz and (b) measured radiation pattern at 5.8 GHz.
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Table 1: Comparison of proposed and reference antenna

Ref.
Frequency

(GHz)
Number
of Unit

Dimension
(λ0)

Height
(λ0)

Substrate
Thickness (mm)

Gain
(dB)

Isolation
(dB)

[11] 3.14-3.81 1 0.45×0.45 0.12 0.8 8.1 >43

[15]
1.71-2.1;
3.3-3.8

1 0.54×0.54 0.13 0.8
>6;
>9

>30

[6]
0.82-0.99;
1.68-2.86

4 3.06×0.94 0.11 1
13.8;
16.7

>25

[10] 1.69-2.5 4 3.17×1.12 0.13 1 13.9 >27

Proposed
2.4-2.48;
5.1-5.9

4 2.6×1.4 0.04 0.74
13.6±0.7;
13.2±0.3

>20;
>35

(a)

(b)

Fig. 15. Measured gains for the proposed antenna: (a)
measured gains for port V and port H and (b) antenna
measured in chamber.

antenna proposed in this manuscript is much smaller than
the design of the literature [6], [10]. More importantly,
the substrate of this design is thinner and smaller in size,
and it has excellent isolation. Therefore, such antennas
are preferable in applications requiring low profile and
lightweight miniaturization.

IV. CONCLUSION
A novel outdoor Wi-Fi antenna with dual-band

and dual-polarization capability is proposed in the
manuscript. This proposed antenna uses the coupling
of the upper and lower layers of two patch antennas to

extend the working bandwidth of the antenna, so that it
can meet the working requirements of 2.4 GHz and 5
GHz band Wi-Fi. The substrate used in the design is a
kind of self-developed blue flexible material, which has
the characteristics of light weight and low cost, and the
thickness of the substrate material used is less than that
of the general material. The fabricated prototype antenna
achieves operation in the 2.41-2.484 GHz and 5.1-5.9
GHz range, and maintains isolation of better than 20 dB
(2.4 GHz band) and 35 dB (5 GHz band) between its two
ports. For vertical polarization, the antenna gain is 13.88
dBi at 2.45 GHz and 13.08 dBi at 5.8 GHz, while the hor-
izontal polarization provides a gain of 13.97 dBi at 2.45
GHz and 13.29 dBi at 5.8 GHz, the proposed antenna
achieves stable and high gain in both polarization cases.
The height of this antenna is 0.04λ0, which is much
smaller than the general size of other low-profile anten-
nas. Such antennas are preferable in applications requir-
ing low profile and lightweight miniaturization, and has
a huge potential market value.
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