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Abstract – A compact antenna module, measuring
30 mm 3 30 mm, with a no-ground portion of 30 mm
3 10 mm, is proposed for multiple-input multiple-output
WiFi triple-band antenna module applications. The mod-
ule consists of two printed inverted F antennas (PIFA),
each with a size of 16 mm 3 9.5 mm. It uses an open-
stub, top-loading, tapered and shortened line, with a copla-
nar waveguide feeding structure to operate at frequencies
of 2.4 GHz to 2.5 GHz, 5.150 GHz to 5.85 GHz, and
5.925 GHz to 7.125 GHz. An efficient technique using a
tapered and shortened line is introduced to suppress surface
wave and near-field coupling, while also improving isola-
tion. This technique allows for achieving more than 18 dB
of isolation between the two polarization diversity PIFA
antennas.

1. Introduction

Beginning in 2020, the coronavirus disease 19 epi-
demic reached severe levels, and working from home
became a popular trend, resulting in increased use of
wireless local area network applications. The develop-
ment of multiple-input multiple-output (MIMO) antennas
for access point (AP) terminals has resulted from the
product road map for WiFi versions 4 to 7, aiming to
increase the transmission data rate. However, in cases
when the WiFi signal does not cover the whole-home
environment, using a WiFi extender can improve the net-
work connection. WiFi 6E has emerged as a notable
trend for WiFi AP extender applications. Therefore, a
new challenge arises in antenna design: achieving opti-
mal integration of multiple antennas and RF circuits on a
compact printed circuit board (PCB) for its use as an
antenna module. However, the limited size of the PCB’s
ground plane is not ideal, resulting in reduced isolation
between antennas due to surface wave and near-field
coupling. In addition, the performance of the antennas is
constrained by the environmental scenario. Decoupling

elements that protrude from the ground plane to decrease
mutual coupling between antennas and increase isolation
are a traditional technology [1–3]. However, the imped-
ance bandwidth may be affected by the concentration
of surface current on the decoupling elements. This
article presents the design of two polarization diversity
triple-band printed inverted F antenna (PIFA) elements
accompanied by a tapered and shortened line to achieve
triple-band performance and high isolation [4, 5]. Accord-
ing to the specifications for wireless products, the triple-
band antenna must be capable of functioning in the WiFi
triple band, with bandwidths ranging from 2.4 GHz to
2.5 GHz (referred to as the lower operating band),
5.15 GHz to 5.85 GHz (referred to as the middle oper-
ating band), and 5.925 GHz to 7.125 GHz (referred to
as the upper operating band). This article presents and
discusses the design considerations and experimental
results of the proposed designs and the constructed
prototype.

2. Antenna Structure and Design

A compact antenna module consists of two modi-
fied PIFA elements and is specifically designed as a 2 3
2 MIMO antenna for WiFi triple-band applications, as
shown in Figure 1a. It is important to design the antenna
in combination with its finite-sized ground plane
because a ground plane with a limited size can affect
the resonant frequency, impedance bandwidth, and radi-
ation pattern of the antenna. The single PIFA antenna is
connected to an open-stub, top-loading, tapered and
shortened line, along with a coplanar waveguide (CPW)
feeding structure. The electrical length of the radiating
elements can be determined using one-quarter wave-
length at 2.45 GHz, 5.5 GHz, and 6.5 GHz, covering
the frequency ranges of WiFi triple band, as shown in
Figure 1b. By selecting appropriate dimensions for the
modified structure, one can achieve good impedance
matching across a wide bandwidth. Figure 1c displays the
physical platform used for antenna integration, where two
antennas are orthogonally positioned to achieve polariza-
tion diversity. The top-loading CPW feeding structure and
open-stub functions are used to improve the operating
bandwidth of the lower and middle bands.

The tapered and shortened line connects to both
the feed and ground lines of the PIFA, dividing the sur-
face current into three paths, as shown in Figure 2a. The
lower band current path is labeled for operation in the
2.45 GHz band, the middle band current path is labeled
for operation in the 5.5 GHz band, and the upper band
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current path is labeled for operation in the 6.5 GHz
band.

The figure displays the simulated current distri-
bution of the antenna proposed in Figure 2b with a
diameter of 1.3 mm and a length of 5 cm mini-coaxial
cable, helping to expand the operating band and band-
width of the antennas. Furthermore, this mechanism
enhances the isolation between antennas. The design
considerations and the experimental results of the con-
structed prototype are presented and discussed in the
following sections.

3. Results and Discussion

In the experiment, the proposed antenna has com-
pact dimensions of 16 mm 3 9.5 mm. It is printed on

the topside of a PCB, with a backside ground plane mea-
suring 30 mm 3 30 mm. The ground plane includes a
nonground portion measuring 30 mm 3 10 mm. In
Figure 1a, the two orthogonal PIFAs are connected to a
coaxial cable. The feed and ground points are linked to
a miniature coaxial cable with a 1.3 Ø 5 cm length and
a 50 X I-PEX connector. Following the described design
procedure, a triple-band antenna was built for operation
within the WiFi 6E system range. Figure 3 shows the
simulated and measured S11 and S21 plot of the triple-
band antenna due to the presented geometry. The mea-
sured bandwidths for S11 below �10 dB are 2.36 GHz
to 2.88 GHz (with a percentage of 20.4% at 2.45 GHz),
5.06 GHz to 5.85 GHz (with a percentage of 14.3% at
5.5 GHz), and 5.93 GHz to 7.13 GHz (with a percent-
age of 18.5% at 6.5 GHz). However, there is a slight dif-
ference between the measured and simulated results in
the middle and upper operating bands. This difference
can be attributed to the assumption made in the simulation
that the 50 X 1.3 Ø miniature coaxial cable is lossless.
The measured and simulated S21, which refers to isolation,
between these two PIFAs is greater than 18 dB, because

Figure 1. (a) Geometry the proposed antenna module. (b)
Dimensions of the proposed antenna module (millimeters). (c) The
physical infrastructure of antenna integration.

Figure 2. (a) The current path for lower, middle, and upper operat-
ing band. (b) The simulated current distribution of the proposed
antenna at 2.45 GHz, 5.5 GHz, and 6.5 GHz.
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the tapered and shortened line reduces the undesired cur-
rent caused by an imperfect ground plane. It ensures
that the surface current is concentrated on the antenna to
minimize near-field coupling. Furthermore, the polariza-
tion diversity of these two PIFAs will contribute to weak
coupling.

The two proposed antennas are orthogonally set
to provide polarization diversity. Figure 4 presents the
measured 2D radiation patterns at 2.45 GHz, 5.5 GHz,
and 6.5 GHz for free space, respectively. It is obvious
that two orthogonal patterns are generated by feeding
the PIFA in an orthogonal manner. Both the horizontally
polarized and vertically polarized beams form omnidi-
rectional radiation patterns through the use of two com-
plementary PIFA elements. Table 1 shows the measured
antenna’s peak gains and 3D pattern efficiency within
the operating frequencies of the proposed antenna. The
far-field patterns over a sphere were measured, and total
efficiency was determined using pattern integration in
the ETS-Lindgren (AMS-8500) anechoic chamber. The
total efficiency is defined as (gain/directivity) 3 100%.
The proposed antenna exhibits acceptable radiation char-
acteristics for practical applications.

4. Conclusions

In this article, a PIFAwith a top-loading, open-stub,
tapered and shortened line with a CPW feeding structure
is demonstrated to provide triple-band operation. Two
orthogonally polarized PIFAs are set up in an antenna
module with a board size of 30 mm 3 30 mm and no-
ground portion size of 30 mm 3 10 mm. Three imped-
ance bandwidths are defined for a S11 below �10 dB,
namely, 20.4% at 2.45 GHz, 14.3% at 5.5 GHz, and
18.5% at 6.5 GHz in each PIFA. The isolation between

these two PIFAs is more than 18 dB. The mechanism of
the tapered and shortened line is not only to increase the
operating band and bandwidth of the antenna but also to
decrease the unwanted current induced by the imperfect
ground plane, which allows the surface current to be con-
centrated on the antenna itself and suppress the near-field
coupling. The contribution of this article is the implemen-
tation of a simple and compact antenna for practical 23 2
MIMO WiFi triple-band operation. Due to the limited
space available for setting up the antenna, the peak gain
and radiated efficiency of the antenna are challenging to
significantly enhance, as it was designed to be used as a

Figure 3. (a) Measured and simulated S11 against frequency. (b)
Measured and simulated S21 against frequency.

Figure 4. The measured 2D radiation patterns for the proposed
antenna: (a) 2.45 GHz; (b) 5.5 GHz; and (c) 6.5 GHz.
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WiFi AP extender. Nevertheless, the proposed antenna
attained a compact size, multiple bands, and broadband
capabilities, along with high isolation when integrated
into a MIMO antenna system. This design concept has
the potential to be extended to massive MIMO systems.
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Table 1. The antennas’ peak gains and efficiency were measured within the operating frequencies of the proposed antennas (Ant1 is denoted
as antenna 1, and Ant2 is denoted as antenna 2)
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